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BACKGROUND OF INFANT LUNG
FUNCTION TESTING

Ward Hofhuis, Johan C. de Jongste, Peter J.F.M. Merkus
Department of Pediatrics, Divisions of Respiratory Medicine,
Erasmus MC, Sophia Children’s Hospital, Rotterdam, the Netherlands

1. Introduction

In the 1940s and 1950s pulmonary function testing in adults and older chil-
dren began to develop as a science with clinical, epidemiological and research
applications. However, lung function measurements in infants lagged behind
for a number of reasons (1):

1. Infants are uncooperative and therefore difficult to study

2. The tests usually require the infants to be asleep; hence sedation is

often required

Some tests are invasive

. Disease or illness state often makes testing impractical or impossible
Parental and doctor concerns exist over testing and sedation

. Lung dynamics may change rapidly

. There is a lack of physicians, scientists and sponsors interested in
this field

N ooaw s

In the past 20-25 years there has been an increase in interest in studying the
respiratory system in infants, and as a consequence, the development and
application of new tests (1). Initial tests of lung function in infants focussed
predominantly on measurements of dynamic compliance, resistance and lung
volumes. Later, other tests have been developed, such as the forced expiratory
manoeuvres by chest compression technique. The advances made in the deve-
lopment and application of new tests have led to a wide range of applications of
respiratory function tests in infancy, as summarised in table 1. Infant lung
function tests are performed in several specialised centres around the world.
Recently published standards and normal values for infant lung function
testing allow clinical applications of the lung function tests, accurate measure-
ments and comparisons between centres (3-5). In this chapter different
methods of lung function testing in infancy are dicussed, with the focus on the
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methods used in our research. Moreover, clinical and epidemiological applica-
tions of infant lung function testing are dicussed.

1. Increase basic knowledge ¢ Lung growth, development and function
2. Diagnosis * Of lung impairment
* Of physiologic processes
3. Quantitate severity ° Predict prognosis
4. Evaluate therapy
5. Epidemiologic evaluation ¢ Of natural history of disease
° Of risk factors for subsequent disease
6. Determine risk * Preoperative evajuation
7. Evaluation of disability * Medical, legal and ethical issues

Table 1. Uses of Respiratory Function Tests in Infancy (1)

2. Infant Lung Function Testing
2.1 SEDATION

Most Infant Lung Function Tests (ILFT) require that the infant is asleep. To faci-
litate sleep, tests are performed at a time of day when the infant usually sleeps.
To prevent the infants from waking up during the measurements, the infants are
mostly sedated with chloral hydrate (25-100 mg/kg) (6). Sedation by means of
chloral hydrate carries a small risk for respiratory depression (7). Therefore,
heart rate and transcutaneous oxygen saturation (Sa0,) are monitored continu-
ously. Moreover, the infants are discharged when awake and alert, with a mini-
mum of 2 hours after administration of the drug. This is in accordance with
‘Sedation and Analgesia for Procedures in Children’, where it is stated that chlo-
ral hydrate has a well-established safety profile and it is the preferred sedation
for non-invasive procedures in patients less than 3 years of age (6). Nevertheless,
one study showed that a dosage higher than 70 mg/kg may cause a fall in arte-
rial oxygen saturation and a decrease in clinical score of infants recovering from
acute viral bronchiolitis (7). Therefore, it was suggested that wheezy infants with
baseline Sa0, less than 95% are more susceptible to central respiratory depres-
sion following sedation with chloral hydrate (7).

When the infant is asleep several measurements of lung function can be per-
formed, such as lung volume, forced expiratory manoeuvres, compliance,
resistance and conductance. In this thesis we focus on measurements of lung
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volume (2.2) and forced expiratory manoeuvres (2.3). Other measurements of
lung function during infancy are summarised in chapter 2.4.

2.2 LUNG VOLUME

Measurement of lung volume

The only lung volume that can be measured reliably and routinely in infants is
the resting end-expiratory lung volume, i.e. the functional residual capacity
(ERC) (figure 1). It is important for interpreting volume-dependent pulmonary
mechanics, such as forced expiratory flows, for defining normal lung growth
(4) and for detecting hyperinflation, a measure for dyspnoea or disease state.
Two techniques are commonly used to measure FRC in infants: whole-body
plethysmography (FRC,) or gas dilution spirometry, using either Helium dilu-
tion (FRCy,) or N, (FRCy,) wash out. Measurement of FRC by means of ple-
thysmography is also known as thoracic gas volume (TGV) and measures all
the compressible gas within the thoracic cage, including that which is not in
direct communication with the airway opening. Therefore, consistently higher
values for FRC of approximately 15% have been obtained by plethysmeography
in healthy infants and young children, as compared with gas dilution techni-
ques (8-1r). This may reflect some degree of airway closure during tidal
breathing and/or poor gas mixing in infants in young children (12). We chose
plethysmographic measurement of FRC, since it is simple to apply and, unlike
the gas dilution techniques, enables repeated measurements of lung volume to
be obtained within a few minutes (4).

Measurement of FRC by plethysmography (FRC,) is based on Boyle’s law.
Boyle’s law states that when a gas in a closed container is compressed under
isothermal conditions, its volume decreases as the pressure inside the contai-
ner increases such that the product of volume and pressure at any given
moment is constant. Hence, P-V=constant, or P;-V=P,-V,, where the
subscripts 1 and 2 indicate the original and altered conditions of the gas,
respectively (12).

Explained in a simplified way: The volume and pressure within the box are
known. The box-volume (V,) is the empty box-volume minus the volume of the
infant, which can be calculated from the infant’s weight and length. The pres-
sure within the box (P;) is measured. At end-expiration, the volume in the lungs
(V,) is the FRC, and the pressure within the alveoli (P,) equals to box pressure
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Figure 1. Schematic spirogram. FRC: functional residual capacity. RV: residual volume. TV: tidal volume.
TLC: total lung capacity. VC: vital capacity.
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(P,)- Following an inspiratory effort against the closed shutter (Figure 2), there
will be a decrease in alveolar pressure and a corresponding increase in lung
volume. In the box there will be a corresponding increase in pressure and de-
crease in volume. Vice versa, following an expiratory effort against the closed
shutter, there will be an increase in alveolar pressure and a corresponding decre-
ase in lung volume. In the box there will be a corresponding decrease in pres-
sure and increase in volume. The volume shifts within the box, and the pressure
shifts within the box and within the alveoli are known (pressuming the pressu-
re at the mouth is the pressure within the alveoli). During these respiratory
efforts, P;-V, = P,-V,, meaning there is an equation with 4 variables of which 3
are known. Hence, the lung volume (V,) can be calculated. In practice, the actu-
al volume measured includes the apparatus dead space and any tidal volume
inspired above end-expiratory level at the moment of occlusion. These must be
subtracted from the measured volume to obtain the FRC (12). A detailed
description of the FRC, calculation can be found in: Stocks et al. Infant
Respiratory Function Testing; John Wiley-Liss & Sons, Inc., New York (12).
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Figure 2. Schematic diagram of an infant whole-body pressure plethysmograph for measuring functional
residual capacity (FRC). The figure is modified from Stocks et al. Plethysmographic assessment of functional
residual capacity and airway resistance. 1996 (12).

Assumptions and limitations

Measurement of FRC, is based on a number of assumptions (12):

- There is no flow of gas in the airway during the occlusion

Flow in the airway may occur during occlusion in the presence of non-uniform
alveolar pressures (13). It is suggested that equilibration of the pressures in the
airways and at the airway opnening can be improved by performing airway
occlusions at higher lung volumes (i.e. at end-inspiration) when the airways are
more distended (with a lower resistance and hence shorter time constant), and
correcting the measured volume for inspired tidal volume (4, 12, 14).
Advantages of occluding at end-inspiratory level are that glottic closure is less
likely to occur than during end-expiratory occlusions (12), and that the infants
are less likely to wake up from the measurement (own observations). However,
the question of the optimal point of occlusion with respect to providing the
most accurate results in wheezy babies is not clear (12).

« Pressure changes applied to the lung are homogeneous within the pleural space
In infants with respiratory disease, there may be a non-uniform distribution of
ventilation. As a consequence, the pressure differences at the airway opening
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may not reflect the pressure differences in the alveoli, resulting in an over- or
an underestimation of FRC, (12, 15).

« Pressure-volume changes are limited to the volume of gas within the thorax
Measuring lung volume by means of a plethysmograph has as a disadvantage
that also part of the volume of gas within the abdomen is measured. The effect
depends on the relative amount of compressable gas in the gastrointestinal
tract. Under normal circumstances, it may be assumed that the volume of gas
in the gastrointestinal tract is either insignificant or not compressed, since
changes in the intra-abdominal pressure are relatively small compared to
changes in pressure at the airway opening during airway occlusions (12, 15, 16).

» Changes in pressure and volume are isothermal

When a gas is being compressed heat is gained because the average energy of
the molecules increases. Isothermal conditions imply that, during either com-
pression or expanding of the gas, heat is exchanged so rapidly across the walls
of the container that gas temperature remains the same. The proximity of gas to
tissue within the respiratory system is such that any heat generated during
occluded respiratory manoeuvres is rapidly absorbed, so that changes of alveolar
volume will occur under isothermal conditions, even at high frequencies (12).

Data collection

When measuring FRC, there are several points to consider (4). The most
important ones are that there should not be any face-mask leaks, occlusion
should preferably be at end-inspiration and after releasing occlusion check for
post-occlusion end-expiratory level, to detect possible face-mask leaks.

Reporting results

The mean + standard deviation of 3 to 5 technically satisfactory FRC, measure-
ments should be reported. This can be done in absolute values (mL), or in mL
per kilogram bodyweight (mL/kg). FRC, can also be reported in relation to the
predicted value: Z score, also known as standard deviation score.

The (preliminary) equation used for predicting FRC,, in healthy infants up to 15
months is:

FRC, (mL) = 2.36L°75 x Wo-63 (RSD = 0.140),

where L is crown heel length (cm) and W is bodyweight (kg) (4)-

The equation used for calculating FRC,, in Z score is (4):

(LN (measured value FRC) — LN (predicted value FRC,)) / 0.140

or
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FRC, in Z score = ( LN(FRCp) - LN(2.36) — 0.75 LN(L) — 0.63 LN(W) } / 0.140

Recently, new low deadspace equipment for plethysmographic measurements
of FRC has been developed (Jaeger Masterscreen BabyBody Plethysmograph,
VIASYS Healthcare, Germany). Healthy infants measured with this new equip-
ment had a mean (SD) FRC,, in Z score of —2.3 (1.2), which was significantly
lower than predicted (17). Therefore, published prediction equations should not
be used to interpret FRCj, results obtained with this new low deadspace equip-
ment. This would run the risk of missing significant hyperinflation in those
with airway disease. New reference data should therefore be obtained for using
this new equipment must be established (17). Since we used equipment to
measure FRC according to present guidelines, on which the reference data are
based (4), we believe we correctly expressed FRC, in Z score.

2.3 FORCED EXPIRATORY MANOEUVRES

In co-operative children and adults, forced maximal expiration is the most
common and robust lung function test, for both clinical and research settings.
Forced expiration produces several indices, including measurement of the total
volume expired (Forced Vital Capacity (FVC)), volume expired in a given time
{forced expiratory volume/time (FEV,)), peak expiratory flow (PEF) and maxi-
mal expiratory flow at specified lung volumes (18). The FEV, is a useful respi-
ratory function parameter in older children and adults, achieving good
sensitivity with low variability (18). The forced vital capacity (FVC) manoeuvre
involves maximal inspiration followed by a rapid and maximal forced expira-
tion. Nowadays, the FVC manoeuvre is mainly used to assess obstructive lung
disease (18). In case of flow limitation, an increase in the pressure to generate
flow will not result in more flow.

There are two ways in which forced expiration can be achieved in infancy. One
is to use negative pressure. This can be done via a tracheal tube. The main
disadvantage of this forced deflation technique is its limitation to use in sub-
jects who have a tracheal tube or tracheostomy cannula, and that the subjects
must be deeply sedated or anesthetised. The invasive nature of this method pre-
cludes its use in the routine setting (18). More recently, Jones and coworkers
(z9) showed that negative expiratory pressure (NEP) at the airway opening can
be used as a noninvasive technique in infants to assess flow limitation during
forced expiratory maneuvers. More studies are needed to validate this techni-
que in a clinical setting. The other way in which forced expiration can be achie-
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ved is to use externally applied positive thoracoabdominal pressure. This can be
done within the tidal breathing range (tidal volume forced expiration, 2.3.1) or
after inflation of the lungs to a given airway pressure (raised volume forced
expiration, 2.3.2).

2.3.1 TiDAL VOLUME FORCED EXPIRATION

Measurement of Tidal volume forced expiration

For the measurement of forced expiration during tidal breathing the rapid tho-
racoabdominal compression (RTC) technique is used since 1982 (20). The
RTC-technique, or squeeze technique, is the first practical, non-invasive
method with the ability to asses airway physiology in both healthy and diseased
infants. A diagram of the experimental set-up is shown in figure 3.

A non-elastic jacket is wrapped around the infant’s chest and abdomen with the
arms inside or outside the jacket. The jacket contains an inflatable part that is
positioned against the infant’s anterior chest wall and upper abdomen. At end-
tidal inspiration the jacket is inflated rapidly, resulting in a forced partial expi-
ratory flow-volume curve. The parameter of interest is the flow at FRC. Jacket
pressure is increased gradually in steps of 20 cm H,O in repeated squeezes,
resulting in an increase of the flow at FRC. At a certain point an increase in the
jacket pressure does not result in a further increase of flow at FRC, i.e. the
maximal flow at FRC (V'maxggpc) is obtained (Figure 4). If this optimal jacket
pressure is exceeded, curve shape will become progressively more concave and
V'maxppc will decrease. According to guidelines, this optimal pressure should
then be used throughout the procedure, including after therapeutic interven-
tions such as bronchodilator administration (3). However, therapeutic inter-
ventions are known to influence airway characteristics (21). Therefore, one
might argue if one should reassess the lowest pressure at which the highest
flows are obtained, irrespective of the jacket pressure used before the thera-
peutic intervention. Equipment and procedures should be standardised in
accordance with guidelines (3).

The main differences between tidal volume forced expiration and formal spiro-
metry in older children is that the former is limited to the tidal volume range,
and that the expiration is passive. The flow-volume curve assessed by means of
the RTC technique can be interpreted by evaluating the shape of the flow-volu-
me curve and the presence of tidal flow limitation (22, 23), but the parameter
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Figure 3. Schematic diagram of the experimental setup for the rapid thoracoabdominal compression (RTC)
technique of measuring partial expiratory flow-volume curves. The figure is modified from Le Souéf et al.

Forced Expiratory maneuvers, 1996 (18).

most used in infants is the maximal flow at FRC (V'maxgpc). Vmaxgpe is
thought primarily to reflect airway mechanics upstream to the airway segment
subjected to flow limitation, and therefore is a measure of peripheral airway
function that is relatively independent of the upper airway resistance (20, 24).
This is also shown by the negative correlation between V'maxgpgc and resistan-
ce measurements by means of the interrupter technique (R;y) (25). Little is
known about the relation between lung function parameters measured during
infancy and lung function parameters in older children. Only one study
attempted to relate lung function during infancy (at 6 months of age) to lung
function in childhood ( at 6 years of age) in 29 patients with cystic fibrosis (26).
The measurement of V'maxgg was obtained at a lung volume close to MEF,
and MEF,,, both of which can be used for comparison. However, when
V’maxggc scores were compared with FVC, FEV,, MEF,, or MEF,, no signifi-
cant relationship was found (26).

Determinants of expiratory flow limitation
The intention of the RTC technique is to assess airway function by achieving

Background of infant lung function testing
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expiratory flow limitation during tidal breathing. The description of flow limi-
tation is simple: at a given lung volume, flow is independent of the difference
between alveolar pressure and mouth pressure if that pressure difference is
sufficiently large (27). In older children and adults, maximum expiratory flow-
volume (MEFV) curves are largely reproducible in any subject, because beyond
a critical level of effort the flow is effort-independent. This strongly suggests
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that within the lung there is a mechanism which limits the expiratory flow (28).
Several investigators explained that airflow is limited because of compression
of intrathoracic airways when intrabronchial pressure becomes lower than
pleural pressure during expiration (29, 30). However, the mechanism is more
difficult. The intrapulmonary airways are compliant and during a forced expi-
ration the pressure distribution inside the bronchial tree depends on lung volu-
me, gas properties, flow and airway calibre. Thus the mechanics of the airways
and the flow are coupled (27). From work outside lung mechanics, it has been
predicted that flow limitation in elastic tubes occurs at the speed at which the
fluid in the tube transmits pressure waves: the tube wave speed, which is
dependent on tube stiffness and the density of the gas or fluid (28). The tube
wave speed multiplied by the cross-sectional area of the airway equals the wave
speed flow, which equals the maximal airflow that can pass at a given location
in the bronchial tree (27). Thus, the wave speed flow depends on the gas den-
sity, the compliance (i.e. stiffness) of the airway and the airway cross-sectional
area. The less dense the gas, the stiffer the tube wall and/or the larger its cross-
section, the higher the speed wave and hence the higher the flow that can theo-
retically pass the tube (27). The bronchial tree can be regarded as a series of
airways each with their own wave speed flows. Flow limitation will occur at that
point along the bronchial tree at which local wave speed flow is minimal for a
given lung volume: this point is called the choke point. During a forced expira-
tion many of the factors determining wave speed flow change, therefore, choke
points move and jump from one generation to another. Moreover, multiple
choke points may be present in parallel airways, and the expiratory airflow is the
sum of wave speed-limited airflows from different airways and lung zones (27).

These studies were performed on adult subjects. It is not known if these
mechanisms for flow limitation aslo apply for infants using the RTC technique,
or even the raised volume RTC (RVRTC) technique. A major difference
between the RVRTC technique in infants and MEFV curves, is that in the
former the driving force for the forced expiration is the externally applied
jacket pressure. Possibly, the airway mechanics of flow limitation may be
different for the RTC technique with a more prominent role for the compres-
sion, or even collapsibility, of intrathoracic airways when intrabronchial pres-
sure becomes lower than pleural pressure during forced expiration. Whether or
not the flow limiting segment during forced expiration using the RTC tech-
nique is in the peripheral airways, is not proven. Therefore, the statement that
V'maxggc is thought to be a measure of peripheral airway function (20, 24)
remains a hypothesis.

Background of infant lung function testing
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Assumptions and limitations

Although the RTC technique is well accepted and standardised, several disad-
vantages have become apparent. First, measurement of V'maxggc relies on
FRC not changing between forced expirations. There is abundant evidence that
FRC is not stable and shifts with dynamic events such as changes in airway cali-
bre (31), sleep state or addition of dead space (18, 32). This explains the high
variability of V'maxgpc for which coefficients of variation (CV) range from 11%
to 36% (18). However, a recent study evaluating the reproducibility of V'maxggc
showed that the CV for a single measurement of V'maxgg was as low as 6.9%
(33). This number is similar to that from forced expiratory flows at late
expiration in adults (33, 34). Second, flow limitation is difficult to ascertain,
especially in healthy infants. Finally, RTC technique assesses airway function
in the tidal volume range only, which reduces its sensitivity for obstructive
abnormalities (18, 35).

DaTA

Curve shape

The shape of forced expiratory flow-volume curves is of interest, because it
reflects airway mechanics, although in a qualitative manner (22):

- Convex curves (curved away from the expiratory flow and volume axes) are
common in normal infants (figure 5a),

- Concave curves (curved towards the expiratory flow and volume axes) are com-
mon in infants with airway disease (figure 5b),

- Tidal flow limitation, defined as no difference between tidal and forced flow
during the last 50% of the forced expired volume is a sign of severe airway
obstruction (figure 5c).

The compression pressure also dictates curve shape with a progressive shift
from convex to concave with increasing compression pressure (36).

Pressure transmission

Measurement of efficacy of jacket pressure transmission is the percentage of
pressure transmision across the chest wall from the inflatable jacket to the
intrapleural space. Pressure transmission is easily measured using a noninva-
sive occlusion technique (3, 37, 38). In short, the airway is occluded manually
at end-inspiration until the pressure trace has reached a plateau. Then the
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Figure 5. Different shapes of forced expiratory flow-volume curves

jacket is inflated using the optimal jacket pressure and again the pressure is
allowed to reach a plateau, after which the occlusion is released. The differen-
ce between the two plateaus is the pressure change within the respiratory
system and represents the amount of pressure transmitted to the intrathoracic
structures at end inspiration during the squeeze. Jacket efficiency can range
from 20-70%, mostly depend on the thightness of the jacket, and is essential
for comparing data within and between centres.

Data collection

Once the optimal jacket pressure for measuring V'maxpgpc has been obtained,
3 to 5 good quality flow-volume curves should be recorded at this compression
pressure. There are several collection criteria for V'maxgpc. Important is that
there is a regular breathing pattern and that inflation of the jacket is maintai-
ned throughout the entire forced expiration (3). For the flow-volume curves it is
important that the peak flow has occured within the first 30% of the volume of
the previous tidal breath and that the forced flow-volume curve continues past
previous stable FRC (i.e. EEL). The flow-volume curve may not show evidence
of early inspiratory effort or glottic closure, particularly in the last 50%
of expiration (3).

Reporting results

Controversy exists as to the best way to report V'maxpgc. Although an argu-
ment can be made for reporting the single highest or maximal value (3), it is

Background of infant lung function testing
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thought more appropriate to report the mean of three to five acceptable mea-
surements (3, 18). Although this appears to be contradictory for a ‘maximal’
parameter, it is rational in view of the relative high variability of V'maxgg.
Furthermore, maximal or peak expiratory flow is not useful, as it is largely
determined by compression pressure (36). According to the task force for ILFT
the coefficient of variation (CV) of 3 to 5 technically acceptable curves should
also be reported as a measure of the intrasubject variability (3), which normal-
ly ranges from 11% to 36% (18). In addition, V'maxggc should be reported as
the absolute value in mL/s and not merely as a percentage of the predicted
value, as there is a wide range of ‘normality’ for V'maxppc (3)-

However, as normal values of V'maxggc have been published (3, 5), V'maxgpgc
can also be reported in Z score, also known as standard deviation score. A Z
score of o + 2 SD indicates a normal range for V'maxgg . Appropriate use of Z
scores improves interpretation of both clinical and research studies (5). Gender
specific prediction equations for V'maxgpyc in infancy were published by the
ILFT task force (3), and more recently by Hoo and co-workers (5):

The gender specific equations published by Sly and co-workers on behalf of the
ILFT task force for infants between o and 32 months is (3):

«  Boys: V'maxgpc predicted (mL/s) = 114 + (3.4 x postnatal age). SD = 80.95
«  Girls: V'maxgp predicted (mL/s) = 136 + (2.9 x postnatal age). SD = 85.44

Where the postnatal age is the age in weeks (3). In premature born infants the
postnatal age should be corrected to 40 weeks gestational age. The equation
used for calculating V'maxggpc in Z score is: (V'maxppc measured - V'maxggc
predicted) / SD

More recently, Hoo and co-workers published gender specific equations (5):
»  Boys: (V'maxggc predicted)®5 (mL/s) = 4.22 + o.00210 x length2. RSD = 3.01
+  Girls: (V'maxpg predicted)®s (mL/s) = -1.23 + 0.242 x length. RSD = 2.72

Where length is in centimeters.
The equation used for calculating V'maxgpc in Z score is:
((V'maxpgc measured)®-5 — (V'maxggc predicted)e5) / RSD

As shown, the prediction equation by Sly and co-workers uses age as the inde-

pendent variable, whereas the prediction equation by Hoo and co-workers uses
length as the independent variable. Some infants are small for their age, due to
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an underlying disease such as chronic lung disease or cystic fibrosis. If one
uses the prediction equation with age as the independent variable for infants
who are small for their age, one could find a lower V'maxgp (Z score), as com-
pared with a V'maxgpc (Z score) calculated using length as the independent
variable. We believe that in these cases one should use the equation by Hoo and
co-workers, as the use of length as an independent variable partly corrects for
the presence of disease.

2.3.2. RAISED VOLUME FORCED EXPIRATION

Measurement of Raised Volume Forced Expiration

In adults, assessing forced expiration over the full vital capacity range produces
superior information compared to the tidal range (18). Several important
aspects of such spirometric assessments have been identified. First, reproduci-
ble lung volume landmarks, such as total lung capacity (TLC) and residual volu-
me, are available. Second, forced expiratory volume in 1 second (FEV,) offers an
excellent compromise between sensitivity and reproducibility. Finally, with
modest effort, forced expiration is largely flow-limited meaning that FEV, is
highly reproducible. In contrast, parameters from tidal volume assessments are
poorly reproducible, as there are no stable lung volume landmarks and maxi-
mal expiratory flow changes with alterations in absolute lung volume (18).
Recently, the raised volume rapid thoracoabdominal compression (RVRTC)
technique has been developed, in which the infant’s lungs are inflated to a
given airway pressure. This way, the lung volume from which the forced expi-
ration occurs, can be standardised to a given pressure. While it can not be assu-
med that a given airway pressure will achieve a certain percentage of TLC, the
curves produced closely resemble conventional flow-volume curves obtained
from TLC, i.e. spirometry as performed by adults and schoolchildren (35). The
success of raised lung volume relies largely on the Hering-Breuer inflation
reflex (HBIR) (35). The HBIR is defined as a relaxation of the respiratory
muscles after airway occlusion at volumes above FRC. The HBIR is volume
dependent, and hence stronger and more consistently present at raised volume
(39).- Nowadays, raised volume assessments in non-intubated infants are made
by inflating the lung to a given airway pressure using either an external gas
source, or a pump (18).

Advantages and disadvantages
The raised volume forced expiration has several advantages over the RTC tech-
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nique (18, 35): First, lung volume can be standardised to a given airway pressu-
re. This means that comparisons can be made between raised volume breaths
either between measurements in the same individual or between infants.
Second, since the HBIR is volume dependent, respiratory muscle activity is less
likely to interfere with assessments at raised lung volume than if using the tidal
volume range. Third, measurements of forced expiratory volume within a given
time (FEV,) are available and are considered the most powerful parameters to
assess respiratory function in older children and adults (Figure 6). Another
advantages are that flow limitation is more likely to be achieved in healthy
infants, and that data reflect a more complete passive expiration. On the other
hand, the raised volume forced expiration also has several disadvantages over
the RTC technique (18, 35): First of all, extra equipment is needed, including an
air pump, a relatively complex valve system, and a pneumotachograph and
pressure transducer designed for large shifts in pressure, to avoid flow arte-
facts. Second, with pressures over 2 kPa or 20 cm H, 0, air leaks between the
mask and the face are more likely to occur, and air may be forced down the
oesophagus and gastric distension may occur. Third, infants are more likely to
wake up as compared to the tidal volume forced expiration (personal commu-
nication A.F. Hoo)

Data

Since forced expiration is frequently completed in less than 1 second in infants,
values of FEV,, FEV, ,c or FEF,,,
this age group (35) (Figure 6). Intrasubject variability of these FEV, parameters
derived from the raised volume technique is usually less than 5% and therefo-
re much lower than for V'maxpgc from the tidal method (40). However, a
recent study showed a lower coefficient of variation for the V'maxgy than for
the FEF,; 6.3% and 8.9%, respectively (33, 41). Furthermore, FEV, parameters
are thought to distinguish better between normal and abnormal lung function
(18, 42-44) and the effect of bronchodilators (45). Hence, assessing airway
patency by means of the RVRTC technique is promising but has not yet proved
to be superior over the tida] RTC technique (41).

s have been reported rather than FEV, in

Some studies suggest that in infants the RVRTC technique provides better
assessments of airway function than its tidal volume counterpart (42, 43, 45). It
has been suggested that the RVRTC technique is more reproducible and sensi-
tive than partial flow volume curves and may provide data comparable to those
obtained from spirometric measurements in older subjects, such as FVC, FEV,,
and FEF% (42, 43, 46-49). Recently, the London Collaborative CEF Group con-
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Figure 6. Example of fprced expiratory flow-volume curve obtained using the RVRTC technique. FEVy: Forced
expiratory volume at time t.
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cluded that the RVRTC technique showed diminished airway function in infants
with CF irrespective of a prior clinically recognised lower respiratory illness (43,
49), and that the RVRTC technique identified diminished airway function more
frequently than the tidal RTC technique (43). In addition, the RVRTC technique
could distinguish between a symptomatic and an asymptomatic period in
infants with recurrent wheeze, whereas the tidal RTC technique could not (44)-
However, the RVRTC technique remains nonstandardised with respect to equip-
ment, methodology, or analysis, making comparisons of data collected in diffe-
rent centres difficult (35). Further evidence is required as to whether this more
complicated approach will prove to be more sensitive than RTC in detecting
changes in airway function or response to therapy in infants (24).

2.3.3 SUMMARY OF FORCED EXPIRATION

Tidal volume forced expiration by means of the rapid thoracoabdominal com-
pression technique is the first non-invasive technique in infants, which produ-
ces a partial flow-volume curve and allows measurement of V’'maxpgc.
Although the technique is limited due to a relatively high degree of variability
and potential failure to achieve flow-limitation in healthy infants, it is the most
commonly used technique to assess flow-volume curves in infants. The tidal
volume forced expiration technique is standardised, allowing to compare data
between centres, develop or use reference data or participate in multicentre
trials which use parameters of infant lung function testing as outcome measu-
res (3). In contrast, the RVRTC technique is not standardised since it lacks con-
sensus (3, 35). In this thesis, we therefore chose to assess flow-volume curves
by means of the tidal volume forced expiration technique.

2.4 OTHER MEASUREMENTS OF LUNG FUNCTION IN INFANTS

Exhaled nitric oxide

Fractional exhaled nitric oxide concentration (FEy) is used as an inflammato-
ry marker in asthma, where it may be useful in diagnosis and perhaps monito-
ring of treatment (50). Nitric oxide (NO) is derived from NO synthase enzymes
(NOS), of which inducible NOS (iNOS) may have the greatest level of activity.
Pro-inflammatory cytokines, which play a role in asthmatic inflammation,
induce the expression of iNOS in cultured human airway epithelial cells. An
increase in FEyq in asthmatics may therefore be derived from an increased
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expression of INOS (51). Further evidence for this is the observation that corti-
costeroids inhibit induction of iNOS in epithelial cells (52) and in bronchial
biopsies of adult asthmatics (53), and that they also reduce exhaled NO concen-
trations in asthmatic patients (54).

Measurement of FEy in adults and children is ideally performed by means of
a single breath on-line measurement in accordance with American Thoracic
Society (ATS) guidelines (55). In short, inspired gas should contain low NO (<
5 parts per billion (ppb)). The subject inspires to TLC and exhales at a constant
flow of 50 mL/s until a plateau of = 2 s can be identified. The expiratory pres-
sure should be maintained between 5-20 cm H,O in order to close the velum
to avoid contamination with nasal NO.

In infants it is difficult to measure FEyo according to ATS guidelines.
Measurement of exhaled NO in infants is mostly performed when the infant is
asleep, with or without the use of sedatives, during tidal breathing.
Nevertheless, it could be an important diagnostic test to help identify infants
who wheeze as a consequence of chronic airway inflammation, and would pos-
sibly allow for better targeting of inhaled corticosteroids in this age group (51).
In one study, FEyo has proven to be superior to baseline lung function and
bronchodilator responsiveness in identifying preschool children with probable
asthma (56). Exhaled NO levels in infants can be determined during tidal bre-
athing or using the single-breath technique:

Tidal breathing techniques:

Both on-line and off-line methods are used in infants and neonates, with or
without the use of sedatives.

On-line measurement of FEyq:

Infants breathe into a face mask that covers the mouth and nose, or only
the mouth. Teflon tubing is connected to a NO-analyser via a small hole in the
mask or a side port in the expiratory part of a valve system. NO concentrations are
recorded during different phases quiet tidal breathing (51). Although the repro-
ducibility of this technique has shown to be satisfactory, there is limited ex-
perience with on-line tidal NO measurements in infants and young children (57).
Off-line measurement of FEyq:

Exhaled air can be collected via a face mask, which covers the mouth and nose,
which is connected to a non-rebreathing valve that allows inspiration of NO-free
air from a NO-inert reservoir to avoid contamination by ambient NO. Exhaled
breath samples are collected in a NO-inert bag fitted with the expiratory port
once a stable breathing pattern is present (Figure 7) When the face mask does

Background of infant lung function testing

27



28

not cover the nose, the expiratory port of the valve provides an expiratory
resistance, resulting in an airway opening pressure that exceeds 2 cm H, O (58)
to avoid contamination with nasal NO. However, such a measurement is diffi-
cult to perform as infants breath mainly nasally.

Figure 7. Off-line measurement of exhaled NO during tidal breathing.

The disadvantage of NO-measurements during tidal breathing in infants is that
the mixed expiratory air is contaminated by ambient NO and nasal NO.
Contamination with ambient NO can easily be avoided by using NO-free air
when ambient NO > 10 ppb, or ambient air when ambient NO < 10 ppb (55).
When using NO-free air, measurements should be made after ten breaths in
order to permit wash-out of dead space and lungs (58). Concerning the nasal
NO, it is suggested that nasal NO concentrations are higher than lower airway
NO, particularly in new borns and young infants (57, 59, 60). Therefore, upper
airway NO contamination could have a significant impact on mixed exhaled NO
concentrations in infancy, although the paranasal sinuses, that produce high
NO levels in older children, are less well developed. Another disadvantage of
NO-measurements during tidal breathing is that the variable expiratory flow
will produce a scatter of exhaled NO (58). There are no data on the precise
impact of sedation on exhaled NO. If the measurement of exhaled NO is per-
formed as a part of an infant lung function testing, we suggest to perform the
measurement at the beginning, before other measurements are done, as spiro-
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metry can produce a fall in mixed expired NO in adult asthmatics (61).

Single-breath technique:

A modification of the raised volume RTC technique (see paragraph 2.3.2) has
been used to measure FEy during a single forced exhalation (62). After pas-
sive inflation to a preset pressure of 20 cm H, O, thoracic compression with an
inflatable jacket caused forced expiration to occur through a face-mask with an
expiratory flow resistor attached. During the forced expiration, the jacket pres-
sure was increased manually to maintain a constant driving mouth pressure
and hence a constant expiratory flow (50 ml/s). NO levels were measured on-
line and the plateau of NO achieved. There is limited experience with this tech-
nique in infants, and it is currently unclear how this technique compares with
the tidal-breathing techniques in the same age range, or to single-breath tech-
nique in older children and adults (51).

Passive respiratory mechanics

Passive respiratory mechanics describe the total resistance of the respiratory
system (R,,) (chest wall, lung tissues and airways combined). The measure-
ment depends on the absence of respiratory muscle activity. If an infant’s air-
way is briefly occluded, the Hering-Breuer inflation reflex (HBIR) (see 2.3.2)
may be induced, resulting in a brief respiratory pause during which a relaxed
airway pressure may be recorded, such that the difference in pressure at the air-
way opening reflects the elastic recoil pressure of the respiratory system. This
forms the basis of the ‘occlusion techniques’, of which various adaptations have
enabled passive respiratory mechanics to be assessed in infants and young chil-
dren (2). When using the multiple occlusion technique (MOT), several occlu-
sions are made at different lung volumes during expiration with the slope of
the resultant volume-pressure plot representing the total respiratory system
compliance (C_). The single breath technique (SBT) involves occluding the air-
way and invoking the HBIR to relax the respiratory muscles at end-inspiration.
Pressure during this occlusion is measured and after removing the occlusion a
‘passive’ expiration follows, during which it is assumed that respiratory mus-
cles remain relaxed. The slope of the flow-volume relationship during this ‘pas-
sive’ expiration is the expiratory ‘t. (Figure &) (2).

Extrapolation of the slope of the flow-volume profile to zero flow (C) allows esti-
mation of the total volume that would be exhaled if the infant if the infant emp-
tied to the elastic equilibrium volume (EEV) of the respiratory system.
Compliance is calculated from the ratio of the volume above EEV at which the
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Figure 8. Single-breath technique analysis. Occluded at turn into expiration. A and B: points between the
slope of the flow-volume relationship is calculated (t.¢). C: extrapolated 1. -slope (AB). D: release of occlusion.

E: extrapolated 1,¢ —slope to release of occlusion (D). Figure modified from Fletcher et al (2)

occlusion was made (E) to the end-inspiratory recoil pressure at this volume.
Resistance is then calculated by relating 7, to the measured compliance
(T = R+ C), assuming both a linear relationship over the volume range measu-
red and relaxation of the respiratory muscles during expiration (2).

All occlusion techniques assume that, during airway occlusion, pressure at the
airway opening reflects the elastic recoil of the respiratory system. This will
only be the case if here is complete relaxation of all respiratory muscles during
occlusion and there is complete equilibration of pressures throughout the res-
piratory system (2). The theory on which the single breath technique is based
also assumes that the respiratory system is a linear, single-compartment,
model. That is, the respiratory system can be represented by a single balloon on
a pipe, with only two parameters, the elastance of the balloon and the resistan-
ce of the pipe. Furthermore it assumes that both compliance and resistance
Temain constant throughout expiration over the tidal range so that the respira-
tory system can be described by a single expiratory time constant (T4} (2).
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Dynamic pulmonary mechanics

The dynamic mechanics of the respiratory system describe the mechanical
behaviour of the lungs, airways and chest wall throughout the breathing cycle,
i.e. studies the pressures acting on the respiratory system and the changes in
flow and volume that they produce (63). During the respiratory cycle both pleu-
ral (Pp)) and alveolar pressures (P) change. At the beginning of inspiration,
when there is no airflow and hence no pressure drop along the airways, P,
equals the barometric pressure (Pg) which is zero. During inspiration, the tho-
rax is expanded resulting in a lowering of P,, initiating inspiratory airflow. Gas
then flows into the lungs until P, again equals the barometric pressure (Pg).
The magnitude of the change in P, depends on the magnitude of the airway
resistance and the flows achieved: Pressure = Resistance x Flow,or P=R - V" .
Pleural pressure is sub-atmospheric at the beginning of an inspiration due to
the elastic recoil of the chest wall. During inspiration, Py has a further drop in
subatmospheric pressure due to the pressure required to overcome the flow
and tissue resistive (i.e. frictional) forces of the lungs (P,), but also the elastic
forces of the lungs (P4). Hence, at any moment in time,

APpl = APres + APres

The magnitude of the change in P, depends on both the extent to which the
lung is inflated (i.e. change in inspired volume: AV) and the stiffness (elastan-
ce: E) of the lung:

APg=AV - E

In a single-compartment, linear model, AP, is proportional to airflow (AP . =
R - V'), whereas AP was known to be proportional to changes in lung volume
(AV). It is possible to separate these components using for example pressure-
volume diagrams (Figure 9}, in order to calculate lung resistance, and dynamic
elastance, or compliance which is the reciprocal of elastance. Therefore,
dynamic pulmonary mechanics describe the lung resistance (R;) (airways plus
lung tissues) (63).

During expiration, the stored P, is used to return the lung to its resting volume.
The inward recoil of the lung results in a rise in alveolar pressure, thereby crea-
ting the driving force for expiratory flow until P, again equals Py. Also during
expiration APy = AP o + AP However, P will be less negative than the expec-
ted elastic component only, by an amount that is equivalent to P, that is the
pressure to overcome lung and airway resistance during expiration. Hence, the
shape of pressure-volurne curves provide important information regarding the

relative contribution of resistive and elastic forces of an infant’s lungs (63).
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Dynamic lung compliance (Cp g,,) equals the change in volume divided by the
change in pressure between points of flow-reversal, as shown by the slope of
the dotted line A-B (Figure 9). This slope of the lung compliance also repre-
sents the pressure to overcome elastic forces (P), which is in phase with volu-
me and hence forms a closed pressure-volume loop. As a result, Cp g, = AV /
AP, The extent to which Py is more negative than P during inspiration, and
more positive than P during expiration reflects the pressure required to over-
come the frictional resistance of airways and lung tissues (P,.), and results in
the hysteresis of the pressure-volume diagram (63). The lung resistance (Ry) is
then calculated by dividing AP . by AFlow, or Ry = AP, / AV’. Dynamic lung
mechanics can also be calculated using the mid-iso-volume approach, by rela-
ting changes in transpulmonary pressure (Py,) to corresponding changes in
flow (V') and volume (V) throughout the respiratory cycle (63). The transpul-
monary pressure (Py;) is the pressure at the airway opening (P,,) minus the
pleural pressure (P)). The P, may be estimated from oesophagal pressure
because of the close apposition of the flaccid oesophagus to the pleural space
(64). During quiet breathing, the changes in P, generated by the respiratory
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muscles during inspiration occur in the negative direction and are in the order
of 0.6 kPa. These pressure changes increase if tidal volume increases, and also
in the presence of decreased lung compliance or increased pulmonary resistan-
ce (64). There are 3 different techniques to measure oesophagal pressure in
infants: oesophagal balloon manometry, fluid manometry (liquid filled cathe-
ter) and solid-state micromanometry. In infants, mainly oesophagal balloon
manometry is used. A catheter-mounted balloon containing a small but known
volume of air is lowered into the lower third of the oesophagus to measure
intra-oesophageal changes in pressure and volume.

Resistance measurements

There are several ways to measure pulmonary resistance in infants. As descri-
bed earlier, pulmonary resistance can be measured by means of passive respi-
ratory mechanics or dynamic pulmonary mechanics. In addition, resistance
can also be measured plethysmographically or by means of the interrupter
technique. We will briefly discuss these two methods.

Plethysmographic measurement of resistance

In contrast with resistance measurements by means of passive or dynamic lung
mechanics, whole-body plethysmography assesses the resistance of the airways
alone (R,,). One of the advantages of the plethysmographic technique is that
resistance can be measured throughout the respiratory cycle and valuable infor-
mation can be obtained by inspecting the shape of the pressure-flow curves.
Furthermore, since measurements are made during tidal breathing, assess-
ments of any lung function abnormalities are performed under dynamic con-
ditions, which may provide different information from that obtained at raised
lung volumes or under passive conditions (r2). Plethysmographic measure-
ment of the R, is based on pressure fluctuations throughout the respiratory
cycle, which result from gas compression/expansion within the lung due to the
resistance of the airways. To eliminate volume variations due to changes in gas
composition of the respired gas (CO,, O,, N,), the inspired gas must be
warmed and humified to body temperature and pressure under saturated con-
ditions (BTPS). Airway resistance is then measured by relating the pressure dif-
ference between the alveoli (P,) and the airway opening (P,,) to the
corresponding flow through the airways (12). Hence, R,,, = (P4 — P,,) / Flow.
Airway conductance (G,,), the opposite of resistance, can be calculated by dividing 1
by the airway resistance: G,,=1/ Ry, However, resistance is dependent on the infla-
tion level of the lungs. Therefore, the conductance is corrected for lung volume resul-
ting in the specific conductance or resistance (sG,y, = G,y / FRC, or 1/ (R, -FRC).
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Interrupter technique

Measurements of the respiratory system using the interrupter technique requi-
res quiet breathing and little cooperation. Interrupter technique measurements
are based on measurements of tidal airflow and mouth pressure before and
directly after closure of a fast shutter near a pneumotachograph. The ratio bet-
ween pressure difference and airflow equals the interrupter resistance (R;.,).
After equilibration of pressure within the airways, when mouth pressure equals
alveolar pressure, Ry, reflects airway resistance (R,) (65). Validation studies
against R,,, measured plethysmographically showed satisfactory results (63,
66). In preschool children, R;,; measurements have proven to be sensitive by
detecting changes in airway calibre in children who developed mild respiratory
tract infections, by monitoring the effect of interventions and by identifying
subgroups with mild respiratory symptoms among children from a general
population (63, 67, 68). Together with a good within-occasion repeatability and
interobserver agreement, the interrupter technique has proven to be a reliable
and practical test of airway function in preschool children for whom reference
values have been developed (G5, 68, 69). However, the between-occasion repe-
atability for R;,, measurements is too poor for intra-individual detection of
changes (68). These reference values were based on children of 2 years of age
and older using a mouth piece. Below that age measurements can only be con-
ducted using a face mask (65). During infancy, R;;; measurements are feasible
in spontaneously breathing sedated and unsedated infants (Figure 10) (25, 70).
Hall and co-workers studied the influence of facemask types and analysis tech-
niques on the R;,, in unsedated sleeping infants (70). Measurements made
using a large volume, compliant face mask significantly underestimated Ry,
while the choice of analysis method significantly influenced the variability and
magnitude of Ry, They concluded that studies are needed to standardise
equipment and to identify the most appropriate analysis technique for the age
group of o to 2 years (70). Chavasse and co-workers compared R;;; measure-
ments with resistance measurements using the single breath occlusion techni-
que (R;) and with V'maxgpe in sedated infants (25). They concluded that R;,;
measurements are closely related these other measures of airway obstruction
commonly used in infants. However, values obtained for R;,, were markedly
lower than for R, but showed a strong correlation. This is possibly the result
of Ry, being a measure of airway resistance, while R gives a measure of
resistance of the entire respiratory system (i.e. airways, lung tissue and chest
wall). In addition, Ry, correlated negatively with V'maxggc. It is recommended
to report the median Ry, as it is less affected by outlying values (71).
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Figure 10. Resistance measurement using the interrupter technique (R;,4) in a sedated infant.

Tidal breathing parameters

An infant’s breathing pattern measured during tidal breathing contains signi-
ficant physiological information pertaining to a number of processes related to
respiratory control and pulmonary mechanical function (72). The most com-
mon used parameters are the tidal volume (TV), breathing frequency (BF), and
the time to reach peak expiratory flow (tprgg) as a proportion of total expirato-
ry time (tprgp/tg) (Figure 11). For a healthy infant, between 3 and 12 months of
age, the tppgp/ty ranges between 0.26-0.29 (73). In obstructive airway disease
the time to reach the peak tidal expiratory flow is shorter, and the duration of
the expiration is longer as compared to healthy controls, leading to an decrea-
sed tprgp/tg ratio. The index tprgp/tg has been demonstrated to be useful in
predicting wheezy illness in the newborn (74), in discriminating between asth-
matic and non-asthmatic children (75-77), and between healthy controls and
children with cystic fibrosis (77) and showing response to histamine, metacho-
line or salbutamol in asthmatic children (75-78), though tprgg/ty has not found
to be useful in the diagnosis of narrowed airways in infants (79-81). However,
knowledge regarding the biological development and clinical/diagnostic value
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of most tidal breathing parameters remains sparse. Moreover, the reference
data that have been published are highly specific to the equipment used and the
population studied and cannot be recommended for general use. Therefore,
there is a need to establish reference ranges for tpryp/ty so that it can be used
more effectively in the clinical setting (72).

3. Clinical applications of Infant Lung Function Testing
Assessing V'maxgppc by means of the RTC technique has been used to quanti-
tate abnormalities of lung function in infants with respiratory disorders.

Several studies used the V'maxgpc as the primary outcome measure to:

»  Determine normal physiologic growth and development of the infant
respiratory system (20, 82, 83)

+ Quantitate abnormalities of lung function in infants with respiratory
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disorders, such as:

- recurrent wheeze

- cystic fibrosis

- neonatal chronic lung disease, or bronchopulmonary dysplasia
- anatomical abnormalities

- infants treated with extracorporeal membrane oxygenation

- Evaluate treatment regimes, such as:
- Bronchodilator effect (84-93)
- Inhaled steroids (94, 95)
- DNAse (96)

« Assess bronchial responsiveness to inhaled pharmacological agents

(32, 95, 97-106)

. Determine the influence of factors such as:
- lower or upper respiratory tract infections (74, 101, 107, 108),
- gender (5, 109, 110),
- maternal smoking (I11-113)
- an atopic family history on infant pulmonary mechanics (100, 114)
in epidemiological studies.

We summarised the results of lung function testing in infants with wheeze,
cystic fibrosis, neonatal chronic lung disease, a large airway obstruction,
infants following a treatment with extracorporeal membrane oxygenation and
infants following repair of oesophageal atresia and tracheoesophageal fistula.
When applicable, evaluation of treatment regimes are discussed. The influence
prenatal and postnatal tobacco smoke exposure on lung growth and lung func-
tion in infants is also discussed.

3.1 INFANT LUNG FUNCTION TESTING IN WHEEZY INFANTS

Recurrent episodes of wheezing are a common problem in approximate 30% of
all infants (age o to 3 years) (115-117). Infants who have respiratory illnesses
with wheezing in the first year of life have lower levels of lung function before
any lower respiratory illness develops, compared to infants without wheezing
(74, 119). Therefore, it is thought that in the majority of infants with wheezing
during the first year of life there is a transient condition of early life reduced
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small airway calibre, which improves with time. Consequently, in a substantial
minority of these infants wheezing episodes are probably related to a predispo-
sition to asthma (118, 119). Wheezing that begins or persists into the second
year of life may be part of the clinical entity recognized as asthma (119). In fol-
low up of wheezy infants, 20% persisted to wheeze at the age of 4 years. This
group of persistent wheezers had significantly lower V'maxgg at initial evalu-
ation than infants who became asymptomatic (120). These findings suggest
that during the first year of life, small airways predispose many infants to whee-
zing in association with common viral infections (74, 118-120).

Evaluation of treatment regimes

Most infants with recurrent episodes of wheezing are treated as adult asthma-
tics, with betaz-agonists and inhaled steroids as first choice medication (121,
122). However, there is no conclusive data on the effectiveness of these thera-
pies in infants. Regarding the treatment with bronchodilators for wheezy
infants, there are studies showing a beneficial effect (87-89), studies showing
no effect (90-93), and studies showing an adverse effect on lung function
and/or clinical variables (84-86). It seems plausible that contradicting findings
are due to differences in lung function methodology, mode of aerosol admi-
nistration or aetiology of airway obstruction. Recently, a Cochrane systematic
review concluded that there is no clear benefit of using betaz-agonists in the
management of recurrent wheeze in the first two years of life, although there
is conflicting evidence (123).

Data on treatment of infants with recurrent wheeze with inhaled corticoste-
roids also lack consistency. There are studies showing a positive effect of inha-
led steroid treatment on symptom scores (124-128), and one study showing no
effect (129) (Table 2). Data from studies using subjective outcome measures to
determine the effectiveness of inhaled steroids in infants with recurrent whee-
zing are equivocal. To our knowledge, only three studies evaluated the effecti-
veness of inhaled steroids in wheezy infants using pulmonary function (94, 95,
130). Maayan and co-workers investigated lung function in 9 infants with per-
sistent wheezing, before and after two weeks of treatment with either inhaled
steroids or placebo in a randomised, double blind, crossover trial. Two weeks of
placebo treatment had no significant effect on lung function. After two weeks
of inhaled steroid treatment V’'maxpgp increased, only the difference did not
reach significance (94). Stick and co-workers evaluated lung function
(V'maxggc) and symptoms in 38 infants with recurrent wheezing, before and
after 8 weeks of treatment with either inhaled steroids or placebo in a rando-
mised, double blind trial. V'maxpp and symptoms improved for both groups
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of infants during the study, but only in the placebo group the improvement in
V'maxgpc reached significance. There was no significant difference between
the groups before or after treatment (95). Kraemer and co-workers compared 3
different treatment groups: ¢ children were assigned to receive inhaled steroids
combined with salbutamol on a dialy basis, 8 children received only salbutamol
daily and 6 children received placebo (130). After a 6 weeks treatment period,
symptom scores, thoracic gas volume (TGV), airway conductance (G,,) and
specific airway conductance (sG,,) were compared between groups. There was
a significant improvement in symptom scores, as well in all lung function para-
meters in the group treated with inhaled steroids combined with salbutamol
when compared to the placebo group. In contrast, no significant differences
were found between the group treated with inhaled steroids combined with sal-
butamol compared to the salbutamol-only group and/or the salbutamol and
placebo group. Authors concluded that in wheezy infants inhaled steroids
improve clinical status and lung function, when given in combination with sal-
butamol (130). Unfortunately, no conclusion about the effectivity of inhaled ste-
roids alone, possibly in combination with salbutamol on demand, may be
drawn. Regarding the effectiveness of inhaled steroids in wheezy infants on
symptom scores, there are studies showing a positive effect of inhaled steroid
treatment in wheezy infants (124, 125, 131, 132), and studies showing no such
effect (93, 133).

In conclusion, there is no proven benefit of the treatment with betaz-agonists
and/or inhaled steroids in the management of recurrent or persistent wheeze
in the first two years of life. Further studies are needed to evaluate these treat-
ment regimes in infancy, which are prescribed on a large scale without eviden-
ce based arguments.

3.2 INFANT LUNG FunNcTioN TesTING N CysTic FIBROSIS

Measurement of lung function plays a central role in the management of
patients with cystic fibrosis (CF), by evaluating the severity and progression of
the disease and response to therapeutic interventions. In infants, measurement
of lung function may be even more relevant as inflammation and infection may
develop early in life and may be present without clinical signs (24, 134).
Moreover, any damage sustained during these periods of rapid lung growth and
development is more likely to have long-term adverse effects (24).
Nevertheless, the role of infant lung function testing during infancy in CF
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Table 2. Details of other studies of inhaled steroids in infants. All studies are randomised placebo controlled trials. BUD: Budesonide. BDP:
Beclomethason dipropionate. FP: Fluticasone propionate. Salb: Salbutamol. *: The study by Maayan and co-workers (94) is mentioned twice as
they found a positive effect of inhaled steoids on symptom scores, but no such effect on lung function. T: Note that in the study by Kraemer et
al (130) salbutamol was given on a regular base. BDP + Salb was effective versus placebo. However, no significant differences were found bet-

| Joydeyd

ween the BDP + Salb and salbutamol group and/or the salbutamol and placebo group.

Study N Mean age {range) Drug Daily Dose Device Duration Parameters
Months

Effective

s Maayan et al{94)* 9 6 (4-8) BDP 1,5 mg Nebuliser 2 wks Symptoms

¢ Bisgaard et al(124) 77 24 (11-36) BUD 800 ug MDl+spacer 12 wks Symptoms

¢ Noble et al(131) 15 11 (4-18) BUD 300 pg MDIi+spacer 6 wks Symptoms

e Connett et al(132) 40 20 (12-36) BUD 400-800 pg MDI+spacer 26 wks Symptoms

o Kraemer et al(130)% 29 12 (2-25) BDP/Salb 300/600 pig MDi+spacer 6 wks Symptoms +
Lung function

¢ Bisgaard et al(125) 237 28 (12-47) FP 200 ug MDl+spacer 12 wks Symptoms

s Teper et al (128) 30 13 (6-24) FP 100 and 200 pg MDI+spacer 26 wks Symptoms

Ineffective

* Maayan et al(94)* 9 6 (4-8) BDP 1,5 mg Nebuliser 2 wks Lung function

e Van Bever et al (133) 23 10 (3-17) BUD 1 mg Nebuliser 4 wks Symptoms

e Stick et al(95) 38 12 (5-18) BDP 400 pg MDI+spacer 8 wks Symptoms +
Ltung function

¢ Barrueto et al{(129) 31 16 (14-18) BDP 400 pg MDI+spacer 8 wks Symptoms




management remains unclear, and there is no conclusive evidence as to which
test(s) may be best in identifying early changes, assessing response to treat-
ment or predicting prognosis (24). We summarized lung function data in
infants with CF, regarding lung volume, and airway patency assessed by the
tidal RTC technique.

Lung volume in infants with CF

There is no consistency about the technique that should be used for measuring
lung volume in infants with CF. In the presence of airway obstruction, which
is the most prominent early manifestation of CF (134), gas dilution techniques
may lead to underestimation of lung volume due to the presence of trapped gas.
For whole body plethysmography, there can be an underestimation of alveolar
pressure changes at the airway opening, particularly in the presence of obstruc-
tive airway disease, potentially resulting in overestimation of lung volumes
(24). Studies that used plethysmography in infants with CF found increased
FRC, in at least subgroups of patients, and suggest that hyperinflation is one
of the earliest features of CF (24, 26, 135-138).

Lung function in infants with CF

The most commonly reported method for assessing forced expiration in infants
with CF has been the tidal RTC technique for measuring V'maxggc (43, 97,
108, 136, 137, 139-144). The natural course of pulmonary involvement in infants
with CF before infection occurs and disease becomes clinically evident remains
poorly understood (24). Although serial measurements of lung function are
well known to be far more valuable than a single assessment (145), very little
longitudinal data are available for infants due to difficulties in performing mea-
surements frequently. Beardsmore and co-workers performed repeat measure-
ments in 1y infants with CF during the first year of life (136). When retested
most of the infants who had initially normal lung function had deteriorated
with respect to both specific airway conductance (sGaw) and V'maxppc. As
V'maxgpc was not affected before sGaw, the authors concluded that there is no
functional evidence that small airways are the site of primary pulmonary invol-
vement in CF. This conclusion was based on the assumption that small airway
disease is best reflected by flow limitation at low lung volumes, i.e. V'maxggc.
However, there have been no attempts to correlate functional changes with
pathological findings in young children with CF in order to clarify this state-
ment (24). Tepper and co-workers performed lung function measurements at
time of diagnosis and 12 months later. They found that V'maxpgc was lower in
infants presenting with respiratory symptoms compared to those without (142).
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One study attempted to relate lung function during infancy to that obtained in
childhood (26). Twenty-nine CF patients who underwent ILFT (FRC,,
V’'maxggc) Were reassessed between 4 and 7 years of age using whole body ple-
thysmograph and maximal forced expiratory manoeuvres (FVC, FEV,, MEF,
MEF,). Although parameters obtained in infancy and at school age were not
directly comparable, it was reported that lung function deteriorates before
school age in most children, with a significant correlation between the FRC
score in infancy and at school age. When V'maxpg scores were compared with

FVC, FEV,, MEF,,, or MEF,, no significant relationship was found (26).

Evaluation of treatment regimes

The use of prophylactic oral antibiotic treatment in asymptomatic infants with
CF is a controversial subject (24). Beardsmore and co-workers performed FRC,
and V'maxgpc measurements at 3-4 months and 1 year of age in 42 infants
enrolled in a prospective randomised controlled trial of antibiotics prophylaxis
(137). No advantage was found with respect to lung function, but other criteria,
such as fewer hospital admissions during the first year, led the authors to con-
cluded that antibiotics prophylaxis is indicated in newly diagnosed infants with
CF. Lung function in infants with CF following an in-hospital antibiotic treat-
ment for pulmonary exacerbations was studied by Clayton and co-workers
(144). For the group, there was a significant improvement in all lung function
parameters before and after 2 weeks of antibiotic treatment. However, there
was a considerable variability in response between infants, and improvements
in V’'maxgyc were not necessarily accompanied by improvements in other lung
function parameters (144). In contrast, in a randomised placebo controlled
trial, Tepper and co-workers found no improvement in V'maxgpc in 20 infants
during a two week period of hospitalisation for pulmonary exacerbation,
whether or not systemic steroids (n=10) were added to the conventional treat-
ment, which included antibiotics (143). Since both this study and the study by
Clayton and co-workers (144) used V'maxpgc as an outcome variable and used
similar reference values (146), it is not clear why such discrepant results occur-
red, other than the small numbers enrolled in each study which could have led
to sampling bias (24, 96).

3.3 INFANT LUNG FUNCTION TESTING IN NEONATAL CHRONIC LUNG DISEASE

Chronic lung disease (CLD), or bronchopulmonary dysplasia (BPD), is a com-
mon sequel of mechanical ventilation and oxygen therapy in prematurely born
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infants (147). Despite advances in prenatal and neonatal care, including ante-
natal and postnatal steroids, surfactant treatment and high-frequency oscilla-
tion ventilation (HFOV), CLD is still one of the major complications in
mechanically ventilated premature infants (148). The overall incidence of CLD
has remained high as a result of the increased survival of extremely premature
infants, who are most at risk to develop CLD (148). Long-term studies show that
survivors of CLD have abnormal pulmonary function tests at school age (149,
150), whereas infants who received initial HFOV showed normal lung function
at school age (151). Only a few studies evaluated lung function during the first
years of life in children with CLD. In young children with CLD, lung function
parameters, such as functional residual capacity, compliance, resistance and
conductance, show a gradual improvement towards the normal range during
the first three years of life (152-154). On the contrary, three studies evaluated
forced expiratory flows, which were found to be decreased during the first two
years of life (152, 154, 155). In 1986, Tepper and co-workers studied 20 infants
with CLD during the first year of life. The infants with CLD had lower absolu-
te and size-corrected flows than control infants. In addition, the slope of the
linear regression of V'maxgpe versus length was significantly lower for the
infants with CLD than for normal control infants, indicating poor growth of the
airways. The authors concluded that, although infants with CLD improve clini-
cally during the first year of life, they have abnormal functional airway growth
(152). In 1997, Iles and Edmunds confirmed this finding by stating that in
infants with CLD lung growth is well below that seen in normal lung growth
during the first year of life, possibly as a result of lack of catchup growth and/or
disease resolution (155). In 1997, Baraldi and co-workers studied 24 infants
with CLD, weighing less than 1,250 g at birth, from birth until 2 yr of age (154).
They described an improvement in most lung function parameters, including
FRC, reaching the range of normal values at 2 yr of age. However, less favora-
ble data of V'maxpgpc were found with individual values reduced more than
40% of predicted values in 70% of the children. They concluded that although
pulmonary mechanics of CLD survivors improves during the first years of life,
they still present a substantial airway function impairment as revealed by the
low forced expiratory flows (154).

Due to advances in prenatal and neonatal care there is an increased survival of
extremely premature infants, with very low and extremely low birthweights.
Therefore, these results obtained in the past may not be valid for infants who
develop CLD nowadays. There are no recent studies that evaluate forced expi-
ratory flows during the first year of life in very low birth weight (VLBW) infants
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with CLD, in the era of surfactant therapy and HFOV.

3.4 INFANT LUNG FUNCTION TESTING IN INFANTS WITH A LARGE AIRWAY
ABNORMALITY

Chronic or intermittent wheeze can be caused by anatomical abnormalities
including malacia, stenosis or compression of larger airways. Infants with seve-
re tracheobronchomalacia or compression of the larger airways are characteri-
zed Dby stridor, dyspnoea, life-threatening apnoeic spells and recurrent
pneumonia (156-158). Airway malacia is a condition in which the airway is un-
usually collapsible, as a result of a weakness or deficiency of the cartilaginous
elements of the airway wall, or from decreased tone of the myoelastic elements
(159). Treatment of these infants with airway malacia may include aortopexy or
long-term CPAP (160, 161). However, infants with mild or moderate symptoms
may go unrecognised. They present themselves with chronic or persistent
wheeze and often constitute a therapeutic dilemma for the paediatrician (156,
157, 162). When treatment with inhaled corticosteroids and/or £2-agonists fails
and symptoms persist, a bronchoscopy may be considered as the next dia-
gnostic step (156). Bronchoscopy may reveal airway narrowing due to malacia
or compression. However, bronchoscopy is an invasive procedure that requires
general anaesthesia. Non-invasive objective criteria for anatomical abnormali-
ties to identify infants for bronchoscopy are lacking. Lung function testing in
infancy (ILFT) may help in identifying central airway obstruction. Only few stu-
dies investigated the association between lung function in infants and anatom-
ical airway obstruction.

Panitch and co-workers studied the hypothesis that in infants with tracheoma-
lacia, contraction of airway smooth muscle tone results in increased airway
patency (i-e. V'maxppc), and conversely, that administration of a bronchodilator
results in a decrease in airway patency (86). In 3 patients with tracheomalacia,
baseline V'maxgpc was significantly below normal. As hypothesised, V'maxggc
improved significantly after an increase in smooth muscle tone due to metha-
choline. In addition, V'maxgg returned toward or below baseline after admi-
nistration of a bronchodilator (86). A possible explanation could be that airway
mooth muscle tone is important for the compliance of the airway. Therefore, a
reduction of smooth muscle tone by bronchodilation could make the airways
more compliant, and therefore more collapsible, resulting in increased dyna-
mic compression and reduced forced expiratory flows (21, 163). Tepper and co-
workers evaluated the effect of operative correction of tracheal lesions on forced
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expiratory manoeuvres in three infants (23). Preoperatively, all three demon-
* strated severe flow limitation with forced expiratory flow close to tidal expira-
tory flow. Postoperatively, the PEFV curves changed to a normal convex shape,
and V'maxggc returned towards normal (23). They state that the shape of the
PEFV curves can help to localize the site and quantitate the severity of the air-
way obstruction. However, further studies are required to evaluate the sensiti-
vity of PEFV curves in detecting tracheal lesions in infants and the impact of
this information upon the clinical management of these patients (23).

In a longitudinal study of lung function in a cohort of 252 healthy symptom-
free term infants, Young and co-workers observed tidal flow limitation at
1 month of age in approximately 10% of the infants (164). All these tidal flow
limited infants had a positive family history of asthma, atopy and/or parental
smoking. At 6 and 12 months of age these infants no longer had tidal flow limi-
tation. Nonetheless they had a significantly reduced lung function as compared
to matched controls. Moreover, flow limitation in early life was associated with
physician-diagnosed asthma at the age of 2 years (Odds ratio: 7.4). This led the
authors to conclude that infants with abnormal lung function soon after birth
may have a genetic predisposition to asthma or other airway abnormalities
(164). From the same cohort, Turner and co-workers analysed the data from 3
to 11 years of age (165). Only at 4 years of age the group with tidal flow limita-
tion had increased wheeze, and at 6 and 11 years they had increased airway
responsiveness and reduced lung function, as compared with other cohort
members. In contrast with the study by Young and co-workers (164), atopy and
parental asthma were not increased in the group with tidal flow limitation.
Therefore, Turner and co-workers suggested that flow limitation in early infan-
cy may identify an at-risk group, different from asthma, who has reduced lung
function and increased airway responsiveness in later life (165). From these stu-
dies it can be concluded that tidal flow limitation may be present in asympto-
matic infants, and that the tidal flow limitation mostly resolves during the first
year of life. Nevertheless, it is associated with an increased risk for respiratory
illnesses, possibly different from asthma, later in life. Whether these respirato-
ry illnesses are based on central airway abnormalities remains to be elucidated,
as bronchoscopic investigations were not carried out in the patients of this
Australian cohort. From these studies it may be concluded that tidal flow limi-
tation in infants may be present without respiratory symptoms, and that tidal
flow limitation mostly resolves during the first year of life. Nevertheless, it is
associated with an increased risk for respiratory illnessses later in life. If these
respiratory illnessses are based on asthma and/or other airway abnormalities
remains to be elucidated.
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3.5 INFANT LUNG FUNCTION TESTING IN INFANTS FOLLOWING EXTRACORPOREAL
MEMBRANE OXYGENATION (ECMO)

Extracorporeal membrane oxygenation (ECMO) is a supportive intensive-care tech-
nique used for newborn infants with acute reversible respiratory failure and a high
mortality risk with conventional management. ECMO consists of a cardiopul-
monary bypass while resting the lungs and using minimal ventilator settings.
A schematic drawing of a venoarterial ECMO circuit is shown in figure 12.

It is thought that ECMO support promotes lung healing and prevents further
injury from high oxygen concentration and barotrauma (x66). The UK ECMO
trial gave a survival advantage of ECMO over conventional management, with-
out a concomitant increase in severe disability (167, 168). Since ECMO could
potentially result in survival of infants with severe respiratory dysfunction who
would otherwise have died, this would result in poorer respiratory status in the
ECMO group. Alternatively, infants receiving ECMO might be spared aggressi-
ve ventilation and consequent barotrauma, which has been shown to be associ-
ated with subsequent alterations in respiratory mechanics (169). Therefore,
investigation of the respiratory function of survivors is essential whether or not
ECMO gives a survival advantage. Several groups studied respiratory function

VENQARTERIAL ECMO CIRCUIT
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Figure 12. Schematic drawing of extracorporeal membrabe oxygenation (ECMO) circuit.
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in infants during or shortly after ECMO (170-172), at 6 months (173) or at 12
months (169). These studies found a reduction in pulmonary function during
the first year of life, confirming that ECMO does not prevent sequelae of seve-
re respiratory disease in the newborn period (169, 172}. Only two groups stu-
died the V'maxggpc. Greenspan and colleagues (172) studied the V'maxgp after
ECMO at approximately 1 month of age, which was approximately 108 mlL/s.
Calculation of V'maxpgc in Z score using the normative data by Hoo and colle-
agues (5), was not possible since no information about length at time of mea-
surement was provided. Beardsmore and colleagues (169) evaluated V'maxggc
at 12 months of age in infants randomly assigned to receive either ECMO or
conventional management. In the ECMO group, the V'maxpgc was 170 mlL/s
or -1.63 SD (personal communication A. Hoo), using the normative data by
Hoo and colleagues (5). There was a trend towards a lower V'maxggc in the
conventional managment group, with a V'maxgge of 137 mL/s, or —2.0 SD.
However, using the normative data by Sly and colleagues (3), which uses post-
natal age as the independent variable, the V'maxgyc in Z score is approximate-
ly —o.3 SD and -1.6 SD at 1 and 12 months, respectively.

In conclusion, these cross-sectional data from different studies suggest a
decrease in forced expiratory flow during the first year of life in ECMO sur-
vivors, meaning ECMO support can not prevent sequelae of severe respiratory
disease. Nonetheless, there is a trend towards a better V'maxgg in the ECMO
group, as compared with the group who received conventional managment.
Although serial measurements of lung function are well known to be far more
valuable than a single assessment (145), longitudinal data are only available for
infants during or shortly after ECMO (ryo, 171). To our knowledge, no study
evaluated lung function longitudinally during the first year of life in
ECMO survivors.

3.6 INFANT LUNG FUNCTION TESTING IN INFANTS FOLLOWING REPAIR OF OESOP-
HAGEAL ATRESIA AND TRACHEOQESOPHAGEAL FISTULA

Since the first successful primary repair of cesophageal atresia and tracheoes-
ophageal fistula (OA-TOF) in 1941 (174), there has been a dramatic improve-
ment in survival of infants with this condition (173). With reduced mortality,
the importance of morbidity has become increasingly relevant. Variable respi-
ratory and gastro-intestinal symptoms have been reported, mainly during the
first 3 years of life (176, 177). These symptoms include cough, wheeze, gastro-
oesophagal reflux, aspiration, recurrent pneumonias and dysphagia (178, 179).
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In addition, children and adults who have undergone OA-TOF repair, are
known to have lung function abnormalities (177, 180, 181). It is tempting to
speculate that functional abnormalities of the upper airway or aspirations are
the main causes of respiratory symptoms and dysfunction (r78). However, it is
not clear whether respiratory symptoms and abnormal lung function is in rela-
ted with gastro-oesophagal complications (178, 180, 181).

Possibly, lung function measurements during infancy can elucidate this
question as symptoms are predominantly present during the first 3 years of life.
To our knowledge, there is only one study that assessed respiratory function in
infants following OA-TOF. Beardsmore and co-workers studied 16 infants
within 3 months after repair of OA-TOF (178). Seven infants had normal initi-
al respiratory function tests. Of these 7 infants, six remained symptom-free or
developed minor clinical symptoms and one infant developed stridor which
improved spontaneously. The remaining 9 infants had abnormal initial respi-
ratory function tests: one was symptom-free and the remainder developed res-
piratory and/or gastro-oesophageal symptoms. The functional abnormalities
appeared to reflect the severity of the clinical problems encountered. It was
concluded that infant lung function testing following OA-TOF repair may aug-
ment the value of clinical appraisal, help define post-operative respiratory sta-
tus, and provide a general guide to likely clinical progress (178). Of this group
of 16 infants, 14 were studied at school age for respiratory function and clinical
problems (177). Mean values for the group as a whole showed reduced lung
function. Respiratory function and clinical findings at school age appeared
unrelated to status in infancy. Nonetheless, most patients showed a restrictive
pattern of lung volume wich would appear to result from reduced lung growth
after surgery. It was concluded that in children following OA-TOF repair, infant
lung function testing is of limited value in medium term prognosis, but may
aid in the management of contemporary slinical signs (177).

We believe that these limited data can not elucidate whether respiratory
symptoms and abnormal lung function are related with gastro-oesophagal
complications (178, 180, 181). To our knowledge, there is no structured follow-
up of clinical and respiratory status in a larger group of infants following
OA-TOF repair.
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3.7 APPLICATION OF INFANT LUNG FUNCTION TESTING IN EPIDEMIOLOGY:
THE EFFECT OF PRENATAL AND POSTNATAL TOBACCO SMOKE EXPOSURE ON LUNG
GROWTH AND LUNG FUNCTION IN INFANTS AND CHILDREN

The adverse effects of passive smoking on the health of the foetus and child are
thought to be common knowledge. Surprisingly, still 15-37% of women smoke
while pregnant (182-184). Foetal breathing movements are essential for normal
growth and structural maturation of the foetal lungs (185). In animal studies,
prolonged absence or impairment of foetal breathing movements as a result of
cigarette smoke during pregnancy, is likely to result in hypoplasia of the foetal
lungs (185, 186) with fewer saccules (187).

These observations are likely applicable to humans since nicotine caused a
reduction in the incidence of foetal breathing movements in normal and abnor-
mal human pregnancies (188). Moreover, there is compelling evidence that
maternal smoking reduces lung function in young children and that the effect
is present at birth and attributable to effects of maternal smoking during preg-
nancy and early postnatal exposure on the child's lung development (189-192).
In infants born to smoking mothers lung function tests show a reduction in
forced expiratory flows as compared to infants born to non-smoking mothers
(111-113, 192). This reduction in forced expiratory flows (V'maxpgc), could
amount to 51% as compared to infants whose mothers did not smoke during
pregnancy (111). The effect of prenatal smoke exposure most likely plays a gre-
ater role on lung function in childhood than postnatal and childhood exposure
(193). However, it is difficult to resolve the role of prenatal smoking per se as
prenatal smoking is almost invariably associated with postnatal smoking. How
long the impaired lung function that results from exposure in utero continues
to be significant is still not known (194). Therefore, smoking during pregnan-
cy might affect adult lung function, which is suggested to be ‘programmed’ in
foetal life (195). In a pooled analysis of school-aged children, exposure to envi-
ronmental tobacco smoke (ETS) was associated with a reduction of 1.4% in forced
expiratory volume in one second (FEV,). Parameters for airway patency of the
peripheral airways, the mid and end expiratory flow rates, show a decrease of
respectively 5.0% and 4.3%, in those exposed to ETS (191). These small, but sig-
nificant, deficits in spirometric indices are almost certainly causally associated
with maternal smoking (191) and much of the effect may be due to maternal
smoking during pregnancy and/or neonatal exposure (191, 193). Smoking by
the father only had no significant effect on the children's lung function (191).
A dose-response relationship was not always shown, perhaps due to the fact
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that parents tend to smoke less as their children develop respiratory symptoms
(191). When the independent effect of prenatal and postnatal tobacco smoke
exposure on children's lung function was studied, the effect of maternal
smoking during pregnancy was larger than that of current smoking (196). If
this reduction in lung function due to passive smoking increases the risk for
wheezing and/or asthma is not fully clear. However, prenatal maternal
smoking increases the risk for symptomatic paediatric asthma (197) and post-
natal maternal smoking is associated with an increased incidence of wheezing
illness up to the age of 6 years (198). The reason why prenatal passive smoking
is associated with symptomatic paediatric asthma, and postnatal passive
smoking is associated with non-atopic ‘wheezy bronchitis’, remains to be eluci-
dated. Possibly, a reduction in lung function as a result of prenatal passive
smoking (111-113) makes the children more susceptible for respiratory symptoms
and, therefore, enables the diagnosis of paediatric asthma. Furthermore, the
distinction between wheezy bronchitis and asthma can be very difficult, and it
seems concejvable that they can co-exist as well. Amongst children with
established asthma, parental smoking is associated with more severe disease

{198, 199).

In conclusion, lung function tests in infants and older children born to smo-
king mothers show reduced airway patency, probably reflecting underdevelop-
ment of lungs and airways, where passive smoking before birth seems even
more harmful than after birth. Therefore, passive smoking is an important risk
factor for acute and chronic, sometimes even lifelong, morbidity that can easi-
Iy be avoided.

Based on: Hofhuis et al. Adverse health effects of prenatal and postnatal tobacco
smoke exposure on children. Arch Dis Child 2003 (200).
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GENERAL INTRODUCTION AND AIMS
OF THE STUDY

General introduction

In the past 20-25 years there has been an increase in interest in studying the
respiratory system in infants (1). Especially in the last 5 years, when 62 peer-
reviewed studies on lung function testing in infants have been published (2).
A major part of these studies were performed for research purposes, such as
physiologic research, pathophysiology of a disease, drug or therapy trials, or
lung function methodology. These studies remain essential as the management
of infants with lung disease cannot advance without adequate information on
the way disease affects lung function and how it responds to treatment.
Moreover, knowledge gained from clinical trials improve treatment in the long
term (2). Therefore, studies performed for research purposes also have a large
clinical impact. The minority of the published studies on lung function testing
in infants were performed for clinical purposes, such as follow-up of disease or
clinical managment. Moreover, there are no studies aimed to determine the
clinical value of testing lung function in the management of the infant with a
respiratory problem (2).

With the publication of standards and normal values for infant lung function
testing (3-5), clinical applications of the lung function tests in infants have
become more feasible. In the present thesis we studied lung function in infants
with several respiratory disorders. In addition, we aimed to determine the cli-
nical value of lung function testing in excluding or recognizing large airway
abnormalities.

Study aims

INFANTS WITH RECURRENT OR PERSISTENT DYSPNEA

There is no clear evidence that treatment with betaz-agonists and/or inhaled
steroids in the management of recurrent or persistent dyspnea in the first two
years of life is beneficial. Allthough no evidence based arguments exist for
these treatment regimes, they are prescribed on a large scale. Further studies
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are needed to evaluate these treatment regimes in infancy. Therefore, we aimed
to evaluate the effect of bronchodilators (betaz-agonists) on the lung function
in infants with recurrent wheeze and in infants with airway malacia (Chapter
3). Furthermore, we studied the effect of inhaled steroids on lung function in
infants with recurrent wheeze, and aimed to identify subgroups of infants in
which the treatment is more effective (Chapter 4).

INFANTS WITH CHRONIC LUNG DISEASE :
Due to advances in prenatal and neonatal care there is an increased survival of
extremely premature infants, with very low and extremely low birthweights.
Therefore, lung function data obtained in the past may not be valid for infants
who develop chronic lung disease (CLD) nowadays. There are no recent studies
that evaluate forced expiratory flows during the first year of life in very low
birth weight infants with CLD, in the era of surfactant therapy and HFOV.
Therefore, we aimed to evaluate lung function longitudinally during the first
year of life in premature born infants of very low birth weight with chronic lung
disease (CLD), in the era of surfactant therapy and high-frequency oscilation
ventilation (Chapter s).

INFANTS WITH A LARGE AIRWAY ABNORMALITY

There are no studies aimed to determine the clinical value of lung function
testing in the management of the infant with a respiratory problem (2). Infant
Lung Function Testing may help in identifying large airway abnormalities.
Nonetheless, the predictive value of lung function parameters in excluding or
recognizing airway abnormalities in wheezy infants is unknown. Therefore, we
aimed to assess the predictive value of lung function parameters for excluding
large airway abnormalities, diagnosed by bronchoscopy in a group of infants
with chronic wheeze (Chapter 6).

INFANTS FOLLOWING ECMO supPORT

Investigation of the respiratory function of survivors of extracorporeal mem-
brane oxygenation (ECMO) support is essential to evaluate whether or not
ECMO gives a survival advantage. Only few studies evaluated pulmonary func-
tion during the first year of life, confirming that ECMO does not prevent seque-
lae of severe respiratory disease in the newborn period. However, no study
evaluated lung function longitudinally during the first year of life in ECMO
survivors. Therefore, we aimed to evaluate lung function longitudinally during
the first year of life in infants following ECMO support (Chapter 7).
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Abstract

Controversy remains regarding the effectiveness of bronchodilators in wheezy
infants. We assessed the effect of inhaled B,-agonists on lung function in
infants with malacia or recurrent wheeze. The study aims were to assess the
nature and magnitude of the bronchodilator response, and to determine whe-
ther a negative effect of B,-agonists on forced expiratory flow (V'maxggc) is
more pronounced in infants with airway malacia, compared to infants with
wheeze. We retrogpectively analysed lung function data of 27 infants: 8§ mala-
cia, 19 recurrent wheeze. Mean (SD) age was 51 (18) weeks). Mean V'maxggc
{(in Z score) was assessed before and after inhalation of f§,-agonists. Baseline
V'maxggc was below reference values for both groups. Following inhalation of
B,-agonists the mean (95% CI) change in mean V'maxggc in Z scores was
-0.10 (-0.26 to 0.05) and -0.33 (-0.55 to -0.11) (p=0.0006) for the malacia and
wheeze group, respectively. We conclude that in infants with wheeze, inhaled
B,-agonists gave a significant reduction in mean V'maxppc. Infants with
malacia were not more likely to worsen after B,-agonists than infants with
recurrent wheeze.

Introduction

Bronchodilators are widely used for wheezy infants, despite conflicting data on
their effectiveness. There are studies showing a beneficial effect of B,-agonist
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treatment in wheezy infants (1-3), studies showing no effect (4-7), and studies
showing an adverse effect (8-10). It seems plausible that contradicting findings
are due to differences in lung function methodology, mode of aerosol admi-
nistration or aetiology of airway obstruction.

Airway malacia is a condition in which the airway is unusually collapsible, as a
result of a weakness or deficiency of the cartilaginous elements of the airway
wall, or from decreased tone of the myoelastic elements (11). It has been shown
that reduction of smooth muscle tone makes the airway more compliant (12),
and therefore more collapsible (13). In infants with intrathoracic tracheomala-
cia there is limited evidence to suggest that B,-agonists cause deterioration in
airway patency (10). Therefore, we hypothesised that a negative effect of
B,-agonists on airway calibre would be more likely and more severe in infants
with airway malacia. The study aims were to assess the nature and magnitude
of the bronchodilator response in infants with malacia or wheeze, and to deter-
mine whether a negative effect of B,-agonists on forced expiratory flows is
more pronounced in the infants with airway malacia.

Material and Methods

SugJECTS

We retrospectively analysed lung function data of infants with malacia or recur-
rent wheeze, who underwent infant lung function testing (ILFT) before and
after the administration of B,-agonist. Measurements were performed as part
of our clinical routine between 1998 and 2000 at the outpatient clinic for pae-
diatric respiratory medicine of the Sophia Children's Hospital. The study popu-
lation consisted of 27 infants (19 boys); 8 infants had airway malacia, and 19
infants had aspecific recurrent wheeze. Aspecific recurrent wheeze was defin-
ed as dyspnea with wheeze and/or coughing for at least 3 episodes of at least 7
days, or chronic dyspnea with wheeze and/or coughing for at least 2 months.
Infants were suspected to have airway malacia if they had chronic lower airway
symptoms since the first weeks of life, not responding to any anti-asthma
therapy. In all infants with suspected airway malacia, the diagnosis was confir-
med by bronchoscopy after ILFT. Bronchoscopy was performed by a paediatric
pulmonologist who was unaware of the ILFT data. Airway malacia was defined
as a general or localised weakness of the trachea or bronchi, resulting in exces-
sive narrowing of the tracheal or bronchial lumen during expiration or when-
ever intrathoracic pressure increases (14). Exclusion criteria were other
illnesses possibly accounting for the dyspnea, such as preterm birth, cystic
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fibrosis, hernia diapragmatica. Due to medical ethical reasons bronchoscopy
was not performed in the wheeze group. None of the infants had received bron-
chodilator treatment 12 hours prior to the test.

LUNG FUNCTION

Lung function measurements were performed when the infants were free from
acute respiratory symptoms. To prevent the infants from waking up during the
measurements, they were sedated with chloral hydrate (50-75 mg/kg).
Functional residual capacity (FRC,) was measured by means of a modified
whole body plethysmograph (Jaeger, Wiirzburg, Germany). Equipment and
procedures were in accordance with guidelines, in which the FRC,, measure-
ment is described in detail (15). Mean FRC, of 3 to 5 technically acceptable mea-
surements was expressed as Z score (15). Forced expiratory flow at FRC
(V'maxgpc), used as a measure of airway patency, was assessed using the end-
tidal rapid thoracoabdominal compression (RTC) technique (Custom-made
equipment. Department for Experimental Medical Instrumentation, Erasmus
University Medical Centre, Rotterdam, the Netherlands). In short, an inflatable
jacket was wrapped around the infant’s chest and abdomen with the arms out-
side the jacket. At end-tidal inspiration the jacket was inflated rapidly, resulting
in a forced partial expiratory flow-volume curve. The flow at FRC was measu-
red (figure 1a and 1b). Equipment and procedures were in accordance with gui-
delines, in which the RTC-technique is described in detail (16). Mean V'maxgpgc
of 3 to 5 technically acceptable measurements was expressed as Z score (16).

STUDY DESIGN

After baseline lung function measurements, B,-agonist was administered
by metered dose inhaler (MDI) per spacer (Nebuhaler® using terbutaline, and
Babyhaler® using salbutamol). Spacer and canister were shaken for at least
5 seconds. One actuation from a salbutamol or terbutaline MDI was given at a
time, while holding the spacer in a horizontal position. Next, the spacer was
attached vertically to the optimal fitting facemask used for ILFT. After 1o
breaths (counted by 1o opening movements of the inspiration valve of the
spacer) the spacer was removed. Lung function measurements were repeated
after 10 minutes, using the same jacket pressure as used before bronchodi-
lation. Measurements of FRC, after bronchodilation could not always be
repeated as some children awoke after the post-bronchodilation V'maxpgc
measurements. Heart rate (HR) and transcutaneous oxygen saturation
(Sa0,) were monitored continuously by a pulse-oximeter (Nellcor, Hayward,
CA, USA).
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Figure 1. An example of a flow-volume loop from an infant with recurrent wheeze (a) and an infant with
airway malacia (b). Note the flow limitation during tidal breathing in figure 1b.

ANALYSIS

The effect of bronchodilation on ILFT for each infant was evaluated using a
two-tailed paired Student’s t-test. Subgroups were compared using the unpai-
red t-test. Correlation coefficients between baseline and [3,-agonist responses
were obtained from linear regression analyses. The significance level was set at

p < 0.05.

Diagnosis Gender (M/F) Age (weeks) Weight (kg) Length (cm)
Malacia 5:3

Mean (range) 48 (25 -77) 8.2(6.0-11.1) 72.0 (64.0 - 82.0)
SD 21 1.6 6.7
Wheeze 14 :5

Mean (range) 52 (23 - 93) 9.5 (7.7 -11.3) 75.7 (66.0 — 82.0)
sD 17 1.1 4.9

Total 19 :8

Mean (range) 51 (23 -93) 9.1 (6.0 - 11.3) 74.6 (63.5 - 82.0)
sD 18 1.4 5.6
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Table 1. Anthropometric data.
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Results

Anthropometric data of the 27 infants are shown in table 1. The results of B,-
agonist administration on V'maxpgc of the different groups are shown in table
2. Baseline V'maxppc was below reference values both groups (table 2).
Baseline V'maxgpg( in the malacia group was lower than in wheeze (p = o.01).
Administration of B,-agonist resulted in a reduction of the mean V'maxgpc in
both groups, but only in wheeze group this reduction was significant (figure 2).
Expressed in Z scores, the mean (95% CI) change was -0.10 (-0.26 to 0.05) for
the malacia group, and -0.33 (-0.55 to -o.11) for the wheeze group (p=0.006).
When the reduction of V’maxpgc Was expressed in % of baseline, a similar pat-
tern was observed. For the entire group mean (SD) coefficient of variation (CV)
was 13.1 (7.25)%. When a significant change in V'maxgp was defined as being
greater than twice the CV of the baseline measurement (4), only 6 out 19
infants in the wheeze group had a significant changes in V'maxpgc. Mean
V’maxpge increased in 6 out of 27 infants after B,-agonist administration (3
with malacia, and 3 with wheeze). The mean (range) FRC, in Z score at baseli-
ne for the total group (n=27) was -0.20 (-1.66 to 0.54). Due to waking up after
the post bronchodilator V'maxgy measurements, FRC, measurements before
and after bronchodilation could only be obtained in 12 infants (4 malacia, 8
wheeze). For these 12 infants the mean (95% CI) change in FRC,, in Z score
after bronchodilation was —o.12 (-0.15 to 0.39) (p=0.35).

Mean V'maxggc Mean A V'maxggc Mean V'maxggc Mean A V'maXggc
ml/s (range) % from baseline (95% CI) Z score (range) Z score (95% Cl)
Pre B2-agonist Post B2-agonist Post B2-agonist Pre B2-agonist Post B2-agonist Post B2-agonist
Malacia 56.2 47.5 -6.3 -2.64 -2.75 -0.10
(n=8) (17 to 89) (32 to 91) (-40.7 to 28.0) (-3.58 to -1.41)(-3.74 to ~1.38)  (-0.26 to 0.05)
Wheeze 167.1 139.8 -13.1 -1.50 -1.83 -0.33

(n=19) (32 to 420) (32 to 344) (-25.1to -1.1)  (-3.94 t0 1.72) (-4.02 to 0.44)  (-0.55 t0 -0.11)

Table 2. Effect of By-agonist administration on V'maxggc, expressed in ml/s and Z scores

Bronchodilation in infants with malacia or recurrent wheeze
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Due to the retrospective nature of this study B,-agonist dosage was not stan-
dardised. Mean dosage of terbutaline (n= 24) was 333 ug (range 250-750 ug),
mean dosage of salbutamol (n= 3; malacia=1, wheeze=2) was 666 Lg (range
600-800 Hg). There was no correlation between B,-agonist dosage and the dif-
ference in V'maxpg as a percentage from baseline. Heart rate increased signi-
ficantly after bronchodilation (mean increase (95% CI): 10 (6 to 14) beats/min),
used as an indicator that an adequate dose was delivered into the lungs. Oxygen
saturation did not change significantly after bronchodilation.
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Figure 2. Individual responses of V'maxgrc before and after B,-agonist administration. Output organised by
groups. Filled dots are mean group values with their standard error of the mean (SEM).
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Discussion
We observed a reduction in mean V’maxgpp after B,-agonist administration in

infants with wheeze and malacia. In the wheeze group this reduction was sig-
nificant. Worsening of V'maxgyc following B,-agonists was not more likely to

chapter 3



occur in infants with malacia than in infants with wheeze. Therefore, we reject
the hypothesis that a negative effect of B,-agonist administration on
V’maxggc is more pronounced in infants with airway malacia, compared to
infants with wheeze.

A possible explanation for our finding could be that baseline V'maxgg was sig-
nificantly lower in the malacia group, with flows sometimes limited to (near)
tidal levels (figure 1b), and thus leaving little room for further deteriorations.
Conversely, at these levels a small deterioration in lung function may be clini-
cally more significant than a larger deterioration at higher lung function, as
was seen in the wheeze group. Another explanation could be that, in malacia,
forced expiration assessed with the RTC-technique is affected by dynamic com-
pression to such an extent that a further reduction of smooth muscle tone by
bronchodilation does not result in further deterioration of airway patency.
Furthermore, a decrease in FRC after bronchodilation could have masked a
bronchodilator response, since airway resistance is higher at lower lung volu-
mes (17). We think this is unlikely, as we could not demonstrate a change in
mean FRC, after bronchodilation.

The significant reduction in mean V'maxggc in the wheeze group could be
explained by the fact that the majority of infants (about 60%) with wheezing do
not necessarily have reversible bronchoconstriction, but transient conditions
associated with diminished airway patency (18). A reduction of smooth muscle
tone by bronchodilation could make the airways more compliant, and therefo-
re more collapsible, resulting in increased dynamic compression and reduced
forced expiratory flows (12, 13). Another possible explanation for the significant
reduction in mean V'maxpgpc is that the wheeze group was studied while
asymptomatic when scope for improvement may be limited and scope for dete-
rioration greater. The significant reduction in mean V'maxgppc in the wheeze
group can not be explained by a difference in j,-agonist dosage since the mean
dose was not different between groups. One could argue whether the mean
decrease in V’'maxgpgc in the wheeze group is clinically relevant, because when
a significant change in V'maxpp: was defined as greater than twice the CV of
the baseline measurement (4) no significant changes in V'maxgpge in either
group were seen. The lack of a change in V'maxggc after bronchodilators in
wheezy infants was also observed by others (4, 5). A possible explanation could
be that, according to recommendations, V'maxggc after bronchodilation is
assessed with the same jacket pressure as used before the administration (16).
Possibly, one should assess the lowest pressure at which the highest flows are

Bronchodilation in infants with malacia or recurrent wheeze

75



76

obtained both before and after B,-agonists administration.

Modl and co-workers (17) showed a positive effect of B,-agonist administration
on mean V'maxppe by means of the raised volume rapid thoracoabdominal
compression (RVRTC) technique, suggesting that the RVRTC technique might
be a better test for assessing forced expiratory flow. Assessing airway patency
by means of the RVRTC technique is promising but has not yet proved to be
beneficial over the RTC technique (19). Furthermore, RVRTC technique is not
standardised since it lacks consensus (16, 20). Although the RTC technique is
well accepted and standardised, several disadvantages have become apparent.
First, measurement of V'maxgpc relies on FRC not changing between forced
expirations. There is abundant evidence that FRC is not stable and shifts with
dynamic events such as changes in airway calibre (bronchodilation) or sleep
state (21). This explains the high variability of V'maxgp¢ for which coefficients
of variation range from 11% to 36% (21). Second, flow limitation is difficult to
ascertain, especially in healthy infants. Finally, RTC technique assesses airway
function in the tidal volume range only, which reduces its sensitivity (20, 21).

This study suggests that, in clinically stable infants, mean forced expiratory
flows by means of the RTC technique do not improve following inhaled bron-
chodilators. On the contrary, B,-agonist administration may produce an increa-
se in mean work of breathing per minute (22), oxygen consumption and
minute ventilation possibly as the result of an increase of metabolic rate (23).
Thus, B,-agonists may not always be beneficial in infants with airway obstruc-
tion.

We conclude that mean V'maxgppc is reduced and did not improve after inhala-
tion of B,-agonists in infants with malacia or wheeze. In infants with wheeze
there was a significant reduction in mean V’'maxggc after inhalation of B,-ago-
nists. Children with malacia were not more likely to worsen after §,-agonists.
We recommend that the response to inhaled B,-agonists in infants with airway
obstruction should always be critically evaluated.
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Abstract

The role of inhaled corticosteroids in the treatment of recurrent or persistent whee-
ze in infancy remains unclear. We evaluated the effect of 3 months treatment with
inhaled fluticasone propionate 200 pug daily (FP200) on lung function and symptom
scores in wheezy infants. Moreover, we evaluated whether infants with atopy and/or
eczema respond better to FP200 as compared with non-atopic infants. Forced ex-
piratory flow (V'maxppc) was measured at baseline and after treatmnent. Sixty-five
infants were randomized to receive FP200 or placebo, and 62 infants (mean age 11.3
months) completed the study. Mean V'maxggc in Z score was significantly below
normal at baseline and after treatment in both groups. The change from baseline of
V’'maxgppc was not different between the two treatrnent arms. After 6 weeks of treat-
ment, and not after 13 weeks, the FP200 group had a significantly higher percentage
of symptom free days and a significant reduction in mean daily cough score. Separate
analysis of treatment effect in infants with atopy or eczema showed no effect modi-
fication. We conclude that in wheezy infants, treatment with fluticasone did not
improve lung function but did reduce respiratory symptoms after 6 weeks. Hence,
fluticasone could be considered for reducing symptoms in wheezy infants.

Efficacy of fluticasone propionate on lung function and symptoms in wheezy infants
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Introduction

Recurrent episodes of wheezing are a common problem of early childhood,
affecting approximately 30% of all children age o to 3 years (1-3). Numerous
infants with wheeze are treated with inhaled corticosteroids (ICS) as it is
thought that ICS reduce or reverse airway inflammation (4, 5). Moreover, it has
been suggested that early introduction of ICS may have a disease-modifying
effect and may prevent development of irreversible airway obstruction (5, 6).
However, data from studies determining the effectiveness of inhaled steroids in
infants with recurrent wheezing are equivocal (7-16). The anti-inflammatory
properties of fluticasone propionate (FP) are known to be at least twice as
potent as beclomethasone dipropionate or budesonide (17). Three studies eva-
luated the effect of FP on symptom scores in wheezy infants (13, 14, 16). To our
knowledge, no study evaluated the effect of FP in wheezy infants using objec-
tive end points. As it is known that only a minority of all wheezing infants has
asthma (18), it has been suggested that atopic infants are more likely to respond
to ICS treatment as compared with non-atopic infants (14, 19).

We aimed to evaluate the effect of fluticasone propionate on lung function and
symptom scores in infants with recurrent or persistent wheeze. The second aim
was to evaluate the treatment effect in subgroups of infants with atopy or eczema.

Methods

PATIENTS

Inclusion criteria were age 4 - 24 months, 3 or more reported wheezing episo-
des, or persistent wheezing for more than 2 months. Exclusion criteria were
lung disease other than asthma, gastro-esophageal reflux, premature birth, and
corticosteroid treatment in the month before the start of study. The study was
approved by the medical ethical committees of all participating hospitals. All
parents gave informed consent.

STUDY DESIGN

We performed a randomized, double blind, placebo controlled study, with a
treatment period of 3 months (Figure 1). During the first visit a physical exa-
mination was performed and a modified ISAAC questionnaire (20) completed.
At the second visit a lung function test was performed. Infants were then
stratified for baseline lung function and randomized to receive fluticasone
propionate 200 ug daily (FP200) or placebo, ratio 2 :1. To minimize seasonal
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influences, infants were randomized in blocks of three (2 FP200 : 1 placebo).
Subjects were allowed to use salbutamol as needed (Ventolin roo ug). At the
fourth visit, lung function measurements were repeated and study medication
was stopped.

Treatment period = 13 wks

l< ~)|
i~ -1
Visit 1 Visit 2 Visit 3 Visit 4 Visit 5
t= 0 wks t=2wks t=8wks t=15wks t= 17 wks
| | ] | |
| | 1 1 1
R S > e
DC2wks DC 2wks DC 2wks
Informad consent Lung function Replacement study Lung function Visit own pediatrician
Start run-in Urine sample medication Urine sample End of study
Blood sample Clinical assessment Stop study
Stratification medication
Randomisation
Start study medication

Figure 1. Study design. DC 2 wks: diary card for symptoms, scored in the two weeks prior to the next visit.

LUNG FUNCTION MEASUREMENTS

Infants were sedated with chloral hydrate. We measured airway resistance
using the interrupter technique (Ryy), functional residual capacity (FRC) by
means of a whole body plethysmograph, and forced expiratory flow at FRC
(V'maxgppc) using the end-tidal rapid thoracoabdominal compression (RTC)
technique. Equipment and procedures were in accordance with guidelines
(21-23). Mean V’maxgg and mean FRC, were expressed as Z score (22, 24).

SYMPTOM SCORES

Parents recorded symptoms in the 2 weeks prior to visit 2, 3 and 4. The diary
card asked for daytime and nocturnal symptoms of dyspnea, cough and
wheeze on a scale from o (no symptoms) to 3 (severe symptoms), the number
of salbutamol puffs and cooperation of the child while giving the medication.

BLOOD SAMPLES

Capillary blood was obtained for determination of total IgE and specific IgE
(house dust mite/cat/dog, grass/birch pollen, and cow’s milk/hen’s egg mixes).

Efficacy of fluticasone propionate on lung function and symptoms in wheezy infants
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STATISTICS

Power calculations for the primary endpoint, V'maxggc in Z score, led to a
study size of 6o infants. Secondary endpoints were the mean percentage of
symptom free days per diary card period, the mean daily total scores of
wheeze, dyspnea and cough and the mean daily number of salbutamol doses
taken. Diary cards with less than 50% of days scored properly were excluded.
Other secondary endpoints were: FRC, and R, Changes from baseline of
lung function parameters were compared using analysis of covariance with
adjustment for baseline values. Within-group changes from baseline were
evaluated using the paired T-test. Evaluation of the various diary card data for
the 2 diary card periods during treatment was done with repeated measure-
ments ANOVA, with adjustment for the outcome at the baseline run-in period.
Separate analysis of treatment effect was performed in subgroups of infants
with atopy (personal or parental history of asthma, eczema or hay fever),
or infants with eczema. Additionally, exploration of baseline patient characte-
ristics regarding the change of V'maxgpzc was performed using univariate
analyses. A p-value < o.05 was considered significant.

Total group FP200 group Placebo group

n=62 n=40 n=22
Age at baseline measurement (months) 11.3 (4.4) 11.0 (4.5) 12.0 (4.1)
Height (cm) 75.2 (6.3) 74.1 (6.4) 77.2(5.8)
Weight (kg) 9.8 (1.8) 9.5(1.8) 10.2 (1.7)
Boys 40 (65%) 27 (68%) 13 (59%)
Atopy 46 (74%) 28 (70%) 18 (82%)
Eczema 22 (35%) 13 (33%) 9 (41%)
Prenatal passive smoking 19 (31%) 11 (28%) 8 (36%)
Environmental tobacco smoke exposure 12 (19%) 8 (20%) 4 (18%)
Total IgE (1U/ml) 5.4 (0.3 to 313.0) 3.8 (0.3 to0 313.0) 6.4 (0.4 to 179.0)
Elevated total IgE 28 (45%) 15 (38%) 13 (59%)
Positive specific IgE 14 (23%) 10 (25%) 4 (20%)

Table 1. Anthropometric data of the total group and of the subgroups treated with fluticasone propionate
200 pg daily (FP200) or with placebo. Data presented are mean (SD), median (range) or total numbers with
percentages. Atopy was defined as parental or personal history of asthma, eczema or hay fever.
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Enrolled patients: 75

Not randomised: 10

Did not fulfil entry criteria: 7

Infant did not sleep during
measurement: 2

Congenital airway abnormality: 1

Randomised: 65

!

Placebo: 22

!

l

FP 200: 43

Withdrawn: 0

l

l

Withdrawn: 3

Non-compliance: 1
Lost to follow-up: 2

Completed trial: 22

i

Completed trial: 40

Figure 2. Patient flow through the study
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Results

Seventy-five infants were enrolled into the trial. Sixty-five infants were rand-
omized and 62 infants completed the study (Figure 2). Anthropometric data of
the total group, and of the 2 subgroups are shown in table 1. The mean (SD)
treatment duration for the whole group was 13.2 (1.3) weeks and did not differ
between the two study arms. The results of the lung function measurements
are shown in table 2. For the whole group, and for the two treatment groups
separately, mean (SD) V'maxggc in Z score was significantly below the mean
normal level (Z score=0) both at baseline and after the treatment period
(p<o.001) (Table 2, figure 3). The change from baseline of V'maxgppc in Z score
did not significantly differ between the FP200 and placebo group (Mean (95%
CI) adjusted difference 0.2 (-0.3 to 0.6) (p=0.46)). During the treatment
period, both groups showed no significant change in mean V'maxpge in Z
score (Mean (95% CI) change o.1 (-0.2 to 0.4) and o.1 {-0.3 to o.5) for the
FP200 group and the placebo group, respectively).

Fluticasone propionate 200 mg daily Placebo
Baseline After 13 Change from Baseline After 13 Change from
weeks baseline weeks baseline

V'maxggc (ml/s)
V'maxggrc (Z score)
FRC, (mirkg)

FRCp (Z score)

Rint (kPa/Lss)

148.9 (76.0) 184.9 (71.0) 36.0 (15.8 to 56.2) * 144.9 (69.9) 180.5(96.5) 35.6 (5.7 to 65.5)

-1.5 (1.1) -1.4 (1.0) 0.1 (-0.2 to 0.4) -1.9 (1.0) -1.8 (1.0) 0.1 (-0.3 to 0.5)
23.6 (3.6) 24.0 (3.8) 0.4 (-1.0 to 1.8) 24.2 (4.4) 23.5 (4.0) -0.7 (-2.5 t0 1.2)
-0.8 (1.1) -0.7 (1.0) 0.1(-0.4 t0 0.5) -0.7 (1.2) -0.8 (1.1) -0.2 (-0.7 t0 0.3)

3.33(1.17) 2.99 (0.73) -0.35(-0.77 t0 0.07) 3.24 (1.03) 2.77 (0.78) -0.48 (-0.95 to -0.01)

Table 2. Mean (SD) lung function data before and after 13 weeks treatment with either placebo or fluticasone

propionate 200 mg daily. V'maxggc: Forced expiratory flow at FRC. FRCy,: Functional residual capacity. Ry
Resistance measured by means of the interrupter technique.
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At baseline, the mean percentage of symptom free days was similar for both the
placebo and the FP2o0 group (Figure 4). In both treatment groups, there was
a significant increase in percentage of symptom free days from baseline after 6
and 13 weeks of treatment. After 6 weeks of treatment, the mean percentage of
symptom free days adjusted for baseline was significantly higher in the FP200
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group as compared with the placebo group (Mean (95% CI) difference: 23% (3
to 43) (p=0.02)). After 13 weeks of treatment, the mean percentage of symptom
free days was similar in both groups (Mean (95% CI) adjusted difference: 12%
(-11 to 34) (p=0.30)). At baseline, the mean daily use of salbutamol was similar
for both groups and the changes from baseline were not significantly different
within or between groups.

+2 -

Fluticasone 200 |, g/day

-2 4

-4

+2

V'maxgp. (Z score)

Placebo

-2

Baseline After 13 wks
of treatment

Figure 3. Individual and mean (SD) V'maxgg¢ data at baseline and after 13 weeks of treat-
ment with either placebo or fluticasone propionate 200 mg daily.
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Figure 4. Mean (SEM) percentage of symptom free days at baseline and after 6 and 13 weeks of treatment with

either placebo or fluticasone propionate 200 mg daily (FP200). After 6 weeks of treatment, the mean percen-
tage of symptom free days was significantly higher in the FP200 group as compared with the placebo group
(Mean (95% C!) difference adjusted for baseline: 23% (3 to 43) (p=0.02)).
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When the mean daily total scores (daytime plus nocturnal scores) of wheeze,
dyspnea and cough were analyzed separately, there was a significant reduction
from baseline during the complete treatment period for all three parameters in
the FP200 group (Table 3). In the placebo group there was only a significant
reduction from baseline in mean daily cough score at 13 weeks. However, when
these reductions from baseline were compared between the two treatment
groups, only after 6 weeks of treatment the mean daily cough score was signi-
ficantly lower in the FP200 group as compared with the placebo group (Mean
(95% CI) adjusted difference: 0.7 (0.1 to 1.4)(p=0.03). At baseline, the mean
score for nocturnal disturbance due to respiratory symptoms and the degree of
the infant’s cooperation while administering the drug were similar for both
groups and the changes from baseline were not significantly different within or
between groups. For both treatment groups the reported degree of cooperation
was good (Mean score 1; indicating quiet breathing between 10 and 20 seconds

per puff).
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FP200 Placebo

Wheeze Dyspnea Cough Wheeze Dyspnea Cough
Baseline 1.1 (0.2) 1.2 (0.2) 1.8 (0.2) 0.7 (0.2) 1.0 (0.2) 1.7 (0.2)
6 wks 0.6 (0.2)* 0.6 (0.2)* 0.9 (0.2)* 0.7 (0.3) 0.9 (0.3) 1.6 (0.3)
13 wks 0.6 (0.2)* 0.6 (0.2)* 0.8 {0.2)* 0.5 (0.2) 0.6 (0.2) 1.1 (0.2)%

Table 3. Mean (SEM) daily symptomscores at baseline, after 6 weeks and after 13 weeks of treatment with
fluticasone propionate 200 mg daily (FP200) or placebo. *: significant change from baseline (p<0.02). #: signi-
ficant change from baseline (p=0.05). Only after 6 weeks of treatment the mean daily cough score adjusted
for baseline was significantly lower in the FP200 group as compared with the placebo group (Mean (95% Cl)
difference: 0.7 (0.1 to 1.4)(p=0.03).

When the change from baseline of FRC, and Ry, was compared between treat-
ment groups, the adjusted differences of means were not significant (p=0.65
and p=0.38, respectively). In the placebo group the R;,, showed a significant
decrease, whereas in the FP200 group the decrease was not significant. For the
whole group there was a significant decrease of R;,,; during the study (p=0.01).
This is probably the result of increasing age as Ry, correlated significantly with
age (r = -0.34, p=0.007). After adjustment for age, there was no significant dif-
ference anymore in R;,; before and after treatment in both groups. Tidal brea-
thing parameters (tidal volume, breathing frequency and minute ventilation
per kilogram body weight) were similar for both treatment groups at baseline,
and the changes from baseline were not significantly different within or
between groups.

Separate analysis of treatment effect of V'maxgpc (Z score) was performed in
subgroups of infants with atopy (defined as personal or parental history of asth-
ma, eczema or hay fever), and in infants with eczema. In these subgroups there
was no evidence of a significant treatment effect (p= 0.77 and p=0.79, respec-
tively). In an exploratory analysis it was found that the presence of elevated total
IgE, specific IgE, smoking during pregnancy or and postnatal environmental
tobacco smoke exposure did not affect the results.

During treatment, infants in both study arms showed a significant increase in
height (Mean (95% CI) increase of 3.4 cm (2.9 10 3.9) and 4.1 cm (3.4 t0 4.7) in
the placebo and FP200 group, respectively). Canisters were weighed to check
compliance and there was no difference in weight reduction between the first
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6 weeks and last 7 weeks in either study arm, nor did we find a difference bet-
ween groups. Non-serious adverse events were not different between groups,
with no oral candidiasis. Three infants experienced a serious adverse event of
which none was judged to be related to study medication. In one infant a de-
layed psychomotor development was diagnosed during the study (in FP2oo
group), and 2 infants experienced a febrile seizure requiring hospitalization
(1 FP200, 1 placebo).

Discussion

Infants with recurrent or chronic wheeze did not show improved lung function
from a 3 months treatment with fluticasone 200 Ug daily, inhaled via a
Babyhaler. We therefore reject the hypothesis that FP improves lung function
in infants with recurrent or persistent wheezing. However, after 6 weeks of
treatment, the infants treated with FP2oo had a significant improvement in
symptom free days and a significant reduction in mean daily cough score, as
compared with placebo. After 13 weeks of treatment, these findings were not
different between the study arms. Treatment effect was not modified by the pre-
sence of atopy or eczema.

Several studies evaluated the role of inhaled steroids in the treatment of
wheezy infants (7-16, 25). Only 3 studies used objective end points, such as
lung function (11, 12, 25). Kraemer and coworkers (12) studied the combined
efficacy of beclomethason dipropionate (BDP) and salbutamol, which makes it
difficult to estimate the benefit from steroid treatment alone. Maayan and
coworkers (25) studied the efficacy of 2 weeks treatment with ICS in 9 wheezy
infants. From this study duration and small sample size, no conclusions can be
drawn. Stick and coworkers (11) evaluated the efficacy of 8 weeks treatment
with BDP in 38 infants with recurrent wheezing. They found that symptoms
improved for both the placebo and the ICS group, whereas V'maxgpg improved
significantly in the placebo group, but not in the ICS group (11). Only two stu-
dies evaluated the efficacy of FP using subjective outcome measures in young
children (13) (14). To our knowledge, no study evaluated the efficacy of treat-
ment with FP in infants with wheeze using objective parameters, next to symp-
tom scores. This makes our study the first large randomized controlled trial on
the effect of FP on objective outcome measures in infants.

Three studies evaluated the effect of fluticasone propionate in wheezy infants
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(13, 14, 16). They found a significant improvement from baseline in symptom
scores, and a lower number of patients with at least one exacerbation during
treatment in the FP group as compared with placebo. We only found an impro-
vement in symptom scores after 6 weeks of treatment. An explanation could be
that the children in the study by Bisgaard and coworkers were slightly older,
with a mean age of 28 months (13). One could speculate that a larger propor-
tion of children above 2 years of age has wheezing related to asthma.
Consequently, treatment with ICS could be more effective. In the studies by
Chavasse and coworkers (14) and Teper and coworkers (16) only wheezy
infants with a history of atopy were included. These infants are known to be at
high risk for developing asthma, and therefore inhaled steroids may be more
effective. In our study, all infants with recurrent or persistent wheeze were
included, irrespective of atopy. After 6 weeks of treatment, but not after 13
weeks, there was a significant improvement in symptom scores in the FP200
group. An explanation could be that the reduction in symptoms at 6 weeks in
the FP200 group led to a decrease in compliance. However, canisters were
weighed to check compliance and we found no difference in weight reduction
between the first 6 weeks and last 7 weeks of treatment in the FP2o0 group,
nor did we find a difference between groups. Therefore, we don’t think diffe-
rences in compliance explain our results.

Separate analysis of treatment effect in subgroups of infants with atopy or ecze-
ma in our study showed no effect modification. This is in contrast with a study
by Chavasse and coworkers, showing improvement of clinical symptoms in
response to FP in a group of atopic wheezy infants (14). In addition, Roorda and
coworkers showed that preschool children (aged 12-47 months) with recurrent
asthma symptoms showed the greatest response to FP treatment if they had fre-
quent symptoms, a family history of asthma, or both (19). Our study does not
confirm that atopic infants are more likely to respond to ICS treatment than
non-atopic infants.

There are several possible explanations for the lack of a clear effect of FP200
treatment on lung function in our study. First, the majority of infants with
wheezing have transient conditions associated with diminished airway function

at birth and do not have increased risks of asthma or allergies later in life (18).

Infants who have respiratory illnesses with wheezing in the first year of life
have lower levels of lung function before any lower respiratory illness develops,
than infants who do not have illnesses with wheezing (26). This suggests that
small airways predispose many infants to wheezing in association with com-
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mon viral infections (18). The effect of ICS in non-asthmatic viral wheeze is
uncertain. Another explanation could be that our lung function measurements
were insensitive to detect ICS effects. However, V'maxggc has proven to be a
sensitive parameter for peripheral airway patency in several physiologic, clini-
cal and epidemiological investigations (24) and has been used to study airway
responsiveness, diseases and the impact of treatment strategies in infants (24,
27-30). In addition, none of the other lung function parameters that we studied
showed a significant improvement. On the other hand, lung function measu-
rements are known to correlate poorly with symptoms as scored by the parent
in wheezy infants (31). It can be argued that a larger effect might be seen in
infants with more severe respiratory symptoms. We think that this is unlikely
as the baseline values for V'maxppc were significantly below zero for both
groups. In addition, at baseline the percentage of symptom free days was only
about 20% for the whole group, suggesting that there was room for improve-
ment. Another possible explanation for the lack of response in V'maxggc to
FP200 could be an inadequate steroid dose. We consider this unlikely as
Bisgaard and coworkers showed that even 100 pg FP daily was effective in redu-
cing asthma symptoms in a large group of young children (13). One might
argue that in infants, inadequate drug delivery to the airways explains a lack of
response to inhaled medication. However, 2 studies showed a reduction in
symptoms after FP treatment in infants (13) (14), suggesting that the Babyhaler
with MDI is able to deliver a clinically effective dose of aerosol in infants.
Moreover, urinary cortisol measurements indicate that approximately 8% of the
nominal steroid dose is inhaled from the Babyhaler (32). In our study, inha-
lation technique was instructed according to recent recommendations (33) and
was checked regularly. In both study arms the reported cooperation was good.
Since there was an effect on symptom scores in the FP200 group, we believe
that inadequate delivery is not a likely explanation for the lack of response in
lung function to FP200 in our study. Finally, treatment for 3 months could be
too short to show an effect. However, a treatment effect is established after 6 to
8 weeks (7), and a treatment period of 12 weeks was sufficient to show a re-
duction in symptom scores (13) (14). We therefore think that 3 months is an
adequate treatment period.

We conclude that in infants with recurrent or persistent wheeze, FP200 treat-
ment did not improve lung function. However, FP200 treatment reduces symp-
toms and is safe in infants with wheeze. Our study suggests that a treatment
effect should be present after 6 weeks of treatment and that further improve-
ment in respiratory symptoms is not likely after 13 weeks of treatment.
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Abstract

Little is known about the development of forced expiratory flow, a measure of
airway patency, in infants with chronic lung disease (CLD). In a follow-up study
we evaluated forced expiratory flow (V'maxgppc), in very low birth weight
(VLBW) infants with CLD, treated with high-frequency oscillation ventilation
(HFOV) or conventional mechanical ventilation (CMV). In 36 infants with
CLD, V'maxgpc was evaluated at 6 and/or 12 months corrected age, and the
relationship between perinatal factors and lung function was studied. Mean
(SD) Dbirth weight and gestational age were 837 (152) grams and 26.8 (1.7)
weeks, respectively. At 6 and 12 months mean V’'maxppe was significantly
below normal. Between 6 and 12 months there was a mean (95% CI) reduction
in V'maxppc (Z score) of 0.5 (0.2 to 0.7)(p<0.001). At 12 months the mean
V'maxggc (Z score) was higher for children initially treated with HFOV (n=r5),
as compared to children treated with CMV (n=16): mean (95% CI) difference
was 0.6 (0.2 to 1.0)(p=0.008). We conclude that VLBW infants with CLD have
decreased forced expiratory flows that worsen during the first year of life.
Initial treatment with HFOV was associated with a more favorable outcome of
forced expiratory flows at 12 months corrected age.

Worsening of forced expiratory flows in infants with CLD in the first year of life
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Introduction

Chronic lung disease (CLD) is a common sequel of mechanical ventilation and
oxygen therapy in prematurely born infants (1). Despite advances in prenatal
and neonatal care, including antenatal and postnatal steroids, surfactant treat-
ment, high-frequency oscillation ventilation (HFOV), CLD is still one of the
major complications in mechanically ventilated premature infants (2). The
overall incidence of CLD has remained high as a result of the increased survi-
val of extremely premature infants, who are most likely to develop CLD (2).
Long-term studies show that survivors of CLD have abnormal pulmonary func-
tion tests at school age (3, 4), whereas infants who received initial HFOV
showed normal lung function at school age (5). Only a few studies evaluated
lung function during the first years of life in children with CLD. In young chil-
dren with CLD, lung function parameters, such as functional residual capacity,
compliance, resistance and conductance, show a gradual improvement towards
the normal range during the first three years of life (6-8). Nevertheless, forced
expiratory flows, used as a measure of airway patency, are known to be decrea-
sed during the first two years of life (6, 8, 9). Due to advances in prenatal and
neonatal care, results obtained in the past may not be valid for infants who
develop CLD nowadays. There are no recent studies that evaluated forced expi-
ratory flows during the first year of life in very low birth weight (VLBW) infants
with CLD, in the era of surfactant therapy and HFOV.

Therefore, we aimed to evaluate forced expiratory flows at 6 and 12 months cor-
rected age, in a group of VLBW infants with CLD. Furthermore, we studied the
relationship between lung function and perinatal patient characteristics.

Methods

SUBJECTS

A follow-up study was conducted in neonates who developed CLD, born
between January 1998 and September 1999. All infants were born in, or imme-
diately after birth transferred to the Neonatal Intensive Care Unit (NICU) of the
Sophia Children's Hospital. The inclusion criteria were: (a) VLBW: birth weight
=1250 g, (b) need for mechanical ventilation from day 1 for at least 7 days, (¢)
need for continuous supplemental oxygen at 28 days and/or at 36 weeks gesta-
tional age, (d) chest radiogram at 1 month of age typical for CLD. Exclusion cri-
teria were major congenital anomalies, meconium aspiration, or suspected
hypoplasia of the lungs. Artificial ventilation in the NICU was administered by
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conventional mechanical ventilation (CMV) or high-frequency oscillation venti-
lation (HFOV). Initial ventilation strategy was not randomized in our study.
Preferably, initial HFOV was started in the youngest and smallest infants. This
was not always feasible due to the limited availability of HFOV-equipment, and
hence, initial ventilation strategy was partly determined by chance. When
infants developed hyaline membrane disease (HMD), surfactant (Survanta®
1oomg/kg/dose) was administered. Neonates with severe HMD received addi-
tional doses. When infants developed a persistent need for artificial ventilation,
treatment also included fluid restriction and diuretics. In order to wean them
off the ventilator, most infants were treated with dexamethasone, administered
in a 3-week course starting with a dose of 0.5 mg/kg/day and gradually tapering
down. All infants were age corrected to a gestational age (GA) of 40 weeks. The
study was approved by the medical ethical committee of the Erasmus
University Medical Center. All parents gave informed consent.

LUNG FUNCTION

Lung function measurements were performed at 6 and 12 months corrected
age, when the infants were free from acute respiratory symptoms. To prevent
the infants from waking up during the measurements, they were sedated with
choral hydrate (50-75 mg/kg). Functional residual capacity (FRC,) was measu-
red by means of a modified whole body plethysmograph (Jaeger, Wiirzburg,
Germany). Equipment and procedures were in accordance with recently
published guidelines, in which the FRC,-measurement is described in detail
(z0). Mean FRC,, of 3 to 5 technically acceptable measurements was expressed
as Z score (10). Maximal flow at FRC (V'maxpgc), used as a measure of airway
patency, was assessed using the end-tidal rapid thoracoabdominal compression
(RTC) technique (Custom-made equipment. Department for Experimental
Medical Instrumentation, Erasmus University Medical Center, Rotterdam, the
Netherlands). Equipment and procedures were in accordance with recently
published guidelines, in which the RTC- technique is described in detail (z1).
Mean V'maxgpc of 3 to 5 technically acceptable measurements was expressed as
Z score according to Sly et al (1) and Tepper et al(12).

ANALYSIS

Lung function at the first and second measurement was compared using mixed-
model ANOVA (SAS, PROC MIXED). Between the groups initially treated with
HFOV or CMYV, lung function and anthropometric data were compared using
independent-samples T tests. Comparison of percentages was done using
Fisher’s exact test. Where applicable, the difference in lung function was eva-

Worsening of forced expiratory flows in infants with CLD in the first year of life
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luated using paired Student’s T-test. The influence of various perinatal varia-
bles on level of lung function was evaluated by multiple regression analyses.
The significance level was set at p < 0.05.

Results

A cohort of 36 Caucasian infants was enrolled. At 6 months lung function was
measured in 28 infants, at 12 months in 31 infants. In 23 infants lung function
was measured both at 6 and 12 months corrected age. Reasons for not comple-
ting both measurements were failure to sleep during the procedure (n=0), air-
way infections (n=5), and loss to follow-up (n=2). Anthropometric data of the
total cohort of 36 infants, and of the subgroups of 28 infants measured at 6
months and 31 infants measured at 12 months, are shown in table 1.

The first and second lung function measurements were performed at a mean
(SD) corrected age of 6.2 (0.9) and 12.6 (1.1) months, respectively. The results
of the FRC, and the V'maxppc measurements are shown in table 2. Mean
(SEM) FRC,, in Z score at the first and second measurement was -1.2 (0.3) and
-0.6 (0.2), respectively. Mean (SEM) V'maxpgc in Z score was significantly
below zero (normal value) at the first and second measurement: -1.7 (o0.1) and
—2.2 (0.1) respectively (table 2, figure 1). Between the two measurements there
was a mean (95% CI) change of V'maxggc in Z score of -0.5 (-0.7 to -0.2)
(p<o.oo1). When V'maxggpc in Z score was calculated using normative data by
Tepper et al (12), similar results were seen: the mean (SEM) V'maxpgc (Z score)
at the first and second measurement was: -1.6 (0.1) and —2..0 (0.1}, respective-
ly (mean (95% CI) change of V’'maxgpc in Z score of —0.4 (-0.7 to -0.1)
(p=0.0006).

At 12 months mean (SEM) V'maxppc in Z score was better in the group who
received initial HFOV (n=15) as compared to the group who initially received
CMV (n=16): -1.9 (0.2) and ~2.5 (0.1), respectively (mean (95% CI) difference:
0.6 (0.2 to 1.0), p=0.008) (table 3). The distributions of perinatal factors did not
differ between these two groups, except for birth weight (g) and requirement of
surfactant therapy (table 4). After allowing for the potential confounders (days
on ventilation, gestational age and birth weight) using multiple regression ana-
lyses, this difference remained significant (p=0.038). However, when both ven-
tilation groups were compared with adjustment for number of surfactant
dosages, the difference in mean V'maxgpc (Z score) at 12 months lost signifi-
cance (p=0.083).
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Total group Infants measured at 6 Infants measured at 12

n=36 months (n=28) months (n=31)

Gestational age (wk) 26.8 (1.7) 26.9 (1.7) 26.9 (1.7}
Birth weight (g) 837 (152) 826 (156) 852 (156)
Birth weight (Z score)* -1.2 (1.3) -1.4 (1.1) -1.2 (1.4)
Males 22 18 19
Maternal steroids 28 22 24
Tocolyses 24 19 21
PROM 7 7 5
PDA 27 19 24
Surfactant treated newborns 29 23 24
Dexamethasone treated newborns 32 25 27
Duration dexamethasone treatment (days) 23 (15) 21 (10) 25 (16}
Initial HFOV 18 15 15
Duration of ventilation (days) 27 (13) 25 (10) 27 (14)
Duration of oxygen dependence (days) 151 (161) 150 (174) 166 (169)
Oxygen dependence at 28 days 35 27 30
Oxygen dependence at GA 36 weeks 30 22 26

Table 1. Anthropometric data. Data given are number of infants or mean (SD). Shown are the total group,
and the subgroups of infants measured at 6 months, and measured at 12 months corrected age. Twenty-three
infants completed both measurements. *: Reference values by Usher and McLean (22). PROM: premature
rupture of membranes. PDA: persistent ductus arteriosus. HFOV: high-frequency oscillation ventilation.

GA: gestational age.

Measurement 1 (n=28) Measurement 2 (n=31) Mean difference
Mean + SEM Mean + SEM {(95% CI)
FRCp (ml/kg) 236+ 1.3 255+1.0 1.9 (-1.3 t0 5.0)
FRCp (Z score)* -1.2+£0.3 -0.6 £ 0.2 0.6 (-0.2t0 1.4)
V'maxggc (ml/s) 703 x94 119.0 £ 9.0 48.7 (26.9 to 72.4)%
V'maxggc (Z score)t -1.7 £ 0.1 -2.2 0.1 -0.5 (-0.7 t0 -0.2)F

Table 2. Lung function during first year of life in infants with CLD. Results of lung function measurements in
infants with CLD during the first year of life. At measurement 1 and 2, the mean (SD) corrected age was

6.2 (0.9) and 12.6 (1.1) months, respectively. FRCp: functional residual capacity. V'maxggc: forced expiratory
flow at FRC. *: Reference equation by Stocks et al.(10). T: Reference equation by Sly et al(11). ¥: p<0.001.
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Figure 1. Lung function data of 36 infants with CLD. Mean forced expiratory flow at FRC (V'maxggc) is
expressed in Z score according to Sly et al (11). The first (n=28) and second (n=31) measurement were done

at a mean (SD) corrected age of 6.2 (0.9) and 12.6 (1.1) months, respectively. Twenty-three infants completed
both measurements (connected datapoints).

HFOV MV Mean difference
(n=15) (n=16) (95% CI)
FRC,, (ml/kg) 255+ 1.3 25.5x1.4 n.s.
FRC, (Z score)* -0.6 £ 0.3 -0.6+0.4 n.s.
V'maxggc (mlfs) 148.1 £ 11.9 89.7 + 11.3 58.5 (24.9 to 92.0)*
V'maxggc {Z score)t -1.9x 0.2 -2.5+0.1 0.6 (0.2 to 1.0)§

Table 3. Lung function at 12 months corrected age, after initial HFOV or CMV. Results of lung function measu-
rements (mean (SEM) or (95% confidence interval)) in infants with CLD, treated with conventional mechanical
ventilation (CMV), or treated with first intention high-frequency osciliation ventilation (HFOV). FRCp: functional
residual capacity. V'maxgg: forced expiratory flow at FRC.

*: Reference equation by Stocks et al.(10). t: Reference equation by Sly et al.(11) ¥: p=0.001. 5: p=0.008
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Initial HFOV Initial CMV

n=15 n=16
Gestational age (wk) 26.5 (1.7) 27.2 (1.8)
Birth weight (g) 778 (135) T 921 (146) T
Birth weight (Z score) * -1.5 (1.6) -0.9 (1.1)
Males 12 7
Maternal steroids 14 10
Tocolyses 12 9
PROM 3 2
PDA 10 14
Surfactant treated newborns 9% 15 %
Number of surfactant doses 1(0-2) § 2 (0-4) §
Dexamethasone treated newborns 14 13
Duration dexamethasone treatment (days) 24 (11) 25 (20)
Duration of ventilation (days) 28 (10) 26 (17)
Duration of oxygen dependence (days) 127 (128) 202 (197)
Oxygen dependence at 28 days 14 16
Oxygen dependence at GA 36 weeks 13 13

Table 4. Anthropometric data of the infants measured at 12 months corrected age, subgrouped by initial venti-
lation treatment. Data given are number of infants, mean (SD) or median (range). Shown are the anthropo-
metric data of the 31 infants who's lung function was measured at 12 months corrected age, subgrouped by
initial ventilation treatment. *: Reference values by Usher and McLean (22). T: p=0.009. #: p=0.037. §: p=0.002.
HFOV: high-frequency oscillation ventilation. CMV: conventional mechanical ventilation. PROM: premature
rupture of membranes. PDA: persistent ductus arteriosus. GA: gestational age.

Similar results were seen within the subgroup of 23 infants who completed both
measurements. To study the difference between 6 and 12 months precisely, indi-
vidual mean V'maxgpc values were inter- or extrapolated linearly to values at
exactly 6 and 12 months corrected age. At 6 and 12 months the mean (SEM) of
these adjusted V'maxgpe (Z score) values were: -1.7 (0.1) and -2.1 (0.1), respec-
tively (mean (95% CI) change: -0.4 (-0.7 to -0.1), p=0.0006). At 12 months the
mean (SEM) of the adjusted V'maxgpge in Z score was better in the group who
received initial HFOV (n=12) as compared to the group who received CMV
{(n=11): -1.9 (0.2) and —2.4 (0.1), respectively (mean (95% CI} difference: 0.6
(0.1 to 1.0), p=0.014) (Figure 2).
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Figure 2. Effect of first intention HFO ventilation on forced expiratory flow. Mean forced expiratory flow at
FRC (V'maxggc) in Z score (11) in the subgroup of 23 infants who completed both lung function measurements
at 6 and 12 months. Individual mean V'maxgpc values were inter- or extrapolated to values at exactly 6 and 12
months corrected age. Infants treated
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Discussion

In a follow-up study we evaluated lung function in a cohort of 36 very low birth
weight infants with CLD, during the first year of life. Furthermore, we studied
the relationship between lung function and perinatal patient characteristics.
During the first year of life mean forced expiratory flows were below reference
values and showed a significant worsening between 6 and 12 months corrected
age. At 12 months mean forced expiratory flow was significantly better in the
initial HFOV treated group, as compared to the group treated with CMV.

To our knowledge, this is the first study on growth of airway function during
the first year of life in VLBW infants with CLD, which also addresses a possi-
ble relationship with HFOV. Tepper et al (6) and Iles et al (9) also found decre-
ased forced expiratory flows during the first year of life. However, due to the
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survival of younger and smaller infants and differences in treatment moda-
lities, our study population cannot be compared to the population studied by
Tepper et al (6). Iles et al (9) studied a population more comparable to our
population, but no information about treatment modalities was provided. The
decreasing expiratory flows may reflect abnormal functional or anatomical
development of the airways (6), which is consistent with pathological findings
(13). This could explain the abnormal pulmonary function tests in preterm born
children with CLD at school age (3, 4). Alternatively, worsening of airway paten-
cy may be due to airway damage and dysfunction of peripheral airways (14), and
central airway damage and collapse during dynamic compression (15). Factors
such as thickened airway walls, increased smooth muscle layer, disturbed
development of airway size and/or airway compliance (16) or altered alveolar
architecture may also play a role here (17). Furthermore, the relative decline of
V'maxggc during the first year of life was irrespective of the reference equation
used (11, 12). The FRCp was within the normal range at 6 months, and
demonstrated a trend to normalization at 12 months of age. This is consistent
with previous reports (6-8, 18). With no apparent decline of the mean FRC,
between 6 and 12 months, the change in FRC, cannot explain the reduction
in Vmaxgpgc (19).

First intention HFOV is associated with a shorter timme of ventilator-dependen-
cy and oxygen-dependency in VLBW infants with RDS (20). Furthermore, it is
speculated that early HFOV used with a lung recruitment strategy in combina-
tion with surfactant therapy ameliorates acute neonatal lung injury that predis-
poses some preterm infants to develop CLD (5). The HiFi study group (21)
found that the use of HFOV, in comparison with CMV, did not improve
V’'maxggc at 9 months corrected age. In our study the V'maxggc at 12 months
was significantly better in the group initially treated with HFOV, compared to
the group initially managed with CMV. This discrepancy could be explained by
the difference in timing of measurement or by the fact that in our study HFOV
was used as initial therapy. Our data suggest that, in VLBW infants, initial treat-
ment with HFOV is associated with a more favorable development of forced
expiratory flow at 12 months corrected age. This finding provides further sug-
gestive evidence that initial HFOV combined with surfactant therapy reduces
acute neonatal lung injury (5). Initial ventilation treatment was not intentio-
nally randomized in our study, and therefore this association can not be consi-
dered causal. Nevertheless, the HFOV and CMV groups were not different by
any perinatal patient characteristic, except for a small difference in birth weight
in grams, but not in Z score, and number of surfactant doses. The difference
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in birth weight does not explain our finding, as the lower birth weight of the
HFOV group would unfavorably affect lung function, whereas we found better
results after HFOV. Fewer doses of surfactant were given to the infants
who were initially ventilated with HFOV, as compared to CMV. This may reflect
reduced respiratory distress following HFOV. We regard the number of surfac-
tant doses not as a confounder, but as a possible first positive outcome
of HFOV.

In summary, VLBW infants with CLD, born in the era of surfactant therapy and
HFOV, show a worsening of decreased forced expiratory flow during the first
year of life. Initial treatment with HFOV was associated with a more favorable
development of forced expiratory flow at 12 months corrected age. This finding
supports the hypothesis that initial treatment with HFOV in premature
neonates prone to develop CLD leads to less airway damage and better
medium-term outcome.
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ADDENDUM TO CHAPTER 5

WORSENING OF FORCED EXPIRATORY FLOWS IN
INFANTS WITH CLD IN THE FIRST YEAR OF LIFE:
A MORE FAVORABLE OUTCOME AFTER HFO
VENTILATION

Ward Hofhuis, Johan C. de_jongste, Peter J.F.M. Merkus

When we submitted this manuscript, the sex-specific reference equations for
maximal forced expiratory flow at functional residual capacity (V'maxgpc) based
on length by Hoo and coworkers (1) were not published yet. We reanalysed the
data in presented in chapter 5 according to these reference equations. In these
very low birth weight (VLBW) preterm infants with chronic lung disease (CLD),
the mean (SEM) V'maxgpc in Z score was -1.8 (0.2) and -1.8 (0.2) at 6 and 12
months corrected age, respectively (Figure 1). These values were significantly
below zero (normal value) (p<o.oo1). Between the two measurements there was
a mean (95% CI) change of V'maxgpc in Z score of 0.0 (-0.3 to 0.3) (p=0.99).
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Figure 1. Lung function data of 36 infants with CLD. Individual and mean (SEM) forced expiratory flow at
FRC (V'maxggc) are expressed in Z score according to Hoo et al (1). Twenty-three infants completed both

measurements (connected datapoints).
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Infants were subgrouped by initial ventilation strategy: initial high-frequency
oscillation ventilation (HFOV) or initial conventional mechanical ventilation
(CMV). The HFOV group showed a significant increase in V'maxgpg during the
first year of life (Mean (SEM) V'maxgppe in Z score was -1.6 (0.2) and -1.1 (0.2)
at the first and second measurement, respectively (mean (95% CI) difference:
0.5 (0.1 to 0.9), p=0.03), whereas the CMV group showed a significant
decrease in V'maxgpc during the first year of life (Mean (SEM) V'maxgpgc in
Z score was —2.1 (0.2) and —2.5 (0.2) at the first and second measurement,
respectively (mean (95% CI) difference: 0.4 (0.0 to 0.8), p=0.05). At 6 months
the mean V'maxgppe (Z score) in the HFOV group was not significantly dif-
ferent from the CMV group (Mean (95% CI) difference: o.5 (-0.8 to L.I),
p=0.10). In contrast, at 12 months the mean (SEM) V’maxgpe in Z score was
better in the group who received initial HFOV (n=15) as compared to the group
who initially received CMV (n=16): -1.1 (0.2) and -2.5 {0.2), respectively (mean
{(95% CI) difference: 1.4 (0.8 to 2.0), p<o.cor1) (Table 1). After allowing for the
potential confounders (days on ventilation, gestational age and birth weight)
using multiple regression analyses, this difference remained significant
(p=0.003). However, when both ventilation groups were compared with addi-
tional adjustment for number of surfactant dosages, the difference in mean
V'maxpgc (Z score) at 12 months approached significance (p=0.068).

HFOV [« V)Y Mean difference
(95% Cl) between
HFOV and CMV

V'maxggc at 6 months -1.6 (0.2) -2.1(0.2) 0.5 (-0.8 to 1.1)
V'maxggc at 12 months -1.1(0.2) -2.5 (0.2) 1.4 (0.8 to 2.0)*
Mean difference (95% Ci) 0.5(0.1t0 0.9) # 0.4 (0.0 to 0.8)

between 6 and 12 months

Table 1. HFOV: high-frequency oscillation ventilation. CMV: Conventional mechanical ventilation. V'maxggc:
Maximal forced expiratory flow at functional residual capacity, expressed in Z score according to Hoo and
coworkers (1). *: p<0.001. *: p=0.03. 1: p=0.05.
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Similar results were seen within the subgroup of 23 infants who completed
both measurements: the mean (SEM) V'maxgpc in Z score was -1.8 (0.2) and
—1.7 {0.2) at the first and second measurement, respectively. To study the diffe-
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rence between 6 and 12 months precisely, individual mean V'maxgg values
were inter- or extrapolated linearly to values at exactly 6 and 12 months correc-
ted age. At 6 and 12 months the mean (SEM) of these adjusted V'maxggc
(Z score) values were: -1.8 (0.2) and -1.8 (0.2), respectively (mean (95% CI)
change: -0.1 (-0.4 to 0.3). At 12 months the mean (SEM) of the adjusted
V'maxgpc in Z score was better in the group who received initial HFOV (n=12)
as compared to the group who received CMV (n=11): -1.3 (0.2) and -2.3 (0.3),
respectively (mean (95% CI) difference: 1.0 (0.2 to 1.7), p=0.012) (Figure 2).
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Figure 2. Effect of first intention HFO ventilation on forced expiratory flow. Mean forced expiratory flow at
FRC (V'maxggc) in Z score (2) in the subgroup of 23 infants who completed both lung function measurements
at 6 and 12 months. Individual mean V'maxggc values were inter- or extrapolated to values at exactly 6 and 12
months corrected age. Infants treated with first intention high-frequency oscillation ventilation (HFOV) (open
symbols, n=12) are compared to infants treated with conventional mechanical ventilation (CMV) (closed sym-
bols, n=11). Error bars represent SEM.
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The question rises which reference equation is the most accurate. We believe

that the reference equations by Hoo and coworkers (1) are preferable, as their
data consists of the largest number of healthy infants studied so far (n=459),
including healthy preterm infants, and the data includes data from four pub-
lished studies, including that from Tepper and Reister (3-6). Moreover, the
reference equations by Hoo and coworkers (1) are sex-specific, and use length
as the independent variable. The latter is especially important as infants with
BPD tend to be small for age (7, 8). Expressing their lung function data in
respect to age will result in Z scores that are too low.

23 paired measurements 6 months 12 months Mean difference
(95% Cl)

V'maxgge (mifs) 68.1 (9.0) 122.7 (11.1) 54.7 (30.4 to 78.9)*

V'maxggc (Z score), according -1.6 (0.1) -2..0 (0.1) -0.4 (-0.6 to -0.1)#

to Tepper and Reister (3)

V'maxggrc (Z score),

according to Sly et al. (9) -1.7 (0.1) -2.1(0.1) -0.5 (-0.7 to —-0.2)1

V'maxggre (Z score),

according to Hoo et al. (1) -1.8 (0.2) -1.7 (0.2) 0.1 (-0.3 to 0.4)

Table 2. Mean (+ SEM) V'maxggc data expressed in absolute numbers, and in Z scores using different reference
equations. *: p<0.001. #: p=0.02. 1: p=0.004. Note that data may appear different from published data (8) as
only paired measurements are shown here.
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After this re-analyses, using the new reference equations (1) which are proba-
bly superior to the previously available equations, we now show that, in contrast
to our published findings (9), forced expiratory flow does not change signifi-
cantly between 6 and 12 months corrected age in infants with BPD. In table 2,
we present the data of the 23 paired measurements, expressed in Z scores
using different reference equations. Although there is a significant decrease in
expiratory flow during the first year of life using the reference equation by
Tepper and Reister (4), and by Sly and coworkers (2), this decrease is not seen
using the most recent reference equation by Hoo and coworkers (1). This
means that the decline in lung function that was observed in infants with BPD
by Stissmuth and coworkers (10), and in healthy preterm infants without BPD
observed by Hoo and coworkers (11) cannot be confirmed by our data. This may
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be due to the short period of follow-up of 6 months in our cohort, as compared
with the 12 months follow-up in these 2 studies (10, 11). From these data it can
be concluded that the choice of reference equation significantly influences the
results, and that the effect of ventilation strategy on development of airway
function may be even more pronounced than previously thought.
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Abstract

Airway malacia is present in a small proportion of wheezy infants. The useful-
ness of Infant Lung Function Testing (ILFT) in ruling out malacia in wheezy
infants is unknown. We assessed the negative predictive value of ILFT para-
meters for airway malacia confirmed by flexible bronchoscopy. Thirty-two term
infants (mean (SD) age 11.0 (4.6) months) with chronic wheeze unresponsive
to asthma treatment, in which airway malacia was considered, underwent ILFT
prior to bronchoscopy. Functional Residual Capacity (FRCp), maximal flow at
FRC (V'maxgpgc) and tidal breathing parameters were obtained. Expiratory flow-
volume curves were visually examined for tidal flow limitation. Malacia was
observed during bronchoscopy in 2o infants. V'maxgye (Z score) was signifi-
cantly lower in the group with malacia as compared with the group without.
Lung function measurements had a low negative predictive value and sensiti-
vity. While flow limitation during tidal breathing was highly predictive of air-
way malacia, only half of the infants with malacia had tidal flow limitation. We
conclude that in this selected group of infants, lung function testing in infants
did not rule out airway malacia in infants with airway obstruction and can
therefore not be used to determine which infant should undergo bronchoscopy.
However, tidal flow limitation was 100% predictive for airway malacia.

Predictive value of infant lung function testing for airway malacia
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Introduction

Chronic wheeze can be caused by large airway abnormalities including mala-
cia, stenosis or compression of larger airways. Infants with severe tracheo-
bronchomalacia or compression of the larger airways are characterised by
stridor, dyspnea, life-threatening apnoeic spells and recurrent pneumonia (1).
Treatment of these infants includes aortopexy or long-term CPAP (2, 3).
However, infants with mild or moderate symptoms may go unrecognised. They
present themselves with chronic or persistent wheeze and often constitute a
therapeutic dilemma for the pediatrician (1, 4). When treatment with inhaled
corticosteroids and/or B2-agonists fails and symptoms persist, a bronchoscopy
may be considered as the next diagnostic step (5). Bronchoscopy may then reve-
al airway narrowing due to malacia or compression. However, bronchoscopy is
an invasive procedure that needs general anaesthesia. Evaluation of flow-volu-
me loops at tidal breathing has found to be helpful in establishing the site of
airway obstruction in young children with chronic stridor and/or wheezing (6).
Possibly, Infant Lung Function Testing (ILFT) may help in identifying large air-
way abnormalities. However, there are no studies aimed to determine the cli-
nical value of testing lung function in the management of the infant with a
respiratory problem (7). Consequently, the predictive value of ILFT in excluding
or recognising airway abnormalities in wheezy infants is unknown.

We therefore assessed the predictive value of ILFT parameters for excluding or
recognising large airway abnormalities, diagnosed by bronchoscopy in a group
of infants with chronic wheeze, unresponsive to treatment.

Methods and Materials

STUDY POPULATION

We retrospectively evaluated data of all infants who were referred to our tertia-
ry care centre because of suspected airway malacia, between September 1998
and December 2002. Airway malacia was suspected in case of: 1) noisy brea-
thing of a stridorous nature heard centrally, usually both during inspiration and
expiration, and/or 2) chronic wheeze unresponsive to £2-agonists and/or inha-
led steroid treatment for at least two months, based on parental report and cli-
nical judgement, with at least two respiratory infections (8). Exclusion criteria
were preterm birth, mechanical ventilation, congenital anomalies, meconium
aspiration or cystic fibrosis. All infants with a suspected diagnosis of malacia
underwent ILFT prior to bronchoscopy and infants were included for analyses
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when both ILFT and bronchoscopy were performed. Both ILFT and broncho-
scopy were carried out as part of the routine diagnostic procedures for which
parents gave permission. Therefore, written informed consent was not obtai-
ned and no protocol was submitted to our institutional review board.

LUNG FUNCTION TESTING

Infants were studied when clinically stable. To prevent the infants from waking
up during the measurement they were sedated with chloral hydrate (50-
75mg/kg). Heart rate and transcutaneous oxygen saturation (SaO,) were moni-
tored continuously (Nellcor N2ooo, Hayward, CA, USA). Functional residual
capacity (FRC,) was measured by means of a modified whole body plethysmo-
graph (Jaeger, Wiirzburg , Germany). Equipment and procedures were in accor-
dance with guidelines, in which the FRC, measurement is described in detail
(9)- Mean FRC,, of 3 to 5 technically acceptable measurements was expressed as
Z score using reference data by Stocks et al (9). Maximal flow at FRC
(V'maxggc), used as a measure of airway patency, was assessed using the end-
tidal rapid thoracic compression technique (RTC) using custom-made equip-
ment (Department for Experimental Medical Instrumentation, Erasmus MC -
University Medical Centre, Rotterdam, the Netherlands). Equipment and pro-
cedures were in accordance with guidelines, in which the RTC- technique is
described in detail (10). In short, an inflatable jacket was wrapped around the
infant’s chest and abdomen with the arms outside the jacket. At end-tidal inspi-
ration the jacket was inflated rapidly, resulting in a forced partial expiratory
flow-volume curve. Mean V’'maxpgc of 3 to 5 technically acceptable measure-
ments was expressed as Z score, also known as standard deviation score, using
recently published reference data by Hoo et al. (11). Actual transmission pres-
sure was checked regularly and was around 35% of the jacket pressure. The
tidal breathing parameters studied were: Tidal Volume (TV), Breathing
Frequency (BF), and Minute Ventilation per kilogram body weight (MV/kg).
Flow volume curves were inspected for tidal flow limitation during tidal
breathing. Tidal flow limitation was defined as no difference between tidal and
forced flow during the last 50% of the forced expired volume, assessed by
visual inspection (Fig.1).
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Figure 1. Examples of partial expiratory flow volume curves. Left panel shows a normal curve, where forced
flows are well above tidal flows. Right panel shows tidal expiratory flow limitation, indicating significant

airways obstruction.
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BRONCHOsCOPY

Bronchoscopy was performed under general anaesthesia without muscle para-
lysis by an experienced paediatric pulmonologist using a flexible bronchoscope
(Olympus, type BF3 Tokyo, Japan). Infants were not intubated and breathed
spontaneously. We defined an airway malacia as a general or localised weakness
of the airway wall that results in excessive >50% narrowing of the lumen
during tidal expiration, or whenever intrathoracic pressure increases (for exam-
ple coughing), in the absence of positive end expiratory pressure. In addition,
the airway had to have a cartilage to muscle ratio of approximately 2 or lower
{8), because such anatomy may effect compliance to a degree that is clinically
relevant (12). Each bronchoscopy was recorded on videotape and independent-
ly reviewed by 2 paediatric pulmonologists who were unaware of the ILFT
results, patient names, histories, symptoms and suspected diagnosis.
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DATA ANALYSIS

Most infants with a suspected airway malacia will undergo diagnostic broncho-
scopy. It is clinically relevant to identify infants who do not have airway mala-
cia, as these infants will not need further diagnostic bronchoscopy. Therefore
we chose as primary outcome measure the negative predictive value of ILFT, in
excluding airway malacia in wheezy infants. The negative predictive value
(NPV) is the number of true negative infants, divided by all infants with a nega-
tive test result. Positive predictive value, sensitivity and specificity were also
obtained. The positive predictive value (PPV) is the number of true positive
infants, divided by all infants with a positive test result. The sensitivity was cal-
culated by the number of true positive infants, divided by the sum of the
number of true positive and false negative infants. Specificity was calculated by
the number of true negative infants, divided by the sum of the number of true
negative infants and false positive infants. Patients were divided into those with
and those without airway malacia as diagnosed by bronchoscopy.
Anthropometrics and lung function data between groups were compared by
independent-samples t tests. The significance level was set at p < 0.05.

Results

In the study period a possible diagnosis of malacia was suspected in 32 infants
{21 boys). All infants underwent ILFT followed by bronchoscopy, in that order.
Both pulmonologists independently identified the same 20 infants (14 boys)
with an airway malacia, of whom 12 had tracheomalacia, 4 bronchomalacia and
4 tracheobronchomalacia. Twelve infants had no airway malacia.
Anthropometric and ILFT data of these two groups are shown in table 1. There
were no significant differences between the two groups with respect to age,
length, weight, Tidal Volume, Breathing Frequency and Minute Ventilation.
FRC, was within the normal range and not different between groups. There
were no differences related to gender. Mean V’maxgpc (Z score) was signifi-
cantly below normal (Z score =0) for both groups (p=o.o1) and was significant-
ly lower in the group with airway malacia as compared with the group without
airway malacia (mean difference: 1.3 (95% CI: 0.5 to 2.2), p=0.002). Mean
V'maxgpc (Z score) was significantly lower in the group with airway malacia and
tidal flow limitation, as compared with the group without airway malacia (mean
difference: 2.0 (95% CI: 1.1 to 3.0), p<o.oor1). However, mean V’'maxggc was not
significantly lower in the group with airway malacia without tidal flow limita-
tion, as compared with the group without airway malacia (Fig.2).
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Airway malacia No airway malacia Mean difference

n=20 n=12 (95% CI)
Age (months) 11.4 (5.1) 10.4 (3.5) 1.0 (ns)
Weight (kg) 8.8 (1.9) 8.7 (1.3) 0.1 (ns)
Length (cm) 73.3 (5.8) 72.8 (5.4) 0.5 (ns)
Tidal Volume (mi) 82.7 (19.6) 86.5 (12.6) 3.8 (ns)
Breathing Frequencies (min-1) 32 (9) 31 (4) 1 (ns)
Minute Ventilation (ml-kg-1-min-1) 300.8 (65.9) 305.9 (35.0) 5.1 (ns)
FRC, (ml-kg *1) 27.4(5.2) 25.2 (6.6) 2.2 (ns)
FRCp (Z score) 0.1 (1.3) -0.6 (1.8) 0.6 (ns)
V'maxggc (ml-s71) 76.6 (44.9) 170.8 (102.8) 94.2 (40.6 to 147.7)T
V'maxgpc (Z score) -2.5(1.0) -1.2 (1.3) 1.4 (0.5 to 2.2)#

Table 1. Anthropometric data and results of lung function measurements in infants with and without airway
malacia. Values are expressed as mean (SD). FRCp: functional residual capacity. V'maxggc: forced expiratory flow
at FRC. ns: not significant. T: p=0.001. #: p=0.002.

Different cut-off points for V'maxppc (Z score) were tested (Table 2). Only
when V'maxggc of < -0.5 SD was used as a cut-off for a positive test result, the
negative predictive value was 100%, the positive predictive value was 74%, the
sensitivity was 100% and the specificity was 36%. However, 7 infants without
airway malacia also had a V’'maxggc < -0.5 SD.

Within the group of infants with an airway malacia (n=20), 11 infants had tidal
flow limitation, whereas tidal flow limitation was not observed in those without
airway abnormalities (Figure 2). When the presence of tidal flow limitation was
used as a positive test result, the negative predictive value was 57%, whereas the
positive predictive value and the specificity were 100% (table 2).

Positive test result Negative predictive Positive predictive Sensitivity (%) Specificity (%)
value (%) value (%)

V'maxggc < -2 SD 62 79 75 67

V'maxpge < -1 5D 75 75 90 50

V'maxggc < -0.5 SD 100 74 100 42

Tidal flow limitation 57 100 55 100

Table 2. The predictive value of ILFT parameters for airway malacia using different definitions of a positive test result.

118 chapter 6



Discussion

We investigated 32 term infants with chronic wheeze and studied the negative
predictive value of ILFT for the exclusion of airway malacia as diagnosed by flexi-
ble bronchoscopy. In this selected group of wheezy infants, lung function mea-
surements had a low negative predictive value and sensitivity and, thus, were not
useful in ruling out the presence of airway malacia. Flow limitation during tidal
breathing was highly predictive (specificity 100%) of airway malacia. However,
only half of the infants with airway malacia had tidal flow limitation.

Lung function testing was not capable of discriminating between wheezy
infants with and without airway malacia. It remains important to detect those
children with airway malacia because of the therapeutic consequences. More
important, long-term anti-asthma treatment can be avoided as R2-agonists do
not improve airway patency in infants with malacia (13). In all infants with air-
way malacia, liberal antibiotic treatment was advised. Nonetheless, the lung
function characteristics of infants in this study appeared helpful in ruling in
airway malacia. In the case of tidal flow limitation, one might decide not to per-
form a bronchoscopy, as it is likely that an airway malacia will be found.
Radiographic imaging of the mediastinum could then be considered as the next
diagnostic investigation to study the relationship between the central airways
and large vessels and other structures. However, in most cases ILFT seems to
have limited additional diagnostic value and a paediatrician might prefer going
right to bronchoscopy which will give a more definitive diagnosis and the
opportunity of broncheoalveolar lavage.

It is assumed that V'maxggc is a measure of peripheral airway function, relati-
vely independent of upper airway resistance (14). Since all infants with tidal
flow limitation had airway malacia, the present study shows that V'maxpgc
might also reflect central airflow limitation in infants with airway malacia. The
same phenomenon was seen by Tepper and co-workers (15). They studied three
infants with three different lesions of the central airways (vascular ring, conge-
nital tracheal stenosis, subglottic polyp). Preoperatively, all three demonstrated
severe flow limitation with a relatively constant forced expiratory flow over the
tidal volume range. Postoperatively the expiratory flow-volume curves changed
to a normal convex shape and V'maxggp returned to normal (15). On the other
hand, the central airway narrowing must be very severe to produce tidal flow
limitation in the infants with airway malacia. An alternative explanation for our
findings can be that the infants diagnosed with airway malacia had a high air-
way resistance in the small airways with consequently large down stream pres-
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Figure 2. Maximal flow at FRC (V'maxgg() in Z score, in subgroups of infants. Within the group of infants with
airway malacia, some infants had tidal flow limitation (upward triangles), whereas others had no tidal flow

limitation (open circles). Mean V'maxgrc (Z score) was significantly lower within the group with airway malacia

and tidal flow limitation, as compared to the group without airway malacia (downward triangles).
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sure loses. The observed central airway wall mobility could then be explained
by increased transmural pressure changes in the trachea, possibly in combina-
tion with increased central airway wall mobility. So it remains possible that
besides clinically relevant malacia of the trachea or main bronchi, additional
peripheral airways obstruction existed in our infants.

In the present study, 55% of the infants with airway malacia had tidal flow limi-
tation. In contrast, Young and co-workers observed tidal flow limitation at 1
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month of age in approximately 10% of the infants in a healthy symptom-free
term cohort (16). At 6 and 12 months of age these infants no longer had tidal
flow limitation, nonetheless they had a significantly reduced lung function as
compared to matched controls (16). From the same cohort, Turner and co-wor-
kers analysed the data from 3 to 11 years of age (17). The group with tidal flow
limitation at 1 month, had increased wheeze at the age of 4 years, and at 6 and
11 years they had increased airway responsiveness and reduced lung function,
as compared with other cohort members. Since atopy was not increased in the
group who had had tidal flow limitation, Turner and co-workers suggested that
flow limitation in early infancy may identify an at-risk group, different from
asthma, who has reduced lung function and increased airway responsiveness in
later life (17). Whether these respiratory illnesses are based on central airway
abnormalities remains to be elucidated, as bronchoscopic investigations were
not carried out in the patients of this Australian cohort. However, our study
suggests that tidal flow limitation in infancy is associated with airway malacia.
Diagnosing an airway malacia remains a difficult and partly subjective issue.
Unfortunately, there are still no generally accepted criteria for interpreting
bronchoscopic findings (18). A sophisticated way to define airway malacia
might be to use a computer aided method to quantify the degree of airway col-
lapse by measuring the airway surface and circumference (19), or a calibrated
telescope (20). However, these methods also suffer from lack of precision and
still require subjective interpretation. Therefore, we feel that our blinded and
unbiased approach in which a diagnosis was made by two experienced clinici-
ans seems as valid. In addition, assessing flow limitation during tidal breathing
by visual inspection of the curve is also subjective. We believe that the influen-
ce of subjectivity in assessing for flow limitation on the curve is minimal, as the
presence of tidal flow limitation is an ‘all or nothing’ condition. A small diffe-
rence between tidal and forced expiratory flow means no tidal flow limitation.

We conclude that in this selected group of infants, lung function testing was
not capable of ruling out airway malacia in infants with airway obstruction and
can therefore not be used to determine which infant should undergo broncho-
scopy. The presence of tidal flow limitation however, was 100% predictive for
airway malacia, whereas from the absence of tidal flow limitation no conclu-
sions could be drawn.
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Abstract

Term neonates with reversible cardio-respiratory failure may be treated with
veno-arterial extracorporeal membrane oxygenation (ECMO). We evaluated lung
function longitudinally at 6 and/or 12 months of age in a group of ECMO survivors.
Functional residual capacity (FRC;) and forced expiratory flow at FRC (V'maxggc)
were measured and expressed as Z score. We studied 38 infants (19 males). Mean
(SD) birth weight and gestational age were 3456 (493) grams and 40.2 (1.4} weeks,
respectively. Twenty-one infants received ECMO for meconium aspiration syn-
drome (MAS), 8 for congenital diaphragmatic hernia (CDH), 3 for sepsis, 3 for
persistent pulmonary hypertension of the neonate (PPHN) and 3 for respiratory
distress syndrome of infancy (IRDS). Twenty-eight infants were evaluated at
6 months and 26 infants at 12 months; 16 infants completed both measurements.
Mean (SEM) FRC, in Z score was 0.0 (0.2) and 0.2 (0.3) at 6 and 12 months res-
pectively. Mean (SEM) V'maxgge in Z score was significantly below normal value
(Z score=0) (p<0.0o01) at 6 and 12 months: -1.4 (0.2) and —1.1 (0.2), respectively
(Mean (95% CI) difference: 0.3 (-0.1 to 0.7)). When subgrouped by diagnosis, there
were no significant differences in lung function between groups. However, at 12
months of age, infants with CDH had a higher mean FRC, in ml/kg as compared
to infants with MAS. We conclude that during the first year of life, these infants who
received ECMO support have normal lung volume and normal development of ex-
piratory flow at a level below average. These data suggest that in infants with respi-
ratory failure, ECMO treatment contributes to normal lung function development.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is a supportive intensive-care
technique mainly used for term newborns with acute reversible cardio-respira-
tory failure and a high mortality risk with conventional management.
Conventional management ranges from pressure controlled ventilation to high-
frequency oscillatory ventilation (HFOV), with or without inhaled nitric oxide
(NO). ECMO consists of prolonged cardiopulmonary bypass while ‘resting’ the
lungs and using minimal ventilator settings. It is thought that this promotes
lung healing and prevents further injury from high oxygen concentration, volu-
trauma and barotrauma (1). The UK ECMO trial conferred a survival advantage
of ECMO over conventional management, without a concomitant increase in
severe disability (2, 3). However, ECMO may promote survival of infants with
severe respiratory dysfunction, who would otherwise have died. This could
result in a poor respiratory status in infants treated with ECMO. On the other
hand, ECMO avoids prolongation of aggressive ventilation and consequent
barotrauma, which has been shown to be associated with subsequent altera-
tions in respiratory mechanics (4, 5) . Hence, investigation of the respiratory
function of survivors is essential to assess whether or not ECMO results in a
survival advantage (6). Several groups studied respiratory function in infants
during or shortly after ECMO (7-9), at 6 months (10) or at 12 months (6). These
studies found a reduction in pulmonary function during the first year of life,
confirming sequelae of severe respiratory disease despite ECMO. To date, lon-
gitudinal data are only available for infants during or shortly after ECMO (7, 8).
To our knowledge, no study evaluated lung function in ECMO survivors longi-
tudinally during the first year of life. Therefore, we evaluated lung function in
a prospective longitudinal study at 6 and 12 months of age, in a group of ECMO
survivors. Furthermore, we studied the relationship between lung function and
perinatal patient characteristics.

Methods

SUBJECTS

A follow-up study was conducted in neonates who received veno-arterial ECMO
support between February 2001 and May 2003 at the Pediatric Surgical
Intensive Care Unit of the Sophia Children's Hospital. ECMO support was
given in case of reversible severe respiratory failure and an estimated mortali-
ty risk of 80%. Criteria used to define this mortality risk were an oxygenation
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index > 40 in 3 to 5 subsequent arterial blood gases, an alveolar arterial oxygen
gradient (AaDO,) >600 during 8 hours with a FiO, of 100% and signs of baro-
trauma. Exclusion criteria for ECMO support were: (a) gestational age < 34
weeks or a birth weight of <2 kg, b) intraventricular hemorrhage grade II, c)
known bleeding disorders, d) high pressure ventilation for more than 10 days
prior to ECMO support, ) any reason to question continuation of conventional
management (for example a major congenital or chromosomal anomaly).
Artificial ventilation was administered by conventional mechanical ventilation
(CMV) (Babylog 8oco, Driger Medical, Germany) or high-frequency oscillato-
ry ventilation (HFOV) (Sensormedics, the Netherlands). The initial ventilation
strategy was not randomized in our study. The study was part of a structured
follow-up program, including lung function, growth and developmental para-
meters untill 12 years of age. According to the Dutch law, approval from a medi-
cal ethical committee was therefore not required. All parents gave written
informed consent.

LUNG FUNCTION

Lung function measurements were performed at 6 and 12 months of age, when
the infants had no signs of infection or acute respiratory symptoms. To prevent
the infants from waking up during the measurements, they were sedated with
choral hydrate (50-75 mg/kg). Airway resistance was measured using the inter-
rupter technique (R;y) (MicroRint, Micro Medical Ltd, Rochester, UK).
Functional residual capacity (FRC;) was measured by means of a modified
whole body plethysmograph (Jaeger, Wiirzburg, Germany). Mean FRC; of 3 to
5 technically acceptable measurements was expressed as Z score (11). Forced
expiratory flow at FRC (V'maxgyc), used as a measure of airway patency, was
assessed using the end-tidal rapid thoracoabdominal compression (RTC) tech-
nique (Custom-made equipment. Department of Experimental Medical
Instrumentation, Erasmus University Medical Center, Rotterdam). Equipment
and procedures were in accordance with guidelines (11, 12). Mean V'maxgpc of
3 to 5 technically acceptable measurements was expressed as Z score (13).

ANALYSIS

Lung function measurements at 6 and 12 months were compared using mixed-
model ANOVA (SAS, PROC MIXED). Where applicable, the difference in lung
function was evaluated using paired Student’s T-test. The influence of various
perinatal variables on level of lung function was evaluated by multiple regres-
sion analyses. The significance level was set at p < 0.05.
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15 infants died (9 CDH,

61 neonates received ECMO support
between February 2001 and May 2003

5 sepsis, 1 PPHN)

2 No informed consent

3 Lost to foliow up
1 BPD <

v

44 infants enrolled in study

1 Neurological unstable
1 Not sleeping

Figure 1. Patient flow through the study.

128

v

Lung function measurement in 38 infants:
28 infants at 6 months
26 infanis at 12 months

16 infants had paired measurements
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Total group Measurement at Measurement at
6 months 12 months
n=38 n=28 n=26

Gestational age (wk) 40.2 (1.4) 40.2 (1.3) 40.3 (1.4)
Birth weight (g) 3456 (493) 3393 (497) 3472 (524)
Males 19 14 14
MAS 21 16 14
CDH 8 5 5
Sepsis 3 1 3
PPHN 3 3 3
IRDS 3 3 1
Inborn / Outborn patients 4 3 2
Age at receiving ECMO support (hours) 22 (5-252) 21 (5-168) 23 (5 - 252)
FiO, prior to ECMO 1 (0) 1(0) 1(0)
Oxygenation index prior to ECMO* 38 (10 - 167) 40 (10 - 143) 40(10 -167)
NO treated newborns 32 24 22
Inhaled NO prior to ECMO (ppm) 20 (0 - 40) 20 (0 - 40) 20 (0 - 40)
Duration of ECMO support (hours) 123 (53 - 253) 122 (53 - 227) 126 (53 - 253)
Duration of mechanical ventilation (days)¥* 9(3-116) 10 (3-116) 9 (3 - 40)
Duration of oxygen dependence (days) 25 (5 - 146) 28 (9 - 146) 21 (5-76)
Surfactant treated newborns 15 11 10
Length of stay at the ICU 18 (6 - 154) 17 (6 - 154) 15 (8 - 67)

Table 1. Demographic characteristics. Data given are number of infants or mean (SD) or median (range). Shown
are the total group, and the subgroups of infants measured at 6 months, and measured at 12 months of age.

Sixteen infants completed both measurements. GA: gestational age. MAS: Meconium aspiration syndrome.

CDH: Congenital diaphragmatic hernia. PPHN: Persistent Pulmonary Hypertension of the Newborn. IRDS:
Respiratory distress syndrome of infancy. HFOV: high-frequency oscillatory ventilation. FiO,: Fraction of inspired

oxygen. NO: Nitric oxide (parts per million) *: Oxygenation index was calculated as: [(Mean airway pressure *
FiO,)/Pa0,] * 100. ICU: Intensive care unit. *: Duration of mechanical ventilation includes mechanical ventila-

tion prior and after ECMO treatment.

RESULTS

Between February 2001 and May 2003, 61 infants received ECMO treatment of
which 46 infants survived untill discharge (75%). Lung function measurements
were performed in 38 infants (Figure 1). Sixteen infants were measured both at
6 and 12 months of age. Reasons for not completing both measurements were
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being younger than 12 months at the end of the study (n=10), failure to sleep
during the procedure (n=s), recurrent airway infections (n=3), and lost to fol-
low-up (n=4). Demographic characteristics of the cohort of 38 infants are
shown in table 1. Reasons for ECMO support were meconium aspiration syn-
drome (MAS) (n=21), congenital diaphragmatic hernia (CDH) (n=8), persistent
pulmonary hypertension of the newborn (PPHN) (n= 3), sepsis (n=3) and res-
piratory distress syndrome of infancy (IRDS) (n=3). All CDH infants had
undergone surgical repair after successfull decanulation from the ECMO-cir-
cuit. The first and second lung function measurements were performed at a
mean (SD) age of 6.3 (o.5) and 12.2 (0.5) months, respectively. The results of
the Ry, FRC, and the V'maxgppc measurements are shown in table 2.

Measurement at Measurement at Mean difference
6 months 12 months (95% CI)
(Mean = SEM) {Mean + SEM)

Rint (kPa/l/s) 3.5(0.2) 3.2(0.2) 0.3 (-0.8 to 0.2)
FRCp (ml/kg) 27.3 (1.0) 28.1 (1.1) 0.7 (-1.3 10 2.8)
FRCp (Z score)* 0.0 (0.2) 0.2 (0.3) 0.3 (-0.2 t0 0.8)
V'maxggc (ml/s) 120.0 (12.2) 200.5 (16.3) 80.5 (49.6 to 111.4)*
V'maxggc (Z score)t -1.4 (0.2)* -1.1(0.2)* 0.3 (-0.1 t0 0.7)

Table 2. Results of lung function measurements in infants following ECMO during the first year of life. At mea-
surement 1 and 2, the mean (SD) corrected age was 6.3 (0.5) and 12.2 (0.5) months, respectively. Ri,¢: airway
resistance measured by means of interrupter technique. FRCy: functional residual capacity. V'maxggc: forced
expiratory flow at FRC. *: p<0.001. #: Significantly below normal (Z score = 0) (p<0.001).

For the whole group, mean V'maxgyc in Z score was significantly below zero
(normal value) both at the first and second measurement (p<o.co1) (table 2,
figure 2). Between the two measurements there was a mean (95% CI) change
of V'maxggc in Z score of 0.3 (-0.1 to 0.7) (p=0.10). Similar results were seen
within the subgroup of 16 infants who completed both measurements: Mean
(SD) V'maxggc in Z score at 6 and 12 months was -1.3 (0.9) and -1.0 (1.1}, res-
pectively, with a mean (95% CI) difference of 0.3 (-0.1 to 0.8)(p=0.16).
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Figure 2. Lung function data of 38 infants following ECMO. The first (n=28) and second (n=26) measurement
were done at a mean (SD) age of 6.3 (0.5) and 12.2 (0.5) months, respectively. Mean (SEM) V'maxggc was -1.4

(0.2) and -1.1 (0.2) at the first and second measurement respectively. Sixteen infants completed both measure-

ments (connected datapoints).

Infants who received ECMO for MAS or CDH were analyzed separately. Their
lung function results are shown in table 3. At 12 months of age, infants with
CDH had a higher mean FRC;, in ml/kg as compared to infants with MAS. In
CDH infants there was a trend that FRC,, in Z score was above the reference
value (Z score=o0) at 12 months of age (Mean (95% CI) difference: 1.3 (-o.1 to
2.6) (p=0.07).

There was a significant correlation between days of mechanical ventilation
(prior and after ECMO) and FRC,, in Z score at 6 months (r=0.42, p=0.02) and
at 12 months (r=0.59, p=0.003). None of the other perinatal patient characte-
ristics, including age at receiving ECMO or the duration of ECMO, correlated
with lung function parameters.
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Measurement at 6 months Measurement at 12 months

MAS CDH Mean difference MAS CDH Mean difference
n=16 n=5 (95% Cl) n=14 n=5 (95% CI)
Rint (kPa/l/s) 3.9 (0.3) 3.4 (0.6) -0.5 (-1.9 to 0.8) 3.3(0.3) 3.0 (0.5) 0.4 (-1.4 10 0.7)
FRCp (ml/kg) 27.4 (1.5) 29.1 (2.9) 1.8 {(-4.7 to 8.3) 26.5 (1.4) 33.2 (2.5) 6.6 (1.0 to 12.2)*
FRCp (Z score) 0.0 (0.3) 0.5 (0.6) 0.6 {-0.7 to 1.9) -0.1 (0.4) 1.3 (0.7) 1.4 (-0.2 to 2.9)

V'maxggrc (mlis)
V'maxgre (Z score)

102.7 (15.8)  106.4 (27.4) 3.6 (-59.4 to 66.6) 199.5 (26.6) 219.6 (44.6)  20.1 (-81.6 to 121.8)

-1.8 (0.2) -1.2 (0.4) 0.6 (-0.3 to 1.5) -1.2 {0.3) -0.6 (0.5) 0.6 (-0.6 to 1.7)

Table 3. Mean (SEM) lung function data between infants who received ECMO because of meconium aspiration
syndrome (MAS) or congenital diaphragmatic hernia (CDH). *: p= 0.03.
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Discussion

In this study we longitudinally evaluated lung function during the first year of
life in a cohort of 38 infants who received ECMO support. Furthermore, we
studied the relationship between lung function and perinatal patient characte-
ristics. We found normal lung volume and subnormal forced expiratory flow
during the first year of life.

To our knowledge, this is the first longitudinal study on changes of airway
function during the first year of life in survivors of ECMO. Two cross-sectional
studies were published. Greenspan and colleagues (9) studied the V'maxgg after
ECMO in 25 infants of approximately 1 month of age. Using the normative data
by Sly and colleagues (12), the V'maxpgc in Z score at 1 month of age in this study
was approximately -0.3 SD. From their publication it was not feasible to calculate
the V'maxgge in Z score using the normative data by Hoo and colleagues, as no
information about length at time of measurement was provided. Beardsmore and
colleagues (6) found a V'maxgpc at 12 months of -1.6 SD in Z score (personal
communication A. Hoo), using the normative data by Hoo and colleagues (13).
Using the normative data by Sly and colleagues (12), the V'maXxgg is approxima-
tely -1.7 SD. These cross-sectional data from different studies suggest a decrease
in forced expiratory flow during the first year of life in ECMO survivors. This is
in contrast with our longitudinal data, which show normal development of
V'maxggc at a level below average, with normal FRCP. It can be speculated that
different clinics have ranging criteria for ECMO aswell as their pre-ECMO
approach of the patient. For example, in our clinic infants were placed on ECMO
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earlier as compared with the infants in the study by Beardsmore and colleagues
(6), 22 hours versus 32 hours respectively. This could explain discrepant follow-
up results, however, this is difficult to substantiate.

It is not clear what the separate effect of the mechanical ventilation or the
underlying disease is on lung function. One could hypothesize that if infants
received ECMO support earlier, the duration of mechanical ventilation is redu-
ced which could lead to less lung damage, and as a consequence improved lung
function. However, we did not find a correlation between lung function and the
age (hours after birth) at receiving ECMO. In contrast, we did find a significant
correlation between days of mechanical ventilation (prior and after ECMO) and
FRC, in Z score at 6 and at 12 months. A possible explanation could be that
mechanical ventilation leads to peripheral airway damage, which could lead to
air trapping. Conversely, one could speculate that the increased lung volume
after prolonged ventilation is not the result of this ventilation, but infants with
increased lung volume, possibly due to increased gas trapping, were more like-
ly to require prolonged ventilation.

When infants were subgrouped by primary reason for ECMO, infants with
CDH had a higher mean FRC, in ml/kg at 12 months of age, as compared to
infants with MAS. When expressed in Z score, there was a trend that FRC, was
above the reference value (Z score=0) at 12 months of age. This last finding did
not reach significance, possibly due to lack of power. Helms and Stocks found
normal lung volumes (FRCp) in 4 infants and low lung volumes in 5 infants
with a surgically repaired CDH (14). They concluded that a normal lung volu-
me in these infants not necessarily means that intrauterine lung development
has been normal. The development of a normal lung volume later in infancy
(5) may be due to alveolar distension and destructive emphysema of a hypo-
plastic lung (16, 17). Nagaya and co-workers studied lung volume, by computed
tomography scan, and pulmonary perfusion in infants following surgical repair
of CDH and ECMO treatment (18). They found that these infants had low ip-
silateral lung volumes (61% of contra-lateral lung volume) at 3 months of age,
which increased during follow-up to 88% of contralateral lung volume. In
contrast, the perfusion of the affected side remained low, or decreased to below
the initial value. It was concluded that the lung of the affected side has little
ability to develop arterial branches and that enlargement of lung volume may
depend on overexpansion or progressive emphysema, rather than tissue growth
(18). To our knowledge, our study is the first that suggests an increased lung
volume in infants following surgical repair of CDH and ECMO treatment.
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Possibly, with the introduction of ECMO, more severe cases of CDH have sur-
vived, with consequently more severely hypoplastic lungs. We speculate that
the increase in lung volume is most likely explained by hyperinflation of
existing alveoli. We did not find a correlation between age at receiving ECMO
and any lung function parameter. This is in contrast with Greenspan and
coworkers who found that infants who received ECMO late had lower V'maxggc
at discharge, as compared with infants who received ECMO earlier (9).
However, as Greenspan and coworkers studied the infants at discharge, at
approximately 1 month of age, an effect of age at receiving ECMO on lung
function may only be present during the first months of life.

We conclude that during the first year of life, these infants who received ECMO
support have normal lung volume and normal development of expiratory flow
at a level below average. These data suggest that in infants with respiratory
failure, ECMO treatment contributes to normal lung function development.

Acknowledgement
WH and MNH contributed equally to the manuscript.

This study was supported by a unrestricted grant from GlaxoSmithKline,
the Netherlands

chapter 7



References

I. Bartlett, R. H., A. F. Andrews, J. M. Toomasian, N. J. Haiduc, and A. B. Gazzaniga. 1982.
Extracorporeal membrane oxygenation for newborn respiratory failure: forty-five cases. Surgery
92(2):425-33-

2. 1996. UK collaborative randomised trial of neonatal extracorporeal membrane oxygenation.

UK Collaborative ECMO Trail Group. Lancet 348(9020):75-82.

3. 1998. The collaborative UK ECMO (Extracorporeal Membrane Oxygenation) trial: follow-up to 1 year
of age. Pediatrics 101(4):EI.

4. Stocks, J., and S. Godfrey. 1976. The role of artificial ventilation, oxygen, and CPAP in the patho-
genesis of lung damage in neonates: assessment by serial measurements of lung function. Pediatrics
57(3):352-62.

5. Tammela, O. K., O. V. Linna, and M. E. Koivisto. 1991. Long-term pulmonary sequelae in low
birthweight infants with and without respiratory distress syndrome. Acta Paediatr Scand 80(5):542-4.

6. Beardsmore, C., I. Dundas, K. Poole, K. Enock, and J. Stocks. 2000. Respiratory function in
survivors of the United Kingdom Extracorporeal Membrane Oxygenation Trial. Am ] Respir Crit Care Med
161(4 Pt 1):1129-35.

7. Koumbourlis, A. C., E. K. Motoyama, R. L. Mutich, D. K. Nakayama, and A. E. Thompson. 1992.
Lung mechanics during and after extracorporeal membrane oxygenation for meconium aspiration
syndrome. Crit Care Med 20(6):751-6.

8. Kugelman, A., K. Saiki, A. C. Platzker, and M. Garg. 1995. Measurement of lung volumes and
pulmonary mechanics during weaning of newborn infants with intractable respiratory failure from extra-
corporeal membrane oxygenation. Pediatr Pulmonol 20(3):145-51.

9. Greenspan, J. S., M. J. Antunes, W. J. Holt, D. McElwee, J. A. Cullen, and A. R. Spitzer. 1997.
Pulmonary sequelae in infants treated with extracorporeal membrane oxygenation. Pediatr Pulmonol
23(1):31-8.

10.  Garg, M., S. I. Kurzner, D. B. Bautista, C. D. Lew, A. D. Ramos, A. C. Platzker, and T. G. Keens.
1992. Pulmonary sequelae at six months following extracorporeal membrane oxygenation. Chest
101(4):1086-90.

1. Stocks, J., S. Godfrey, C. Beardsmore, E. Bar-Yishay, and R. Castile. 2001. Plethysmographic mea-
surements 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 ] 17(2):302-12.
12.  Sly, P. D., R. Tepper, M. Henschen, M. Gappa, and J. Stocks. 2000. Tidal forced expirations. Eur
Respir ] 16:741-748.

13.  Hoo, A. F.,, C. Dezateux, J. P. Hanrahan, T. J. Cole, R. S. Tepper, and ]. Stocks. 2002. Sex-specific
prediction equations for Vmax(FRC) in infancy: a multicenter collaborative study. Am J Respir Crit Care
Med 165(8):1084-92.

14. Helms, P, and J. Stocks. 1982. Lung function in infants with congenital pulmonary hypoplasia.

] Pediatr 101(6):918-22.

135



15. Landau, L. I, P. D. Phelan, G. L. Gillam, E. Coombs, and H. R. Noblett. 1977. Respiratory function
after repair of congenital diaphragmatic hernia. Arch Dis Child 52(4):282-6.

16.  Hislop, A., and L. Reid. 1976. Persistent hypoplasia of the lung after repair of congenital diaphrag-
matic hernia. Thorax 31(4):450-5.

r7.  Thurlbeck, W. M., K. Kida, C. Langston, M. J. Cowan, ]. A. Kitterman, W. Tooley, and H. Bryan. 1979.
Postnatal lung growth after repair of diaphragmatic hernia. Thorax 34(3):338-43.

18.  Nagaya, M., H. Akatsuka, J. Kato, N. Niimi, and Y. Ishiguro. 1996. Development in lung function of
the affected side after repair of congenital diaphragmatic hernia. J Pediatr Surg 31(3):349-56.



SUMMARY

Summary

Infant lung function testing has been around for 50 years or more. Still it is not
clear to what extent testing of lung function in infants during the first 2 years
of life adds materially to clinical management (1). Most studies on lung func-
tion testing in infants were performed for research purposes, focussing on phy-
siology, pathophysiology, drug or therapy trials, or lung function methodology.
Nonetheless, knowledge gained from clinical trials improve treatment in the
long term, and, therefore, has clinical impact (1). A minority of the published
studies on lung function testing in infants were performed for clinical purpo-
ses, such as follow-up of disease or clinical management. Moreover, there are
no studies to determine the clinical added value of testing lung function in the
management of the infant with a respiratory problem (1).

Therefore, the primary objective of this thesis was to evaluate lung function in
infants with several respiratory disorders and to study the effect of treatment
on lung function in infants with recurrent wheeze. Secondary objectives were
to study the clinical value of lung function testing in the management of the
infant with a respiratory problem, and to study the relationship between lung
function and patient characteristics.

Chapter 1 reviews the literature regarding the methodology of infant lung func-
tion testing, as well as studies on lung function testing in infants performed for
clinical purposes.

Chapter 2 contains a general introduction to the thesis, and discusses the study
aims in detail.

In chapter 3, we studied the effect of bronchodilators (§,-agonists) on the lung
function in infants with recurrent wheeze or airway malacia. The study aims
were to assess the nature and magnitude of the bronchodilator response, and
to determine whether a negative effect of ,-agonists on forced expiratory flow
(V'maxgpc) is more pronounced in infants with airway malacia, compared to
infants with wheeze. We found that only in infants with wheeze, inhaled j,-
agonists gave a significant reduction in mean V’maxpgc. Infants with malacia
were not more likely to worsen after B,-agonists than infants with recurrent
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wheeze. Therefore, we rejected the hypothesis that a negative effect of
B,-agonist administration on V'maxggc is more likely in infants with airway
malacia, compared to infanis with wheeze. Our study suggests that a possible
explanation for this finding could be that baseline V'maxpg was significantly
lower in the malacia group, with flows sometimes limited to (near) tidal levels,
and thus leaving little room for further deterioration. Conversely, at these levels
a small deterioration in lung function may be clinically more significant than a
larger deterioration in a child with a better lung function, as was assessed in
the wheeze group.

In chapter 4, we assessed the effect of inhaled steroids on lung function in
infants with persistent or recurrent wheeze, in a double-blind randomized
placebo-controlled study (AIR-study). We hypothesized that treatment with
fluticasone propionate 200 mg (FP200) daily for 3 months in these infants
improves lung function and symptom scores, as compared with placebo. The
second aim was to evaluate whether infants with atopy and/or eczema respond
better to FP200 treatment as compared with non-atopic infants. We found that
a 3 months treatment with FP20o dialy, inhaled via the babyhaler, did not
improve lung function in infants with recurrent or chronic wheeze. Therefore,
we rejected the hypothesis that FP improves lung function in infants with
recurrent or persistent wheezing. However, after 6 weeks of treatment, the
infants treated with FP200 had significantly more symptom free days and a sig-
nificant reduction in mean daily cough score, as compared with placebo. After
13 weeks of treatment, these findings were not statistically different between
the study arms. Separate analysis of treatment effect in infants with atopy or
eczema showed no effect modification. A possible explanation for the lack of
response in lung function to FP200 in our study could be that the majority of
infants with wheezing have transient conditions associated with diminished
ajrway function at birth due to small airways (2). The presence of small airways
predispose many infants to wheezing in association with common viral infecti-
ons (2). The effect of ICS in non-asthmatic viral wheeze is uncertain.
Nonetheless, our study confirms other studies (3, 4) that show a reduction in
symptoms after FP treatment in infants with recurrent or persistent wheeze.
Therefore, we concluded that although FP20o did not improve lung function,
it could be considered for reducing symptoms in infants with recurrent or
persistent wheeze.

In chapter 5, we evaluated lung function during the first year of life in
prematurely born infants of very low birth weight with chronic lung disease
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(CLD), in the era of surfactant therapy and high-frequency oscillation ventila-
tion (HFOV). We concluded that in these very low birth weight infants with
CLD have decreased forced expiratory flows that worsen during the first year of
life. Furthermore, initial treatment with HFOV was associated with a more
favorable outcome of forced expiratory flows at 12 months corrected age. We
speculated that the decreasing expiratory flows might reflect abnormal
functional or anatomical development of the airways. If this is the result of pre-
term birth or mechanical ventilation, or a combination, remains to be eluci-
dated. However, other studies provide evidence that prematurity per se impairs
subsequent lung growth (5, 6). In the addendum to chapter 5 we reanalyzed the
data presented in chapter 5 using more recent sex-specific reference equations
for V'maxggc.

We now show that forced expiratory flow does not change significantly between
6 and 12 months corrected age in infants with CLD. Moreover, infants who
received initial HFOV showed a significant increase in forced expiratory flow
during the first year of life. From these data it can be concluded that the
choice of reference equation significantly influences the results, and that the
effect of ventilation strategy on development of airway function may be even
more pronounced than previously thought.

In chapter 6, we studied the diagnostic value of Infant Lung Function Testing
(ILFT) for airway malacia in wheezy infants. We found that lung function
measurements had a low negative predictive value and low sensitivity. Flow
limitation during tidal breathing was 100% predictive of an airway malacia.
However, only half of the infants with airway malacia had tidal flow limitation.
We concluded that lung function testing in infants was not capable of ruling
out airway malacia in infants with airway obstruction and can therefore not be
used to determine which infant should undergo bronchoscopy. Nonetheless,
our study strongly suggests that the presence of flow limitation during tidal
breathing is associated with the presence of airway malacia.

In chapter 7, we evaluated longitudinally lung function during the first year of
life in survivors of extracorporeal membrane oxygenation (ECMO) support.
We found that during the first year of life, these infants who received ECMO
support have normal lung volumes and normal expiratory flow that did not
worsen upon follow-up. These data suggest limited effects of ECMO on lung
function development. In the subgroup of infants who received ECMO for
congenital diaphragmatic hernia (CDH), there was a trend that lung volume
was above reference value. We speculate that the increase in lung volume is
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most likely explained by hyperinflation of existing alveoli resulting in an
emphysematous lung.

The studies in this thesis show that research in the field of lung function
testing in infants has moved from methodological issues towards clinical appli-
cations. This development is mainly the result of publications of guidelines for
infant lung function testing and standardization of the equipment used, by the
European Respiratory Society en de American Thoracic Society (ERS/ATS)
(7-10). As a result, normative data have become available for different lung
function methods, allowing comparison of data from different centers. In
addition, several biomedical engineering companies have marketed equipment
with specifications according to the guidelines given by the ERS/ATS. These
developments are a necessity for wide applications of infant lung function
testing in a clinical setting, such as collaborative studies and multicenter drug
trials in infants with airway disease (11). On the other hand, there are high costs
for buying complete recording systems and training the staff. In addition, most
methods require sedation of the infant. Therefore, infant lung function
measurements will probably be established primarily in larger, mostly aca-
demic, centers. The forthcoming challenges for those involved in this field will
be to develop methods that are cheap to buy and simple to use, still providing
essential information. These methods should be applicable in infants without
sedation. When this has been achieved, infant lung function testing may even
move out of the clinic (11).
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GENERAL DISCUSSION AND DIRECTIONS FOR 9
FUTURE RESEARCH

General discussion

In the next paragraphs, the most relevant findings of this thesis and the practi-
cal implications are discussed. In addition, suggestions for future research
are provided.

INFANTS WITH RECURRENT OR PERSISTENT DYSPNEA

There is no clear benefit regarding the treatment with betaz-agonists and/or
inhaled steroids in the management of recurrent or persistent dyspnea in the
first two years of life. Although no evidence based arguments exist for these tre-
atment regimes, they are prescribed on a large scale. Further studies are nee-
ded to evaluate these treatment regimes in infancy. Therefore, we aimed to
evaluate the effect of bronchodilators (betaz-agonists) on the lung function in
infants with recurrent wheeze or airway malacia (Chapter 3). We concluded that
mean V'maxgyc is reduced and did not improve after inhalation of ,-agonists
in infants with malacia or wheeze. In infants with wheeze, but not in infants
with malacia, there was a significant reduction in mean V’'maxgp( after inhala-
tion of B,-agonists.

An alternative explanation for our finding that children with malacia were not
more likely to worsen after B,-agonists, could be that in malacia, forced expira-
tion assessed with the RTC-technique is affected by dynamic compression to
such an extent that a further reduction of smooth muscle tone by bronchodila-
tion does not result in further deterioration of airway patency.

The significant reduction in mean V'maxgg in the wheeze group supports the
recent conclusion of a Cochrane-review that there is no clear benefit of ,-ago-
nists in the treatment of wheezy infants during the first 2 years of life, although
there is conflicting evidence (1). Possible explanations for the lack of efficacy of
B,-agonists on lung function and/or clinical parameters in wheezy infants are
discussed below. The discussion is based on Hofhuis and coworkers. 3,-ago-
nists in infants with wheeze, often ineffective. Nederlands Tijdschrift voor
Geneeskunde. 2003 (2).
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EXPLANATIONS FOR LACK OF EFFICACY OF 3,-AGONISTS ON LUNG FUNCTION:

First, measurement of V'maxgyc relies on FRC not changing between forced
expirations. There is abundant evidence that FRC is not stable and shifts with
dynamic events such as changes in airway caliber (3), sleep state or addition of
dead space (4, 5). A lower FRC could have been established after broncho-
dilation and explain a lower flow at this new FRC. However, a lower flow for
this reason could also be clinically important (6). We found a non-significant
change in FRC after bronchodilation, making it unlikely that this is the ex-
planation for the lack of efficacy of B,-agonists on V'maxgpgc (7)-

The lack of efficacy of B,-agonists on lung function in wheezy infants could
also be explained by the fact that symptoms are not based on reversible bron-
choconsiriction. Only in the minority of wheezy children until the age of 4
years, are the symptoms the result of asthma (8). In the majority of infants
(about 60%) with wheezing the symptoms are based on transient conditions
associated with diminished airway patency (8). Most infants who wheeze
during their first year of life have a pre-existent diminished lung function, as
compared with asymptomatic infants (9). It seems plausible that in wheezy
infants who respond to B,-agonists, the dyspnea is the result of reversible bron-
choconstriction. However, there is no evidence that those infants have an incre-
ased risk for asthma later in life. Possibly, a future study could address this
hypothesis by follow-up of infants who wheeze during their first year of life,
and comparing those who responded well to B,-agonists with those who didn’t.

Another explanation could be that reduction of smooth muscle tone by bron-
chodilation could make the airways more compliant, and therefore more col-
lapsible, resulting in increased dynamic compression and reduced forced
expiratory flows. This hypothesis can be explained by the fact that the airways
of infants are more compliant than the airways of older children (ro) since
smaller airways have less cartilage (11). Adult airways with little cartilage are
known to be dependent on smooth muscle tone for their rigidity (12). A reduc-
tion of smooth muscle tone will make these airways more compliant (Figure 1)
and will increase their collapsibility (12). Possibly, this applies also to the air-
ways of young children. During a forced expiration the small airways could col-
lapse partially or even completely, resulting in a decreased forced expiratory
flow (13, 14). This paradoxical response to ,-agonists can be of major clinical
importance as infants with dyspnea use forced expirations during tidal brea-
thing to maintain sufficient oxygenation (14). This hypothesis that smooth
muscle tone is important for maintaining airway patency is supported by the
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fact that airway patency can improve after low concentrations of histamine in
young wheezy children (15). As children grow older their airways will contain
relatively more cartilage which makes the airway less compliant (i.e. stiffer)
(11). As a consequence, the small airways will be less dependent on smooth
muscle tone for their rigidity and a possible negative effect of ,-agonists will
be less evident. This statement is supported by the finding that there was no
positive effect of B,-agonists in infants younger than 18 months, while infants
older than 20 months showed a decrease of airway resistance after §,-agonists
(x6). This age-effect can not be explained by the absence of (active) B,-receptors
in infants, as there is abundant prove that infants have active §,-receptors in
their airways (17-19).
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Figure 1. Pressure-volume diagrams. The left figure shows a normal pressure-volume diagram.The right figure
shows a pressure-volume diagram in case of increased airway resistance. Insp: inspiration. Exp: expiration.
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Another possible explanation could be that, according to guidelines, assessing
V’'maxggc after bronchodilation is done with the same jacket pressure as used
before the administration (20). However, therapeutic interventions are known
to influence airway characteristics (12). Moreover, V'maxgpc is a lung function
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parameter reflecting maximal flow, and not flow at a certain jacket pressure.
Therefore, we believe that one should reassess the lowest pressure at which the
highest flows are obtained, irrespective of the jacket pressure used before the
therapeutic intervention. A future study should address the influence of the
jacket pressure while measuring a bronchodilator response.

EXPLANATIONS FOR LACK OF EFFICACY OF 3,-AGONISTS ON CLINICAL PARAMETERS:
There are several reasons why §,-agonists do not always give an improvement
of clinical parameters, such as a reduction in breathing frequency, diminished
retractions and use of accessory respiratory muscles, in infants and toddlers
with dyspnea. First, B,-agonists increase the metabolic rate (21). In addition,
salbutamol can give a drop of transcutaneously measured oxygen-saturation in
wheezy infants (Sa0,) (22, 23). This is the result of f,-agonists giving pulmo-
nary vasodilatation and an increase in cardiac output. As a consequence, there
is increasing perfusion of poorly ventilated lung units, resulting in a ventila-
tion-perfusion mismatch, and thus giving or worsening hypoxaemia (23). It is
not known in what percentage of infants with dyspnea, treatment with f,-ago-
nists results in hypoxaemia. One study of 11r children with acute severe
asthma showed that 5% of the children became hypoxaemic after nebulised sal-
butamol (24). It can be concluded that there is evidence that some children may
develop hypoxaemia after administration of p,-agonists. Therefore, during a
severe asthma attack, §,-agonists should always be administered with oxygen
(23). Finally, the lack of a positive effect of B,-agonists on clinical parameters
can of course also be the result of incorrect inhalation technique.

In summary, there is no need to exclude B,-agonists as they are effective and
safe in the treatment of reversible bronchoconstriction. However, in wheezy
infants it is difficult to ascertain whether or not increased airway smooth mus-
cle tone is an important contributor to the dyspnea. Therefore, we believe it is
justified to consider a trial of B,-agonists in the treatment of wheezy infants. If
in infants with wheeze a treatment with f§,-agonists has no beneficial effects
there is no further need to continue the treatment (2).

Several studijes evaluated the role of inhaled steroids in the treatment of wheeze
in infancy. However, data from these studies are non-conclusive. Only two studies
evaluated the efficacy of fluticasone propionate (FP) using subjective outcome
measures in young children (25, 26). To our knowledge, no study evaluated the
efficacy of treatment with FP in infants with wheeze using objective parameters,
next to symptom scores. Therefore, we assessed the effect of FP on lung function
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and symptom scores in infants with persistent or recurrent wheeze (AIR-study)
(Chapter 4). The second aim was to evaluate if infants with atopy and/or eczema
respond better to FP treatment as compared with non-atopic infants.

We found that infants with recurrent or chronic wheeze did not show improved
lung function after a 13 weeks treatment with fluticasone propionate 200 mg
daily (FP200), inhaled from the Babyhaler. However, after 6 weeks of treat-
ment, the infants treated with FP200 had a significant increase from baseline
in symptom free days and a significant reduction in mean daily cough score, as
compared with placebo. After 13 weeks of treatment, these findings were not
different between the two groups.

Wildhaber and coworkers compared subjective measures (symptoms scored by
the study physician and the child’s mother) with objective measurements of
V’maxpgc and forced expiratory volumes (FEV,) by means of the raised volume
rapid thoracoabdominal compression (RVRTC) technique (27). Wheezy infants
were studied during an acute exacerbation, and when the infant was asympto-
matic. They found that mean FEVo.5 and FEVo.75, and not V'maxgyc, were sig-
nificantly lower during an acute exacerbation as compared with the
asymptomatic period. Moreover, mean FEVo.5 and FEVo.75, but not mean
V'maxgpgc, correlated with symptoms scored by the study physician. It was con-
cluded that FEV, measurement from the RVRTC technique correlated well with
symptom scores and is therefore a feasible method to monitor obstructive lung
disease (27). Another way to look at these findings is that V'maxgpg did not cor-
relate with symptoms, either scored by physician or parent. Moreover, FEV,
values did not correlate with symptoms scored by the parent. In other words,
these lung function parameters correlate poorly with symptoms scored by
parent(s). Therefore, the discrepancy in our study between effect of ICS treat-
ment on lung function and improved symptom scores can be explained by poor
correlation of lung function measurements and symptoms scored by the parent
in wheezy infants (27).

In addition, FEV, parameters from the RVRTC technique, and not V'maxggc,
could distinguish between a symptomatic and an asymptomatic period.
Therefore, one could conclude that measurements of V’maxgpc in our study
were not sensitive enough to detect an effect, and that FEV, measurement by
RVRTC technique would have been better. However, the RVRTC technique
remains nonstandardised with respect to equipment, methodology, or analysis,
making comparisons of data collected in different centers difficult (28). Further
evidence is required as to whether the more complicated approach of the
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RVRTC technique will prove to be more sensitive than the tidal RTC technique
in detecting changes in airway function or response to therapy in infants (29).
If the RVRTC technique has proven to be beneficial over the tidal RTC techni-
que, a new large randomized controlled trial studying the efficacy of ICS treat-
ment in infants with wheeze should be conducted. This future study should
also address the issue of correlation between lung function and symptom sco-
res, scored by the parent(s).

The second aim of this study was to evaluate if infants with atopy and/or ecze-
ma respond better to fluticasone treatment as compared with non-atopic
infants. However, treatment effect was not significantly modified by the pre-
sence of atopy or eczema. This is in contrast with a study by Chavasse and
coworkers, who showed improvement of clinical symptoms in response to flu-
ticasone in a group of wheezy infants with a history (personal or first degree
relative) of atopy (26). In addition, Roorda and coworkers showed that pre-
school children (aged 12-47 months) with recurrent asthma symptoms showed
the greatest response to FP treatment if they had frequent symptoms, a fami-
ly history of asthma, or both (30). These studies suggest that atopic infants, or
infants with a familial predisposition to atopy, are more likely to respond to ICS
treatment as compared with non-atopic infants. Our study does not confirm
this. An explanation could be that the lack of response of FP200 on lung func-
tion in our study, makes it more difficult to identify a subgroup in which treat-
ment did have an effect on lung function.

INFANTS WITH CHRONIC LUNG DISEASE

In chapter 5 we evaluated lung function during the first year of life in prema-
turely born infants of very low birth weight with chronic lung disease (CLD), in
the era of surfactant therapy and high-frequency oscillation ventilation
(HFOV). We concluded that these very low birth weight infants with CLD have
decreased forced expiratory flows that worsen during the first year of life.
Furthermore, initial treatment with HFOV was associated with a more favora-
ble outcome of forced expiratory flows at 12 months corrected age.

To understand the implication of these findings, some background information
is provided. In this discussion the terms bronchopulmonary dysplasia (BPD)
and chronic lung disease (CLD) will be used interchangeably to refer to preterm
infants with abnormal lung function and abnormal chest films late in their
postnatal course (31).
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The airways are well formed by 20 weeks gestation in the human. The distal
lung parenchyma transitions from the canalicular to the saccular stage of lung
development is at 23 to 24 weeks gestation; the time of earliest extrauterine via-
bility. Alveoli begin to appear after 32 weeks gestation, but the alveolar stage of
lung development in the human is from about 36 weeks gestation to 18 months
postnatally. Approximately 30% of the adult number of alveoli have formed by
term, but the majority of alveolarization occurs within 5 to 6 months of term
birth (32, 33). If an infant is born preterm, lung development must proceed in
the extrauterine environment while providing gas exchange. Northway and co-
workers described bronchopulmonary dysplasia (BPD) in 1967, in a group of
preterm infants, as severe lung injury resulting from mechanical ventilation
and oxygen exposure (34). This ‘old BPD’ is characterized by persistent inflam-
mation, fibrosis, and smooth muscle hypertrophy in the airways (35). With pro-
gress in neonatal care that includes antenal steroids, surfactant treatments and
gentler ventilation strategies, large preterm infants seldom develop this ‘old
BPD’, except for term infants that survive severe meconium aspiration or con-
genital diaphragmatic hernia after prolonged ventilation (31). However, the
overall incidence of BPD has remained high as a result of the increased survi-
val of extremely premature infants, who are most likely to develop BPD (36).
Moreover, BPD is the most common complication of care infants born weighing
less then 1 kg (37). Furthermore, BPD occurs frequently in infants weighing less
then 1 kg who do not have initial lung disease after birth (38). Therefore, the
traditional tandem of oxygen and barotrauma is not the major factor initiating
much of the lung injury in very preterm infants nowadays (39). Hislop and
coworkers concluded that ventilation of low birth weight infants yielded lungs
with fewer alveoli (40). Husain and co-workers observed that infants dying of
BPD in the recent era of surfactant treatment had fewer and larger alveoli with
less striking fibrosis and inflammation that in the past (41). In addition, Jobe
stated that the lungs of infants dying of BPD after several months of ventilation
show minimal inflammation or fibrosis, but the lung seems to have an arrest
in alveolar and vascular development corresponding to the gestation of the
infant at delivery (39). These observations suggest that the major manifestation
of lung injury of BPD in very preterm infants is interference with normal lung
development (39). This interference with normal lung development can be
reproduced in preterm animals. Albertine and coworkers studied surfactant
treated preterm lambs by using routine ventilation strategies and minimal sup-
plemental oxygen. They found a complete arrest of alveolar septation that re-
sulted in fewer and larger alveoli (42). The animal models and clinical studies
show that the ‘new BPD’ is mainly characterized by an arrest of lung develop-
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ment, resulting in simplified lungs with increased alveolar sizes, decreased
alveolar numbers and dysplastic pulmonary vasculature, and that the tradi-
tional indicators of injury are less evident (Table 1) (39, 43).

Old BPD

New BPD

Mainly in infants with:

BPD result of:

Characteristics are:

¢ Birth weight > 1kg
« Birth weight < 1kg

* Baro- and chemotrauma as
result of ventilation and oxygen

e Persistent inflammation, fibrosis,
and smooth muscle hypertrophy
in the airways

* Gestational age > 30 wks
* Gestational age < 30 wks

* Preterm birth with arrest in
fung development.

¢ Baro- and chemotrauma as result
of ventilation and oxygen

* Arrest in lung development with
fewer and larger alveoli
e Less fibrosis and inflammation

Table 1. Differences between old bronchopulmonary dysplasia (BPD) and new BPD.
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The statement that the ‘new BPD’ is mainly characterized by an arrest of lung
development is confirmed by a number of reports demonstrating that preterm
birth per se results in alterations in lung function that are most apparent in the
early years of life and subsequently become less evident as children age (43-45).
Hjalmarson and Sandberg compared lung function of ‘normal’ preterm infants
measured at term with term infants (45). The preterms (mean gestational age
29.5 weeks) had dysfunction of terminal respiratory units and higher elastic
recoil. The results are consistent with altered alveolarization after preterm
birth. Because airway development precedes development of the alveoli and the
pulmonary microvasculature, disturbances of the parenchymal development
might be more severe than airway abnormalities after very preterm birth (43).
Hoo and co-workers (46) showed that airway function may deteriorate during
the first year of life in infants born prematurely in the absence of any neonatal
disease or therapy. Preliminary findings from Hannover (47) reported a similar
decrease in V'maxgge during the first year of life in 24 preterms with BPD.
This provides further evidence regarding the importance of prematurity per se
on subsequent lung growth. Our study showed that ventilated VLBW infants
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who were oxygen dependent at 36 weeks gestation had abnormal forced expi-
ratory flows that deteriorated during the first year of life (48). These results
may represent the additive adverse effects of very preterm birth plus BPD ata
time when the infants are growing rapidly (43). The effect of preterm birth is
an arrest in lung development, where the disturbances of the parenchymal
development might be more severe than airway abnormalities after very pre-
term birth (43). Therefore, the deterioration of forced expiratory flows during
the first year of life in very preterm infants with or without BPD may indicate
that these infants may be ‘functionally growing out of their airways’ (43, 49).
When we reanalyzed our data using the more recent reference equations by
Hoo and coworkers (50), no signficiant decline of function was observed in the
6 months of follow-up while the conclusions based on the data from the
Hannover and London cohorts (46, 47) did not change. Hence, a period of 6
months may be too short to detect a decline when using reference equations
based on length.

It can be concluded that there is growing evidence that reduced lung and air-
way function following preterm delivery may be related to developmental chan-
ges as much as to initial disease severity or to treatment effects. Improved
antenatal care and avoidance of prematurity may be as important for future
lung health as further improvements in neonatal ventilation strategies (43, 49).
Therefore, future studies should concentrate on further follow-up of lung func-
tion from infancy into adulthood in preterm infants with or without BPD, and
the collection of morphologic information about the lung parenchyma and air-
ways of survivors of prematurity and BPD to be able to interpret physiologic
tests of lung function. Tissue could be collected from children who have survi-
ved prematurity and BPD and who occasionally die from nonpulmonary causes

(43)-

In our study, the infants ventilated with high-frequency oscillation ventilation
(HFOV) did not have decreased forced expiratory flows at 12 months of age, in
contrast with conventionally ventilated infants (48). HFOV is thought to mini-
mize airway injury by recruiting lung volume and then maintaining a higher
than normal functional residual capacity and keeping the airways open during
expiration (51). This could explain our finding that HFOV had abnormal but not
deteriorating forced expiratory flows in contrast with conventional mechanical
ventilation (CMV). However, this result is speculative since a limitation of our
study was that ventilation strategy was not randomized. If HFOV is beneficial
over CMV remains controversial, as again illustrated by two recently published
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large trials, one showing modest benefit (52) and the other showing no benefit
of HFOV over CMV (53). Differences in outcomes between HFOV and CMV
may relate more to the way they are used and patient selection, than to the
intrinsic characteristics of the devices (43).

INFANTS WITH A LARGE AIRWAY ABNORMALITY

In chapter 6 we studied the diagnostic value of Infant Lung Function Testing
(ILFT) in ruling out airway abnormalities in wheezy infants. We concluded that
lung function testing in infants could not predict airway abnormalities in
infants with airway obstruction, and can therefore not be used to select infants
who should undergo bronchoscopy. However, flow limitation during tidal brea-
thing was highly predictive of a large airway abnormality, but only half of the
infants with large airway abnormalities had tidal flow limitation.

To our knowledge, this is the first study which addresses the added clinical
value of lung function testing in the diagnosis of the infant with a respiratory
problem (54). In our study, flow limitation during tidal breathing was highly
predictive of a large airway abnormality. From a healthy symptom-free term
cohort, we know that approximately 10% of the infants have flow limitation
during tidal breathing at one month of age (55, 56). These tidal flow limited
infants have a 7-fold increased risk for physician-diagnosed asthma at the age
of 2 years (55). However, at 6 and 11 years these infants had increased airway
responsiveness and reduced lung function, different from asthma, as compa-
red with other cohort members (56). Whether these respiratory illnesses are
based on central airway abnormalities remains to be elucidated, as broncho-
scopic investigations were not carried out in these patients. However, our study
in a selected group of infants suggests that tidal flow limitation in infancy is
likely associated with a large airway abnormality.

It is known that the majority of infants with wheezing have transient condi-
tions associated with diminished airway function at birth and do not have
increased risks of asthma or allergies later in life (8). Therefore, one could spe-
culate that physician-diagnosed asthma at the age of 2 years is in fact persistent
or recurrent wheeze due to a large airway abnormality. This hypothesis is sup-
ported by the finding from the same cohort that ‘tidal flow limitation during
infancy is associated with an increased risk for respiratory illnesses, possibly
different from asthma, later in life’ (56). Together with the conclusion from our
study that tidal flow limitation in infancy is associated with a large airway
abnormality, we state the hypothesis that flow limitation in healthy term symp-
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tom-free infants is associated with central airway abnormalities, and not with
asthma. If this hypothesis has proven to be correct, lung function testing could
help to avoid long-term anti-asthma treatment in infants with a large airway
abnormality (7). A future cohort study in healthy term symptom-free infants
should ideally consider bronchoscopies in all infants. However, due to medical
ethical reasons a bronchoscopy in healthy controls is not allowed.

In the introduction it is stated that V'maxgyc is thought primarily to reflect air-
way mechanics upstream to the airway segment causing flow limitation, and
therefore is a measure of peripheral airway function that is relatively indepen-
dent of upper airway resistance (29, 54, 57). Our study showed that V'maxggc
may also reflect central airflow limitation in infants with central airway abnor-
malities, leading to tidal flow limitation. This suggests that the flow-limiting
segment in malacia or stenosis remains in the central airways throughout expi-
ration, and not in the peripheral airways. The same phenomenon was seen by
Tepper and coworkers (58). They studied three infants with three different
lesions of the central airways (vascular ring, congenital tracheal stenosis, sub-
glottic polyp). Preoperatively, all three demonstrated severe flow limitation with
a relatively constant forced expiratory flow over the tidal volume range.
Postoperatively the expiratory flow-volume curves changed to a normal convex
shape and V’'maxgpc returned to normal (58). This could mean that V'maxggc
is not independent of the upper airway resistance. Possibly, V'maxgp reflects
peripheral airway function only in the absence of a large airway resistance in
the upper airways as tidal flow limitation can also be the result of severe peri-
pheral airway obstruction. Nonetheless, we believe that in the presence of a
large airway abnormality, such as a vascular ring, airway malacia or tracheal ste-
nosis, V'maxpgc reflects central airflow limitation. This means that especially
in the case of tidal flow limitation, one should be cautious interpreting
V'maxggc.

Future research, as proposed in the previous paragraph, should concentrate on
determining the association between tidal flow limitation and large airway
abnormalities as diagnosed by bronchoscopy. In addition, larger studies are
needed to study the effect of operative corrections of large airway abnormalities
on lung function, and especially on the presence of tidal flow limitation.

INFANTS WITH RESPIRATORY FAILURE TREATED WITH ECMO

In chapter 7 we evaluated lung function during the first year of life in infants
following ECMO support. Investigation of lung function of survivors of extra-
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corporeal membrane oxygenation (ECMO) is essential to evaluate whether or
not ECMO gives a survival advantage. To our knowledge, no study evaluated
lung function longitudinally during the first year of life in ECMO survivors.
Therefore, we aimed to evaluate lung function during the first year of life in
infants following ECMO support. We found that during the first year of life,
these infants who received ECMO support have normal lung volumes and nor-
mal expiratory flow that did not worsen upon follow-up. These data suggest
limited effects of ECMO on lung function development.

Fifty-five percent of the infants studied received ECMO for meconium aspira-
tion syndrome (MAS). This large incidence of MAS in our study is in contrast
with a lower incidence of infants with MAS requiring ECMO in the United
States. This is explained by the finding that in the USA, MAS decreased nearly
four-fold between 1990 and 1998 (59). Next to an increased cesarean delivery
rate, the most important factor in reducing the incidence of MAS was a 33%
decrease in births after more than 41 weeks gestational age (GA) with a reci-
procal 33% increase in births 38-39 weeks GA (59). Therefore, follow-up of a
large group of infants who received ECMO for MAS will be more difficult to
conduct in the United States.

We found higher long volumes at 6 and 12 months in the infants who received
ECMO for congenital diaphragmatic hernia (CDH), as compared with normal
values or with the infants who received ECMO for meconium aspiration syn-
drome (MAS). However, these differences were not statistically significant,
probably due to lack of power. Other studies have found low or normal lung
volumes in infants following ECMO for CDH (6o, 61). The achievement of a
normal lung volume later in infancy (62) may be masking alveolar distension
and destructive emphysema (63, 64). Nagaya and co-workers studied lung volu-
me and pulmonary perfusion in infants following surgical repair of CDH and
ECMO treatment (61). They found that these infants had low lung volumes
(61% of contra-lateral lung volume), which increased during follow-up (88% of
contra-lateral lung volume). In contrast, the lung perfusion of the affected side
had not increased in most cases or decreased to below the initial value. It was
concluded that the lung of the affected side has little ability to develop arterial
branches and that enlargement of lung volume may depend on overexpansion
or emphysematous change, rather than cellular growth (61). These findings are
supported by Muratore and colleagues, who systematically performed ventila-
tion-perfusion scans in a structured follow-up of CDH infants after ECMO sup-
port (65). They showed the presence of a ventilation-perfusion mismatch on
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subsequent pulmonary ventilation-perfusion examinations. These data suggest
that the affected lung has little ability to develop arterjal branches or capillaries.
Since capillary and alveolar proliferation are linked (66), alveolar development
might be impaired in the affected lung of infants with CDH. In contrast, a mor-
phological study of the lungs of 21 infants with CDH who died, showed that
lung growth does occur postnatally at the alveolar level after CDH repair. In
addition, postnatal vascular remodeling results in larger and less muscular
arteries (67). Possibly, with the introduction of ECMO more severe cases of
CDH have survived, with consequently diminished hypoplastic lungs. We belie-
ve that the increase in lung volume is most likely the result of hyperinflation of
existing alveoli resulting in a emphysematous lung. Moreover, we speculate
that there is absence of alveolar catch-up growth of the hypoplastic lung resul-
ting in more severe alveolar distension and destructive emphysema. Further
follow-up of lung function in infants after CDH repair must be performed to
clarify the presence and the role of increased lung volume.

Conclusion

The primary objectives of the studies in this thesis were to evaluate lung func-
tion in infants with several respiratory disorders and to study the effect of tre-
atment with inhaled steroids in infants with recurrent wheeze. Secondary
objectives were to study the clinical value of lung function testing in the mana-
gement of the infant with a respiratory problem, and to study the relationship
between lung function and patient characteristics.

With chapter 3 (B, -agonists infants with wheeze and airway malacia), chapter
4 (efficacy of inhaled steroids in wheezy infants), chapter 5 (lung function in
infants with chronic lung disease of prematurity) and chapter 7 (lung function
in infants after ECMO support) we achieved the primary goal of the thesis.
With chapter 6 (ILFT for ruling out airway malacia) we achieved the second
aim of studying the clinical value of lung function testing in the management
of the infant with a respiratory problem. The correlation of patient characte-
ristics and lung function has been studied in chapter 4, 5 and 7.

We believe that the studies of infant lung function measurements presented in
this thesis have provided more insight in the pathophysiology of several respi-
ratory disorders in infancy and have contributed to the clinical management of
infants with a respiratory problem.
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Directions for future research

Many chronic respiratory disorders that originate in infancy have not been stu-
died in great extend. Infant lung function studies may provide early insight in
the extent of the functional limiations that are associated with those disorders,
and may serve as an aid in modifying or initiating treatment of these infants.
Two examples of categories of patients who deserve a structured follow-up
are provided.

INFANTS WiTH CYsTIC FIBROSIS

In infants with cystic fibrosis (CF), measurement of lung function may be even
more relevant than measurements in adulthood, as inflammation and infecti-
on may develop early in life and may be present without clinical signs (29, 68).
Moreover, any damage sustained during these periods of rapid lung growth and
development is more likely to have long-term adverse effects (29). Nonetheless,
the natural course of pulmonary involvement in infants with CF before infecti-
on occurs and disease becomes clinically evident, remains poorly understood
(29). Although serial measurements of lung function are well known to be far
more valuable than a single assessment(69), very little longitudinal data are
available for infants due to difficulties in performing measurements frequent-
ly (70, 71). Therefore we started a structured follow-up of lung function in
infants with CF on October 1st 2003. Lung function will be related to patient
characteristics, such as mode of presentation, CF-genotype, number of hospi-
talizations for respiratory causes, use of antibiotics, bacterial cultures, prenatal
and postnatal tobacco smoke exposure.

[NFANTS FOLLOWING REPAIR OF ESOPHAGEAL ATRESIA AND TRACHEOEOSOPHAGAL

FISTULA

In the introduction we state that children following repair of esophageal atresia
and tracheoesophageal fistula (OA-TOF) often have variable respiratory and
gastro-intestinal symptoms, mainly during the first 3 years of life(yz2, 73), and
are known to have lung function abnormalities (73-75). It is not clear whether
respiratory symptoms and abnormal lung function is in related with gastro-eso-
phageal complications (74-76). Possibly, lung function measurements during
infancy can elucidate this question as symptoms are predominantly present
during the first 3 years of life. Unfortunately, there are no structured follow-up
studies of lung function in infancy after repair of OA-TOF. Abnormal pulmo-
nary function tests may result from reduced lung growth after surgery (73)
and/or may reflect variable respiratory and/or gastro-intestinal symptoms.

chapter 9



Moreover, the effect of interventions can be studied more thoroughly using fol-
low-up studies. In addition, tracheomalacia is associated with OA-TOF repair
(77). Tt is not clear to what extent the flow-limiting segment of the tracheoma-
lacia influences lung function. A structured follow-up of lung function in
infants following OA-TOF repair, which accounts for symptoms, interventions
and possibly bronchoscopic evaluation of tracheomalacia, could provide more
insight in the pathophysiology following OA-TOF repair.

References

I. Chavasse, R., P. Seddon, A. Bara, and M. McKean. 2002. Short acting beta agonists for recurrent
wheeze in children under 2 years of age. Cochrane Database Syst Rev 3.

2. Hothuis, W., J. C. de Jongste, and P. J. Merkus. 2003. Beta2-agonists in infants and young children
with a wheeze: often ineffective. Ned Tijdschr Geneeskd 147(45):2212-5.

3. Maxwell, D. L., A. Prendiville, A. Rose, and M. Silverman. 1988. Lung volume changes during hista-
mine-induced bronchoconstriction in recurrently wheezy infants. Pediatr Pulmonol 5(3):145-51.

4. Stick, S. M., ]. Arnott, D. J. Turner, S. Young, L. I. Landau, and P. N. Lesouef. 1991. Bronchial
responsiveness and lung function in recurrently wheezy infants. Am Rev Respir Dis 144(5):1012-5.

5. Le Souef, P. N, R. G. Castile, D. J. Turner, E. K. Motoyama, and W. ]. Morgan. 1996. Forced expira-
tory maneuvers. In J. Stocks, P. D. Sly, R. S. Tepper and W. J. Morgan, editors. Infant Respiratory Function
Testing. John Wiley & Somns, Inc., New York. 379-409.

6. Lagerstrand, L., M. Ingemansson, S. E. Bergstrom, K. Lidberg, and G. Hedlin. 2002. Tidal volume
forced expiration in asthmatic infants: reproducibility and reversibility tests. Respiration 69(5):389-96.

7. Hofhuis, W., E. C. van der Wiel, H. A. Tiddens, G. Brinkhorst, W. P. Holland, J. C. de Jongste, and

P. J. Merkus. 2003. Bronchodilation in infants with malacia or recurrent wheeze. Arch Dis Child 88(3):246-9.
8. Martinez, F. D., A. L. Wright, L. M. Taussig, C. J. Holberg, M. Halonen, and W. J. Morgan. 1995.
Asthma and wheezing in the first six years of life. The Group Health Medical Associates. N Engl ] Med
332(3):133-8.

9. Martinez, F. D., W. J. Morgan, A. L. Wright, C. J. Holberg, and L. M. Taussig. 1988. Diminished lung
function as a predisposing factor for wheezing respiratory illness in infants. N Engl ] Med 319(17):1112-7.
1o.  Croteau, J. R., and C. D. Cook. 1961. Volume-pressure and length-tension measurements in human
tracheal and bronchial segments. ] Appl Physiol 16(1):170-172.

1. Hislop, A. A, and S. G. Haworth. 1989. Airway size and structure in the normal fetal and infant
lung and the effect of premature delivery and artificial ventilation. Am Rev Respir Dis 140(6):1717-26.

12.  Tiddens, H. A., W. Hofhuis, J. M. Bogaard, W. C. Hop, H. de Bruin, L. N. Willems, and J. C. de
Jongste. 1999. Compliance, hysteresis, and collapsibility of human small airways. Am ] Respir Crit Care
Med 160(4):1110-8.

13.  Bouhuys, A., and K. P. Van de Woestijne. 1971. Mechanical consequences of airway smooth muscle
relaxation. | Appl Physiol 30(5):670-6.

57



14. Prendiville, A., S. Green, and M. Silverman. 198y7. Paradoxical response to nebulised salbutamol in
wheezy infants, assessed by partial expiratory flow-volume curves. Thorax 42(2):86-91.

15.  Prendiville, A., S. Green, and M. Silverman. 1987. Bronchial responsiveness to histamine in wheezy
infants. Thorax 42(2):92-9.

16. Lenney, W, and A. D. Milner. 1978. At what age do bronchodilator drugs work? Arch Dis Child
53(7):532-5-

r7.  Prendiville, A, S. Green, and M. Silverman. 1987. Airway responsiveness in wheezy infants: evidence
for functional beta adrenergic receptors. Thorax 42(2):100-4.

18.  O'Callaghan, C., A. D. Milner, and A. Swarbrick. 1988. Nebulised salbutamol does have a protective
effect on airways in children under 1 year old. Arch Dis Child 63(5):479-83.

19. Henderson, A. J., S. Young, S. M. Stick, L. I. Landau, and P. N. LeSouef. 1993. Effect of salbutamol
on histamine induced bronchoconstriction in healthy infants. Thorax 48(4):317-23.

20. Sly, P. D, R. Tepper, M. Henschen, M. Gappa, and J. Stocks. 2000. Tidal forced expirations. Eur
Respir | 16:741-748.

21.  Bremner, P., K. Woodman, C. Burgess, J. Crane, G. Purdie, N. Pearce, and R. Beasley. 1993.

A comparison of the cardiovascular and metabolic effects of formoterol, salbutamol and fenoterol.

Eur Respir ] 6(2):204-10.

22. Prendiville, A, A. Rose, D. L. Maxwell, and M. Silverman. 1987. Hypoxaemia in wheezy infants after
bronchodilator treatment. Arch Dis Child 62(10):997-1000.

23. Inwald, D., M. Roland, L. Kuitert, S. A. McKenzie, and A. Petros. 2001. Oxygen treatment for acute
severe asthma. BM] 323(7304):98-100.

24. Connett, G., and W. Lenney. 1993. Prolonged hypoxaemia after nebulised salbutamol. Thorax
48(5):574-5.

25.  Bisgaard, H., J. Gillies, M. Groenewald, and C. Maden. 1999. The effect of inhaled fluticasone
propionate in the treatment of young asthmatic children: a dose comparison study. Am J Respir Crit Care
Med 160(1):126-31.

26.  Chavasse, R. J., Y. Bastian-Lee, H. Richter, T. Hilliard, and P. Seddon. 2001. Persistent wheezing in
infants with an atopic tendency responds to inhaled fluticasone. Arch Dis Child 85(2):143-8.

27.  Wildhaber, J. H., N. D. Dore, S. G. Devadason, G. L. Hall, . Hamacher, L. Arheden, and

P. N. LeSouef. 2002. Comparison of subjective and objective measures in recurrently wheezy infants.
Respiration 69(5):397-403.

28.  2000. The raised volume rapid thoracoabdominal compression technique. The Joint American
Thoracic Society/European Respiratory Society Working Group on Infant Lung Function. Am J Respir Crit
Care Med 161(5):1760-2.

29. Gappa, M., S. C. Ranganathan, and J. Stocks. 2001. Lung function testing in infants with cystic fibro-
sis: lessons from the past and future directions. Pediatr Pulmonol 32(3):228-45.

30. Roorda, R.J., G. Mezei, H. Bisgaard, and C. Maden. 2001. Response of preschool children with
asthma symptoms to fluticasone propionate. ] Allergy Clin Immunol 108(4):540-6.

31.  Jobe, A. H., and M. Ikegami. 1998. Mechanisms initiating lung injury in the preterm. Early Hum

158



Dev 53(1):81-94.

32.  Burri, P. H. 1997. Structural aspects of prenatal and postnatal development and growth of the lung.
In J. A. McDonald, editor. Structural aspects of prenatal and postnatal development and growth of the lung.
Marcel Dekker, Inc, New York. 1-35.

33.  Jobe, A. H., and E. Bancalari. 2001. Bronchopulmonary dysplasia. Am ] Respir Crit Care Med
163(7):1723-9-

34. Northway, W. H., Jr.,, R. C. Rosan, and D. Y. Porter. 1967. Pulmonary disease following respirator
therapy of hyaline-membrane disease. Bronchopulmonary dysplasia. N Engl | Med 276(7):357-68.

35.  O'Brodovich, H. M., and R. B. Mellins. 1985. Bronchopulmonary dysplasia. Unresolved neonatal
acute lung injury. Am Rev Respir Dis 132(3):694-709.

36.  Eber, E., and M. S. Zach. 2001. Long term sequelae of bronchopulmonary dysplasia (chronic lung
disease of infancy). Thorax 56(4):317-23.

37.  Stevenson, D. K, L. L. Wright, ]. A. Lemons, W. Oh, S. B. Korones, L. A. Papile, C. R. Bauer,

B. J. Stoll, J. E. Tyson, S. Shankaran, A. A. Fanaroff, E. F. Donovan, R. A. Ehrenkranz, and J. Verter. 1998.
Very low birth weight outcomes of the National Institute of Child Health and Human Development Neonatal
Research Network, January 1993 through December 1994. Am ] Obstet Gynecol 179(6 Pt 1):1632-9.

38.  Charafeddine, L., C. T. D'Angio, and D. L. Phelps. 1999. Atypical chronic lung disease patterns in
neonates. Pediatrics 103(4 Pt 1):759-65.

39. Jobe, A.]. 1999. The new BPD: an arrest of lung development. Pediatr Res 46(6):641-3.

40. Hislop, A. A., ]. S. Wigglesworth, and R. Desai. 1986. Alveolar development in the human fetus and
infant. Early Hum Dev 13(1):1-11.

41.  Husain, A. N., N. H. Siddiqui, and J. T. Stocker. 1998. Pathology of arrested acinar development in
postsurfactant bronchopulmonary dysplasia. Hum Pathol 29(7):710-7.

42.  Albertine, K. H., G. P. Jones, B. C. Starcher, J. F. Bohnsack, P. L. Davis, S. C. Cho, D. P. Carlton, and
R. D. Bland. 1999. Chronic lung injury in preterm lambs. Disordered respiratory tract development. Am |
Respir Crit Care Med 159(3):945-58.

43. Jobe, A. H. 2002. An unknown: lung growth and development after very preterm birth. Am J Respir
Crit Care Med 166(12 Pt 1):1529-30.

44. Gross, S.J., D. M. lannuzzi, D. A. Kveselis, and R. D. Anbar. 1998. Effect of preterm birth on pul-
monary function at school age: a prospective controlled study. ] Pediatr 133(2):188-92.

45.  Hjalmarson, O., and K. Sandberg. 2002. Abnormal lung function in healthy preterm infants. Am |
Respir Crit Care Med 165(1):83-7.

46.  Hoo, A. F., C. Dezateux, M. Henschen, K. Costeloe, and ]. Stocks. 2002. Development of airway
function in infancy after preterm delivery. | Pediatr 141(5):652-8.

47. Sussmuth, S., A. Bahr, A. F. Hoo, C. Poets, and M. Gappa. 2001. Longitudinal assessment of lung
function in sick preterm infants with and without chronic lung disease (CLD). Eur Resp J 18:359s.

48.  Hofhuis, W., M. W. Huysman, E. C. Van Der Wiel, W. P. Holland, W. C. Hop, G. Brinkhorst, J. C. De
Jongste, and P. J. Merkus. 2002. Worsening of V'maxggc in Infants with Chronic Lung Disease in the First
Year of Life: A More Favorable Outcome after High-Frequency Oscillation Ventilation. Am ] Respir Crit Care

159



Med 166(12):1539-1543.

49. Gappa, M., J. Stocks, P. Merkus, and A. H. Jobe. 2003. Lung growth and development after preterm
birth: further evidence. Am J Respir Crit Care Med 168(3):399-400.

s5o. Hoo, A. F., C. Dezateux, J. P. Hanrahan, T. J. Cole, R. S. Tepper, and J. Stocks. 2002. Sex-specific
prediction equations for Vmax(FRC) in infancy: a multicenter collaborative study. Am ] Respir Crit Care
Med 165(8):1084-92.

51.  McCulloch, P. R,, P. G. Forkert, and A. B. Froese. 1988. Lung volume maintenance prevents lung
injury during high frequency oscillatory ventilation in surfactant-deficient rabbits. Am Rev Respir Dis
137(5):1185-92.

52.  Courtney, S. E., D. J. Durand, J. M. Asselin, M. L. Hudak, J. L. Aschner, and C. T. Shoemaker. 2002.
High-frequency oscillatory ventilation versus conventional mechanical ventilation for very-low-birth-weight
infants. N Engl ] Med 347(9):643-52.

53. Johnson, A. H., J. L. Peacock, A. Greenough, N. Marlow, E. S. Limb, L. Marston, and S. A. Calvert.
2002. High-frequency oscillatory ventilation for the prevention of chronic lung disease of prematurity. N
Engl ] Med 347(9):633-42.

54. Godfrey, S., E. Bar-Yishay, A. Avital, and C. Springer. 2003. What is the role of tests of lung function
in the management of infants with lung disease? Pediatr Pulmonol 36(1):1-9.

55.  Young, S., ]. Arnott, P. N. Le Souef, and L. I. Landau. 1994. Flow limitation during tidal expiration in
symptom-free infants and the subsequent development of asthma. ] Pediatr 124(5 Pt 1):681-8.

56. Turner, S. W, L. J. Palmer, P. J. Rye, N. A. Gibson, P. K. Judge, S. Young, L. I. Landau, and P. N. Le
Souef. 2002. Infants with flow limitation at 4 weeks: outcome at 6 and 11 years. Am | Respir Crit Care Med
165(9):1294-8.

57.  Taussig, L. M., L. . Landau, S. Godfrey, and I. Arad. 1982. Determinants of forced expiratory flows in
newborn infants. | Appl Physiol 53(5):1220-7.

58.  Tepper, R. S., H. Eigen, J. Brown, and R. Hurwitz. 1989. Use of maximal expiratory flows to evaluate
central airways obstruction in infants. Pediatr Pulmonol 6(4):272-4.

59. Yoder, B. A, E. A. Kirsch, W. H. Barth, and M. C. Gordon. 2002. Changing obstetric practices associ-
ated with decreasing incidence of meconium aspiration syndrome. Obstet Gynecol g9(5 Pt 1):731-9.

6o. Helms, P, and J. Stocks. 1982. Lung function in infants with congenital pulmonary hypoplasia.

] Pediatr 101(6):918-22.

61.  Nagaya, M., H. Akatsuka, J. Kato, N. Niimi, and Y. Ishiguro. 1996. Development in lung function of
the affected side after repair of congenital diaphragmatic hernia. J Pediatr Surg 31(3):349-56.

62. Llandau, L. L, P. D. Phelan, G. L. Gillam, E. Coombs, and H. R. Noblett. 1977. Respiratory function
after repair of congenital diaphragmatic hernia. Arch Dis Child 52(4):282-6.

63. Hislop, A., and L. Reid. 1976. Persistent hypoplasia of the lung after repair of congenital diaphrag-
matic hernia. Thorax 31(4):450-5.

64. Thurlbeck, W. M., K. Kida, C. Langston, M. J. Cowan, J. A. Kitterman, W. Tooley, and H. Bryan. 1979.
Postnatal lung growth after repair of diaphragmatic hernia. Thorax 34(3):338-43.

65.  Muratore, C. S., V. Kharagch, D. P. Lund, C. Sheils, S. Friedman, C. Brown, S. Utter, T. Jaksic, and

160



J. M. Wilson. 2001. Pulmonary morbidity in 100 survivors of congenital diaphragmatic hernia monitored in
a multidisciplinary clinic. ] Pediatr Surg 36(x):133-40.

66. Reid, L. 1967. The embryology of the lung. Churchill Livingstone, London.

67. Beals, D. A, B. L. Schloo, J. P. Vacanti, L. M. Reid, and J. M. Wilson. 1992. Pulmonary growth and
remodeling in infants with high-risk congenital diaphragmatic hernia. J Pediatr Surg 27(8):997-1001;
discussion 1001-2.

68. Konstan, M. W., and M. Berger. 1997. Current understanding of the inflammatory process in cystic
fibrosis: onset and etiology. Pediatr Pulmonol 24(2):137-42; discussion 159-61.

69. Edwards, L. J. 2000. Modern statistical techniques for the analysis of longitudinal data in biomedical
research. Pediatr Pulmonol 30(4):330-44.

70. Beardsmore, C. S., E. Bar-Yishay, C. Maayan, Y. Yahav, D. Katznelson, and S. Godfrey. 1988. Lung
function in infants with cystic fibrosis. Thorax 43(7):545-51.

71.  Tepper, R. S., G. L. Montgomery, V. Ackerman, and H. Eigen. 1993. Longitudinal evaluation of pul-
monary function in infants and very young children with cystic fibrosis. Pediatr Pulmonol 16(2):96-100.
72.  Dudley, N. E., and P. D. Phelan. 1976. Respiratory complications in long-term survivors of oesopha-
geal atresia. Arch Dis Child 51(4):279-82.

73.  Agrawal, L., C. S. Beardsmore, and U. M. MacFadyen. 1999. Respiratory function in childhood
following repair of oesophageal atresia and tracheoesophageal fistula. Arch Dis Child 81(5):404-8.

74.  Chetcuti, P, P. D. Phelan, and R. Greenwood. 1992. Lung function abnormalities in repaired oesop-
hageal atresia and tracheo-oesophageal fistula. Thorax 47(12):1030-4.

75.  Robertson, D. F., K. Mobaireek, G. M. Davis, and A. L. Coates. 1995. Late pulmonary function £
ollowing repair of tracheoesophageal fistula or esophageal atresia. Pediatr Pulmonol 20(1):21-6.

76.  Beardsmore, C. S., U. M. MacFadyen, M. S. Johnstone, A. Williams, and H. Simpson. 1994. Clinical
findings and respiratory function in infants following repair of oesophageal atresia and tracheo-oesophageal
fistula. Eur Respir ] 7(6):1039-47.

77.  Blair, G. K., R. Cohen, and R. M. Filler. 1986. Treatment of tracheomalacia: eight years' experience.

] Pediatr Surg 21(9):781-5.

161






NEDERLANDSE SAMENVATTING

Longfunctieonderzoek bij zuigelingen en peuters wordt sinds ruim 50 jaar uit-
gevoerd. Het is echter niet duidelijk wat longfunctie onderzoek gedurende de
eerste 2 levensjaren kan bijdragen aan het klinisch handelen (1). De meeste
artikelen over longfunctieonderzoek op deze leeftijd zijn uitgevoerd in het
kader van wetenschappelijke vraagstellingen, met name methodologie van
longfunctie en fysiologisch en pathologisch onderzoek. Er is maar een klein
aantal studies dat longfunctieonderzoek bij zuigelingen en peuters heeft ver-
richt voor klinische toepassingen, zoals het vervolgen van bepaalde respiratoire
ziektebeelden of behandeleffecten (1). Er zijn geen studies gepubliceerd die de
Klinische toegevoegde waarde van het longfunctieonderzoek hebben onder-
zocht bij de behandeling van een jong kind met een respiratoir probleem ().
De primaire doelstellingen van het onderzoek dat beschreven wordt in dit
proefschrift waren om met behulp van longfunctiemetingen: A) het beloop van
de longfunctie van zuigelingen met verschillende ernstige respiratoire aandoe-
ningen te vervolgen, en B) de effectiviteit van de behandeling met inhalatieste-
roiden bij zuigelingen en peuters met piepende adembhaling te evalueren.
Secundaire doelstelling was het onderzoeken van de relatie tussen longfunctie
en patiéntkarakteristieken.

Hoofdstuk 1 geeft een samenvatting van de literatuur met betrekking tot de
methodologie van het longfunctieonderzoek bij jonge kinderen, alsmede een
samenvatting van klinische studies van longfunctieonderzoek bij zuigelingen
en peuters.

Hoofdstuk 2 bevat een algemene inleiding en de doelstellingen van het
proefschrift.

In hoofdstuk 3 is het effect van bronchusverwijders (B,-agonisten) op de long-
functie (luchtwegdoorgankelijkheid) onderzocht bij jonge kinderen met pie-
pende adembhaling of een aangeboren afwijking van de luchtpijp (malacie).
Tevens is onderzocht of het effect van de ,-agonist op de luchtwegdoorganke-
lijkheid anders was in de groep met malacie, in vergelijking met de groep met
piepende ademhaling. Wij vonden dat binnen de groep met piepende adem-
haling, er een significante afname was van de luchtwegdoorgankelijkheid na
behandeling met [3,-agonisten. Een mogelijke verklaring voor deze bevinding is
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dat de luchtwegdoorgankelijkheid van kinderen met malacie voorafgaand aan
bronchusverwijding al significant lager was.

In hoofdstuk 4 onderzochten we het effect van inhalatiesteroiden op de long-
functie bij jonge kinderen (tot 2 jaar) met terugkerende of chronische sympto-
men van piepende ademhaling middels een dubbelblinde gerandomiseerde
placebo gecontroleerde studie (AIR-studie). De hypothese was dat een 3 maan-
den durende behandeling met fluticason propionaat 200 mg per dag (FP200)
een verbetering laat zien van luchtwegdoorgankelijkheid met een afname van
respiratoire symptomen, ten opzichte van placebo. Een tweede doelstelling was
om te evalueren of piepende kinderen die bovendien atopie en/of eczeem heb-
ben, en daardoor een grotere kans hebben op astma, beter reageren op behan-
deling met FP200 dan kinderen zonder atopie en/of eczeem. Wij vonden geen
verbetering van de longfunctie na 3 maanden behandeling met FP200 bij kin-
deren met terugkerende of chronische symptomen van piepende ademhaling.
Echter, na 6 weken behandeling hadden de kinderen in de FP200 groep signi-
ficant meer symptoomvrije dagen en een significante afname van hoestklach-
ten, in vergelijking met de placebogroep. Na 3 maanden behandeling waren
deze verschillen tussen de beide groepen verdwenen. Kinderen met atopie
en/of eczeem reageerden niet beter op de behandeling dan kinderen zonder
atopie. Een verklaring voor de afwezigheid van een duidelijk effect van FP2oo
op de longfunctie kan zijn dat er bij het grootste gedeelte van de jonge kinde-
ren met piepende ademhaling geen sprake is van astma, maar van een tijdelijk
verminderde luchtwegdoorgankelijkheid ten gevolge van aangeboren nauwe
luchtwegen (2). Onze studie bevestigt wel bevindingen van andere studies (3, 4)
dat behandeling met FP200 een afname geeft van de respiratoire symptomen
bij jonge kinderen met piepende ademhaling.

In hoofdstuk 5 evalueerden wij de longfunctie van prematuur geboren zuige-
lingen met een zeer laag geboortegewicht die als gevolg van de behandeling
longschade hebben opgelopen (bronchopulmonale dysplasie, BPD). Wij von-
den dat deze zuigelingen met BPD een verminderde luchtwegdoorgankelijk-
heid hebben, welke verslechterde gedurende het eerste levensjaar. Tevens
vonden wij dat initi€le beademing met high-frequency oscillation (HFOV) was
geassocieerd met betere luchtwegdoorgankelijkheid op de leeftijd van 12 maan-
den, ten opzichte van de kinderen behandeld met conventionele beademing.
Wij veronderstellen dat de afname van luchtwegdoorgankelijkheid het gevolg is
van een abnormale functionele en/of anatomische ontwikkeling van de lucht-
wegen. Of dit het gevolg is van de preterme geboorte, de mechanische



beademing, of van beide, blijft onduidelijk.

In het addendum bij hoofdstuk 5 hebben we de gegevens van hoofdstuk s
opnieuw geanalyseerd met recente geslachtsspecifieke referentiewaarden. Bij
de nieuwe analyse blijkt dat de luchtwegdoorgankelijkheid niet veranderd tus-
sen de gecorrigeerde leeftijd van 6 en 12 maanden bij zuigelingen met BPD.
Tevens laten de zuigelingen die initieel met HFOV zijn beademd een signifi-
cante toename zien van de luchtwegdoorgankelijkheid gedurende het eerste
levensjaar. Uit deze gegevens kan geconcludeerd worden dat de keuze van refe-
rentiewaarden het resultaat significant kan beinvloeden en dat het effect van
het type initi€le beademing mogelijk nog meer uitgesproken is.

In hoofdstuk 6 bestudeerden wij de diagnostische waarde van longfunctie-
onderzoek bij jonge kinderen met luchtwegmalacie. Wij vonden dat longfunc-
tiemetingen een lage negatief voorspellende waarde en een lage sensitiviteit
hadden voor de diagnose malacie. Luchtstroombelemmering tijdens rustadem-
haling was 100% voorspellend voor de aanwezigheid van een malacie, maar
werd bij slechts de helft van de kinderen met een malacie gevonden. Wij con-
cludeerden dat longfunctieonderzoek bij jonge kinderen niet geschikt was om
een luchtwegmalacie uit te sluiten en niet kan worden gebruikt om te bepalen
of een kind een bronchoscopie moet ondergaan.

In hoofdstuk 7 hebben wij de longfunctie geévalueerd van zuigelingen na
behandeling met extracorporele membraan oxygenatie (ECMO). Onze gege-
vens lieten zien dat deze zuigelingen gedurende het eerste levensjaar een nor-
maal longvolume en een normale luchtwegdoorgankelijkheid hebben, welke
niet verslechtert. Deze gegevens suggereren een beperkte invloed van ECMO
op de longontwikkeling. De subgroep van zuigelingen die ECMO hebben
ondergaan als gevolg van een aangeboren afwijking van het middenrif (conge-
nitale hernia diafragmatica) liet een trend zien van een verhoogd longvolume
ten opzichte van de normaal waarden.

De studies in dit proefschrift laten zien dat het onderzoek naar de longfunctie
bij jonge kinderen zich, na een fase van vooral methodologische vraagstellin-
gen, inmiddels bezighoudt met klinische vraagstellingen. Deze verschuiving is
voornamelijk het gevolg van publicaties van richtlijnen voor longfunctieonder-
zoek bij jonge kinderen en standaardisatie van apparatuur door de European
Respiratory Society en de American Thoracic Society (ERS/ATS) (5-8). Dankzij
deze richtlijnen zijn normaalwaarden gepubliceerd voor de verschillende long-
functietechnieken en is het nu mogelijk om gegevens van verschillende long-
functie laboratoria met elkaar te vergelijken. Bovendien is
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longfunctieapparatuur voor zuigelingen nu commercieel verkrijgbaar en deze
voldoet aan de eisen van de ERS/ATS. Met deze ontwikkelingen is aan de voor-
waarden voldaan om longfunctie onderzoek bij jonge kinderen op grote schaal
in de kliniek toe te passen, bijvoorbeeld in de vorm van multi-centrische
therapie studies (g).

Echter, de hoge aanschaf kosten van de apparatuur, de noodzaak om personeel
speciaal op te leiden en het feit dat meeste metingen onder sedatie moeten
plaatsvinden, betekenen dat longfunctieonderzoek bij jonge kinderen beperkt
zal blijven tot de grotere, veelal academische, centra. De uitdaging voor de toe-
komst zal zijn om klinisch relevante longfunctieonderzoeken te ontwikkelen
die toepasbaar zijn in de algemene praktijk. Ideaal is wanneer deze onder-
zoeken goedkoop zijn, eenvoudig uitvoerbaar en toegepast kunnen worden
zonder sedatie. Wanneer aan deze voorwaarden is voldaan, wordt het mogelijk
dat longfunctie onderzoek bij jonge kinderen zich ontwikkelt van
een geavanceerde derdelijnsvoorziening naar een routinetest voor de
algemene praktijk (9).
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EEV
FEyo
FEV,
FEV,

FRC
FRCye

FRCy,
FRC

FVC
HBIR
HFOV
ie.
ILFT
iNOS
kg

LN
MEF

50

American thoracic society

Breathing frequency

Body temperature and pressure saturated
Bronchopulmonay dysplasia

Cystic fibrosis

Confidence interval

Chronic lung disease

Dynamic lung compliance

Centimeters

Conventional mechanical ventilation
Coefficient of variation

Compliance of the total respiratory system
Elastance

Extracorporeal membrane oxygenation

End expiratory level

Elastic equilibrium volume

Fractional exhaled nitric oxide concentration
Forced expired volume in 1 second

Forced expired volume in a given time
(forced expiratory volume/time)

Functional residual capacity

Functional residual capacity, measured using
Helium wash out

Functional residual capacity, measured using nitrogen (N2)
wash out.

Functional residual capacity, measured using a whole
body plethysmograph

Forced vital capacity

Hering-Breuer inflation reflex
High-frequency oscillation ventilation

It est. Meaning ‘that is’.

Infant lung function testing

Inducible nitric oxide synthase enzyme
Kilogram

Crown heel length in centimeters

Natural logaritme

Maximal expiratory flow at 50% FVC
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MEF

PEF

rIes

RSD
RTC
RVRTC
Sa0
SBT
SD
tg
TGV
TLC
tpTEF
tprer/te

vV
v
v’

V’maXFRC
VLBW

Maximal expiratory flow at 25% FVC

mililiters

Multiple occlusion technique

Nitric oxide

Nitric oxide synthase enzymes

Alveolar pressure

Pressure at the airway opening

Barometric pressure

Elastic pressure of the lungs

Peak expiratory flow

Parts per billion

Pleural pressure

Resistive pressure of the lungs

Airway resistance

Resistance of the airways measured by
interrupter technique

Lung resistance (lung tissues and airways combined).
Resistance of the respiratory system (chest wall,
lung tissues and airways)

Residual standard deviation

Rapid thoracicabdominal compression

Raised volume rapid thoracicabdominal compression
Transcutaneous oxygen saturation
Single-breath technique

Standard deviation

Total expiratory time

Thoracic gas volume

Total lung capacity

time to reach peak expiratory flow

time to reach peak expiratory flow as a proportion of
total expiratory time

Slope of the flow-volume relationship during
passive expiration

Tidal volume

Volume

Flow

Maximal flow at functional residual capacity
Very low birth weight
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