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SUMMARY Forced oscillometry was used to investigate whether lung injury due to bronchopul-
monary dysplasia in eary life caused abnormalities in bronchial calibre or an increase in bronchial
responsiveness to histamine at school age. Results were compared with data obtained from
healthy children born prematurely and from healthy children born at term. There was a mild
increase in frequency dependence of total respiratory resistance in children who suffered from
lung injury in early life, which indicates uneven ventilation in peripheral airways. Bronchial
responsiveness to histamine in these subjects was normal. No abnormalities were found in the
control group.

We conclude that lung injury in early life may cause residual abnormalities of peripheral
airways. This does not happen in premature babies who do not have respiratory problems in the
neonatal period.

Pulmonary injury during the first years of life when
the lungs are growing rapidly,' 2 can induce bron-
chiolar lesions that may interfere with alveolar and
vascular growth.3 4 Some investigators have found a
high incidence of long term pulmonary sequelae in
premature babies with idiopathic respiratory distress
syndrome, 5-8 whereas others have found few
residual pulmonary abnormalities.'3-'5

In this study we looked for indicators of long term
airway damage-that is, abnormal respiratory resist-
ance and frequency dependence of resistance-and
for bronchial hyper-responsiveness to histamine in
15 children who had idiopathic respiratory distress
syndrome with bronchopulmonary dysplasia as
neonates, and in 15 children who were born
prematurely but did not have idiopathic respiratory
distress syndrome.

Subjects and methods

We investigated two groups. Group 1 comprised 15
children aged 3-3 to 10-6 years (mean 6-3) who were
born prematurely at gestational ages of 26 to 34
weeks (mean 28-1) and had idiopathic respiratory
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distress syndrome. They were mechanically
ventilated with moderate to high oxygen mixtures
for one to 46 days (mean 21-9 days) and developed
severe bronchopulmonary dysplasia diagnosed by
radiological'6 and clinical 7 criteria (table 1). Group
2 comprised 15 children aged 3-8 to 8-0 years (mean
5-9) who were born at gestational ages of 30 to 35
weeks (mean 31-9). None had important respiratory
symptoms during the neonatal period or in later life
(table 2).
According to their parents none of the children

had upper or lower respiratory tract symptoms
during the two weeks before the study. A history
of current and past respiratory symptoms (for
example, recurrent episodes of cough and wheezing)
and a family history of asthma or hay fever in first
and second degree relatives was taken by an
interviewer (ED) who completed a questionnaire. Ix
As many children in this study were less than 5

years of age lung function was measured by the
forced oscillation technique.'9 A pseudorandom
noise pressure signal containing all harmonics of
2-26 Hz is applied to the mouth with a loudspeaker.
Mouth pressure and flow signals recorded by two
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identical differential transducers (Validine MP445)
are fed into a Fourier analyser, which averages these
values over a time interval of 16 seconds and
calculates the impedance of the respiratory system
at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, and 26 Hz.
Forced oscillation is a convenient method for
children from about 21/2 years of age onwards
because only passive cooperation is needed. During
measurements the child is seated and the apparatus
is connected with a mouth piece. The nose is clipped
and the floor of the mouth and cheeks are supported
to eliminate shunting of airflow to the upper
airways. With forced oscillation total respiratory
resistance (Rrs) in cm H20/l/second and reactance
are measured simultaneously over the frequency
range of 2-26 Hz. Rrs is determined mainly by the
patency of the central airways, and is dependent to
only a limited degree on the resistance of the lungs
and chest wall.201 Because Rrs is measured over a
frequency spectrum, the frequency dependence of
Rrs (dRrs/df) in cm H20/l/second2 can also be
calculated.2 22 dRrs/df is a measure of unevenness
of ventilation, and is determined by the patency
of the peripheral airways. Using the forced
oscillation technique, we selected the resistance of
the respiratory system at an oscillation frequency of
6 Hz (Rrs6) as a measure of the patency of the
central airways, and dRrs/df as a measure of the
calibre of the peripheral airways. Rrs6 was chosen
because an oscillation frequency of 6 Hz was the
lowest frequency with a favourable signal:noise
ratio.2() All children had a physical examination
before the measurements.

Bronchial responsiveness was measured by a
histamine challenge test. Histamine was adminis-
tered through a Rosenthal-French dosimeter con-
nected to a DeVilbiss nebuliser (type 646). The dosi-
meter was operated by compressed air at 20 psi with
a timing adjustment of 0-6 seconds. Doses of
histamine biphosphate in saline of 2-5, 5, 10, 20, 40,
80, 160, and 320 [tg were given, each in four
inhalations of 5 id at five minute intervals. Saline
was inhaled before histamine to exclude non-specific
responses. Each challenge was preceded by five
consecutive forced oscillation measurements from
which the mean baseline value was calculated. The
mean of three technically satisfactory forced oscilla-
tion measurements was used to construct a dose
response curve. PD411Rrs6, defined as the dose of
histamine that caused a 40% increase from the mean
baseline Rrs6, was calculated from the dose response
curve by linear interpolation of data points. We
have previously shown that PD411Rrs.6 is closely
correlated with the dose of histamine that caused a
20% increase in forced expiratory volume in one
second (PD20FEV, ).23 Bronchial challenge was

stopped after inhalation of 320 sg histamine or after
PD4()Rr(,6 had been obtained.
Mean predicted baseline values of Rrs6 and

dRrJdf were taken from a reference population with
no past or current history of pulmonary injury,
asthma, or other recurrent respiratory disease.'9
Forced oscillation and bronchial responsiveness
values were expressed as standard scores, calculated
from the formula:mean measured value - mean
predicted value by the standard deviation of the
mean predicted value. Baseline Rrs6 was considered
increased if it was higher than + 1-65 standard scores
and dRrs/df decreased if it was lower than -1-65
standard scores (95% confidence intervals from the
predicted mean). Bronchial responsiveness was
considered increased if PD4(Rrs6 was lower than
-1-65 standard scores from bronchial responsive-
ness measured by forced oscillation in a reference
population of healthy children born at term aged 5-8
years (that is reacting to less than 300 [tg
histamine) .24

For ethical reasons we were not allowed to
perform skin prick tests or sample blood gases but
written informed consent was obtained from the
parents. Wilcoxon's two sample test was used to
analyse the significance of differences between the
groups for baseline values and PD411Rrs6 histamine.
A p value of <0.05 was considered significant.

Results

Six of the children who had bronchopulmonary
dysplasia had persistent symptoms at the time of
investigation; one (case 6) had symptoms induced by
exercise. Two had symptoms that disappeared after
the age of 4 (cases 7 and 8). Seven children never
had symptoms after their discharge from hospital
(table 1). There was no difference in the mean age at
the time of investigation between children with and
without symptoms. None of the children who had
not had idiopathic respiratory distress syndrome had
a history of past or current respiratory symptoms
(table 2). Three children who had bronchopulmon-
ary dysplasia (20%) and three children who had not
had idiopathic respiratory distress syndrome (20%)
had a first or second degree relative with asthma or
hay fever.
Of the six children who had bronchopulmonary

dysplasia with current symptoms Rrs6 was increased
in three. Decreased dRrs/df values were found in
four. Of the nine children without current symp-
toms, Rrs6 was increased in one and dRrs/df was
decreased in two (figure, table 1). In all children
who had not had idiopathic respiratory distress
syndrome, Rrs6 values were within the normal
range. dRrs/df was decreased in one (figure, table
2).
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Table 1 Children who had had bronchopulmonary dysplasia

Case No Age at First or Gestational Scores: Standard scores PD,,R,,
investi- second age (weeks)
gation degree Northway Toce R,r dR,Jdf Dose of Standard
(years) relative et al'6 et al'7 histamine score

with asthma (mig)
With current

respiratory symptoms:
1 4-7 No 32 3 23 2-13 -2 07 >320
2 6-1 No 29 4 20 -0-64 -1-17 100 -3-58
3 5-0 No 28 4 20 0-96 -0-50 >320
4 6-8 No 29 4 20 0-87 -3-50 >320
5 4-4 No 27 3 20 1-84 -4-00 >320
6 7-0 Yes 32 3 10 1-74 -3-50 >320

With past, but not
current respiratory
symptoms:
7 6-8 No 28 3 22 0-75 -1-50 >320
8 9-2 Yes 29 4 25 0-28 -1-50 290 -1-76

With no respiratory
symptoms:
9 6-2 No 34 3 12 1-19 -2-17 180 -2-56
10 5-5 No 32 3 19 0-31 -1-50 >320
11 10.0 Yes 32 3 3 -0-28 0-67 >320
12 3-3 No 28 3 15 1-11 -0-33 240 -2-08
13 7-2 No 29 2 20 -0-19 -0-67 >320
14 5-9 No 26 3 5 1-96 -1-33 >320
15 4-4 No 28 1 10 0-16 -1 83 >320

Table 2 Children born prematurely without idiopathic respiratory distress syndrome

Case No Age at First or Gestational Statndard scores PD4oRr,,
investigation secotnd age (weeks)
(years) degree R,.,, dR,.VIdf Dose of Standard

relative histaininie scores
with asthma (lsg)

16 7-3 No 35 0-80 -0-23 >320
17 8-0 No 34 0-92 -0-83 >320
18 7-5 No 32 -2-55 2-76 220 -2-22
19 4-2 No 32 0-82 3-63 >320
20 6-8 Yes 31 -1 01 1*36 220 -2-22
21 6-8 Yes 31 -1-16 0-88 >32(0
22 5-5 No 32 )-02 0-16 >320
23 5-4 No 32 ()19 0-50 >320
24 6-7 No 32 (019 0-50 >320
25 6-6 No 31 1-09 3-18 >320
26 3-8 No 32 (tI( 0-07 200 -2-38
27 4-3 No 31 -0(95 4-17 >320
28 3-8 No 31 -1-22 3-33 >320
29 7-0 No 30 -1-85 3-83 >320
30 4-3 Yes 33 0-98 -2-17 >320

The mean Rrs6 was significantly higher in the
children who had bronchopulmonary dysplasia with
current respiratory symptoms than in the children
who had not had idiopathic respiratory distress
syndrome (p<O0O5). The differences between the
children who had had bronchopulmonary dysplasia
with and without current symptoms was not signifi-
cant. The mean dRrs/df was significantly lower in the

children who had bronchopulmonary dysplasia with
current symptoms than in those without (p<0-01).
Both groups had a significantly lower mean dRrs/df
than the children who did not have idiopathic
respiratory distress syndrome (p<0-01).
Of the children who had bronchopulmonary

dysplasia, moderate bronchial hyper-responsiveness
was found in one of six with current symptoms and
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Baseline dRrs/df

BPD 1NoIRDS
Current No currenti
wrmatxmrnl ewmntlxne

T .a

p<OOl p<OI1P.-Oo

Mean Mean

,WA Normal range Normal range

Figurc Childireni iv1ho were borni p)retnatulrclvand'(1 liad(
bronchopld/hnotar-vdlX'spla sia( (olompared wiit/h lebeal/li
chilndre bor//1 p/relniaturelv Uvh/O t/i(i llot hv(l'e idiO/)at/lhi
respiratorvy di.stre(s'sss'vi(d/rl1('.

in one child who had had symptoms in the past
(table 1). Bronchial hyper-responsiveniess was

present in two children who never had noticeable
respiratory symptoms after discharge from hospital.
Moderate bronchial hyper-responsiveness was

found in three children who had not had idiopathic
respiratory distress syndrome (table 2).
There was no significant difference in mean

PD40R,s, to histamine between the children who had
bronchopulmonary dysplasia and the subjects who
had not had idiopathic respiratory distress syn-
drome, or between these two groups and the
reference population.

Discussion

Severe lung injury during early life may affect the
growth and development of the respiratory
system.3 4 Injury to immature lung structures miay
cause subsequent damage of peripheral airways.'
Important long term abnormalities that have been
described in children who had been ventilated for
idiopathic respiratory distress syndrome are airway
obstruction- that is increased airway resistance,
diminished dynamic lung volume and expiratory
flow, increased residual volume, as well as bronchial

hyper-responsiveness to histamine, methacholine,
or exercise. These studies also reported a higher
incidence of dvsfunction when idiopathic respiratory

distress syndrome had been complicated by bron-
chopulmonary dysplasia. In children with asthma,
both airway obstruction and bronchial hyper-
responisiveness are independent indicators of chro-
nic lung disease. ' Our purpose was to investigate
the incidence of these indicators in children who had
had idiopathic respiratory distress syndrome with
bronchopulmonary dysplasia. We therefore com-
pared children of school age who were born pre-
maturely and had idiopathic respiratory distress
syndrome with severe bronchopulmonary dysplasia,
with children born prematurely who had not hiad
idiopathic respiratory distress syndrome.
We have used forced oscillation to distinguish

between central and peripheral airway obstruction.
Forced oscillation measurements can be obtained in

children from about 21/2 years of age because only
passive cooperation is needed. The within subject
reproducibility of consecutive forced oscillation
measurements is similar to that of forced expiratory
flow volume curves.23 Forced oscillation appears

to be as sensitive in measuring bronchial hyper-
responsiveness as FEV.2-3 The results of forced
oscillation testing showed that central and peri-
pheral airway function were abnormal in most
children with current symptoms. Of the children
who were free of symptoms, however, one had
abnormal measurements.
Many children who had no respiratory symptoms

after having had bronchopulmonary dysplasia had
values of dRrs/df thatt were at the lower limit of the
normlal range. This resulted in a significantly lower
mean dR,s/df than in the healthy controls born at
term from the reference population'9 and in

children who were born prematurely but did not
have idiopathic respiratory distress syndrome. This
suggests that idiopathic respiratory distress syn-
drome and bronchopulmonary dysplasia may have
caused subtle damacge to peripheral acirways that has
not been shown by previous studies.

Premature birth not followed by idiopathic res-

piratory distress syndrome did not result in abnor-
mal lung function according to the indicators used in

this study. Although the premature babies who did
not develop idiopathic respiratory distress syndrome
were on average four weeks more mature at birth
th,an those with idiopathic respiratory distress syn-

drome, it seems unlikely that this difference has
influenced our results.
Our findings about central airway function are in

agreement with those in most other studies.9-
Peripheral airway function has not to our knowledge
been assessed.

Baseline Rrs6

BPD No IRDS
Current No current

symptorrms symptoms
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There was no difference in the incidence of
bronchial hyper-responsiveness between children
who had bronchopulmonary dysplasia, irrespective
of current symptoms, and children born prematurely
who had not had idiopathic respiratory distress
syndrome. Our results are therefore different from
those of Smyth et al? Bertrand et al, and Wheeler et
al,7 all of whom found a high incidence of slight to
moderate bronchial hyper-responsiveness after
idiopathic respiratory distress syndrome or broncho-
pulmonary dysplasia. Our findings indicate that
prematurity or severe lung injury in early life do not
lead to the degree of bronchial hyper-responsiveness
that is commonly seen in children with asthma.24
Todisco et al found that the responsiveness to
methacholine in premature infants and in survivors
of idiopathic respiratory distress syndrome was
within the normal range by school age.2" It is not
clear why some children in this study had bronchial
hyper-responsiveness. There was no association
with a family history of asthma in first or second
degree relatives, nor with baseline airway calibre,
though bronchial hyper-responsiveness has been
associated with atopy.27 We were unable to study
atopy, but because three of the four children with
bronchial hyper-responsiveness had no current
symptoms atopy seems unlikely.

Viral infections may also cause transient bronchial
hyper-responsiveness.2'8 Although we tried to ex-
clude patients who had had viral respiratory infec-
tions in the two weeks preceding the measurements.
we cannot be sure that some of the hyper-responsive
children may have had slight infections that were not
noticed and induced transient bronchial hyper-
responsiveness.
We conclude that about 40% of the children who

had survived idiopathic respiratory distress syn-
drome with severe bronchopulmonary dysplasia had
current respiratory symptoms into school age. Most
subjects who continued to have symptoms after
idiopathic respiratory distress syndrome and bron-
chopulmonary dysplasia had increased Rrs,6 or de-
creased dRrs/df, indicating obstruction in different
parts of the airway. Although central and peripheral
airway calibre in most asymptomatic children who
had bronchopulmonary dysplasia was within the
normal range, low dRrs/df values suggest subtle
peripheral airway damage. Whether this will result
in airway disease in future is uncertain. Premature
birth without idiopathic respiratory distress syn-
drome did not result in abnormal values of Rrs6, or
dRrs/df. It is therefore unlikely that immaturity of
the respiratory system without injury will lead to
abnormal development of the airways. Our data do
not allow us to differentiate between bronchopul-
monary dysplasia and uncomplicated idiopathic

respiratory distress syndrome as causes of airway
damage because only children who suffered from
bronchopulmonary dysplasia were included in the
study. In the light of the findings in prematurely
born children who did not develop idiopathic
respiratory distress syndrome, however, we specu-
late that the severity of lung injury is an important
determinant of the risk of long term airway damage.
We also conclude that bronchial hyper-responsive-
ness was not a feature of children with idiopathic
respiratory distress syndrome and broncho-
pulmonary dysplasia.
Whether treatment of respiratory symptoms in

children who had severe neonatal lung damage will
have an effect on airway function later in life is
unknown. In view of our findings and those of
others, it can be speculated that such treatment
should be recommended.
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van Groci for sccrctariail hclp. and Professoi- R van Strik for
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