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Dose-response relationships and time course of the
response to systemic beta adrenoreceptor agonists in
infants with bronchopulmonary disease
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ABSTRACT The lung function response to three doses of salbutamol 0 075 mg/kg given at 10 minute
intervals by gastric tube was studied in 31 infants aged 2-22 months with bronchopulmonary disease
(eight after the respiratory distress syndrome, 15 with wheezy bronchitis, and eight with cystic
fibrosis). Lung function was measured by whole body plethysmography. Seven of 31 infants had
normal lung function and 10 ofthe remaining 24 had an increase in thoracic gas volume (TGV), lO an
increase in airway resistance (Raw), and four an increase in both the TGV and Raw. The response of
TGV and Raw to salbutamol was analysed by circular statistics, enabling analysis of coupled,
directional data. Thirty minutes after administration of the first dose of salbutamol there was a

reduction in TGV or Raw in 21 ofthe 24 infants, 11 showing a decrease inTGV ("volume responder")
and 10 a fall in Raw ("flow responder"). These results indicate that in most infants with
bronchopulmonary disease an improvement in lung function can be documented after systemic
administration of beta agonists if both TGV and Raw are measured.

Introduction

There is controversy about the role ofbronchodilators
in infants under the age of 18 months with bron-
chopulmonary disease.'- 2 Several studies have repor-
ted no benefit'" or even a paradoxical deterioration78
after beta agonists, though some infants have respon-
ded favourably"'2 and clinical observations appear to
support these findings. Several technical factors could
be responsible for the failure to detect a response to
beta agonists in infants. In most studies the beta
agonist was inhaled from a conventional jet type
nebuliser and the first question is whether the drug
reached its site of action. Wheezy infants commonly
have upper airway obstruction and this may impede
penetration of the aerosol, especially during test
procedures in which the infant is asleep. A second
question relates to the lung function techniques used
to evaluate the response. Most studies showing no
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bronchodilator response to nebulised sympatho-
mimetic drugs' used the forced oscillation technique
or inductive jacket plethysmography to measure the
response. Le Souef et ar3 recently showed that the
external compression used to generate partial
expiratory flow-volume curves (PEFV) has to be
standardised for both the degree offlow limitation and
the lung volume. In addition, estimation of thoracic
gas volume (TGV) during airway occlusion by the
jacket method has been questioned.'4" Finally, Ding
et al recently showed that change in lung volume is a
major determinant ofthe bronchoconstrictor response
to methacholine challenge in healthy adults,'6 the
change in lung volume altering the forces of inter-
dependence between airways and parenchyma that
oppose airway smooth muscle contraction. Change in
airway function has therefore to be evaluated in
relation to change in static lung volume, particularly
as beta2 agonists have been shown to alter the pres-
sure-volume characteristics of the lung in asthmatic
children."'

There are only limited data on the dose-response
characteristics and time course of the bronchodilator
response in infants. In a previous study of beta
agonists in asthmatic children we suggested that
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Response to systemic beta adrenoreceptor agonists in infants with bronchopulmonary disease
patients should be stratified into groups according to
whether they have predominant pulmonary hyperin-
flation, bronchial obstruction, or a combination of the
two. 8 The purpose ofthe present study was to evaluate
the dose-response relationships and time course of
systemically administered salbutamol in infants with
lung disease, allocated according to their initial lung
function to one of these functional groups.

Methods

PATIENTS
Thirty one infants aged 2-22 months with bron-
chopulmonary disease were investigated. They fell
into three diagnostic groups. Eight patients who had
had respiratory distress syndrome due to hyaline
membrane disease or neonatal pneumonia were inves-
tigated two or three months after the acute illness. All
were premature infants (mean gestational age 34-2
(range 29-37) weeks) and their mean birth weight was
1 8 (range 1' 1-2.9) kg. All had been intubated and
ventilated mechanically or by continuous positive
airway pressure with an increased inspired oxygen
concentration for several days (mean 9-2 (range 2 5-22
days). Fifteen infants had been diagnosed as having
wheezy bronchitis and eight as having cystic fibrosis
affecting the lungs. None of the patients had been
treated with beta agonists previously. Informed con-
sent was obtained from the parents and the study was
approved by the local ethical committee.

LUNG FUNCTION MEASUREMENTS
Thoracic gas volume and airway resistance (Raw)
were measured by an adaptation of the plethysmogra-
phic technique'9 with an infant plethysmograph
(Jaeger, Wuerzburg, West Germany). All measure-
ments were done 15-20 minutes after a feed and after
the infants had been sedated with chloral hydrate (80
mg/kg). During the plethysmographic measurements
pulse oximeter monitoring of heart rate and arterial
oxygen saturation (Biox III,Omeda, Bolder, USA)
was performed. The infant was placed in the supine
position inside a whole body infant plethysmograph.
A mask, sealed around the nose and mouth to ensure
an airtight fit, was carefully manipulated into place for
the measurements. After the box had been closed the
infant breathed air from the box through a triple valve
system until thermal equilibrium had been reached
between the infant and the box. A differential pressure
transducer was used to detect changes in box pressure
relative to a compensating chamber of similar volume
(Pb). The infant was then switched to the BTPS bag,
from which air at 36 5°C and 100% humidity was
rebreathed. The phase relationship between flow (V),
measured by a baby size pneumotachograph, and box
pressure (Pb) was checked by displaying both signals

on an oscilloscope until a stable, almost closed pres-
sure-flow loop was obtained. From the tracing of V
and Pb the uncorrected specific airway resistance
(sRaw) and its reciprocal, specific airway conductance
(sGaw), were calculated. Changes in mouth pressure
(APM) were obtained after the shutter was closed to
occlude the airway while the infant made two or three
respiratory efforts, breathing in most cases at 30-40
breaths a minute. This varied little between infants
or in the same infant between studies. TGV was
measured from the angle of, of the box pressure APb/
APM plot (fig 1) and corrected for instrument dead
space (30 ml). Occlusions were performed at resting
lung volume (TGVEE) and at end inspiration (TGVEi),
and the mean of these two values (TGVEI minus tidal
volume) was taken as TGV. Raw was calculated from
the angles a,, a, and a3 of the APb/AV plot (fig 1).
Inspiratory airway resistance (Raw,) was obtained
from angle a, expiratory airway resistance between
peak flow points (Rawf) from angle a2, and expiratory
airway resistance between peak pressure points
(RawE,,p) from angle a3. The resistance of the
pneumotachograph (0- 18 kPa) was substracted from
each calculated value of Raw. Only Raw,,f was used
for statistical evaluation. To compare infants at
different growth stages lung function data were expres-
sed as percentages ofpredicted values according to the
values given by Stocks and Godfrey.20
The infants were stratified into three functional

groups according to the results of lung function tests:
predominant hyperinflation (TGV > 130% pred,

Fig 1 Recording of the plethysmographic curves: (J)flow
( V) versus box pressure (Pb) plot to calculate resistances
according to the angles a,, a2, a3 (see text) and (2) pressure
at the mouth (PM) versus box pressure to calculate thoracic
gas volume (TGV) according to the angle ,B.
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Table 1 Characteristics ofthe three groups ofinfants

RDS Wheeze CF

Number 8 15 8
Sex (M:F) 7:1 9:6 3:5
Gestational age (weeks, mean (SD)) 34-2 39 4 39-5

(4-2) (1.2) (1.4)
Postconceptional age (weeks, mean 58 1 69-8 66-6

(SD)) (18.1) (24.5) (23 5)
Body weight (kg, mean (SD)) 5 9 7-6 5-9

(2-9) (2 2) (2-6)

RDS-respiratory distress syndrome; CF-cystic fibrosis.
Raw K 130% pred); hyperinflation and bronchial
obstruction (TGV > 130% pred, Raw > 130% pred)
and bronchial obstruction without hyperinflation
(TGV < 130% pred, Raw > 130% pred). On the basis
of the data of Stocks and Godfrey, values 2 standard
deviations above or below the mean TGV or Raw are
equivalent to differences of 14% and 10% of the
predicted values.

BRONCHODILATOR ADMINISTRATION
After a reproducible set of at least two baseline
measurements had been obtained a cumulative sal-
butamol dose-response study was carried out. Sal-
butamol 0-075 mg/kg was administered orally by a
nasogastric tube on three occasions at 10 minute
intervals. Lung function measurements were repeated
five and 10 minutes after each dose to give six post-
salbutamol measurements. All patients completed the
test procedure within 30 minutes without waking.

ANALYSIS
The TGV and Raw responses to salbutamol were
analysed by circular statistics.2 22 This allows evalua-
tion of directional data or coupled variables, which
cannot be analysed by techniques appropriate for the
usual Euclidean type variables.2324 The procedure
of the two dimensional vector analysis evaluating
changes in TGV and Raw after administration of
salbutamol in relation to dose and time is described
under "Results." Differences between groups were
evaluated by the non-parametric Wilcoxon-Mann-
Whitney U test.
Table 2 Mean (SD) thoracic gas volume (TGV), airway
resistance (Raw), and specific airway conductance (sGaw) in
the infants with abnormal lungfunction

RDS Wheeze CF

No with abnormal lung
function/total 5/8 1/15 1/8

TGV 160 182 140
(% pred) (92) (103) (54)

Raw 142 137 154
(% pred) (88) (57) (95)

sGaw 58 52 66
(% pred) (16) (30) (26)

Abbreviations as in table 1.

Kraemer, Birrer, Schoni
Resuls

Details of the subjects, within the three diagnostic
groups, are summarised in table 1. Gestational age,
postconceptional age, and weight were lower in the
respiratory distress syndrome group than in wheezy
infants or (with the exception of weight) those with
cystic fibrosis (p < 0.01).
No serious side effects followed the administration

of the beta agonist. Pulse oximetry showed a mean
increase of 18% in heart rate 30 minutes after the first
salbutamol administration. Oxygen saturation fell
below 88% in two infants from the respiratory distress
syndrome group and in three of the wheezy infants,
but this was quickly improved by increasing the
oxygen content of the inspired air.
TGV, Raw, and sGaw were normal in seven of the

31 patients (table 2). TGV was increased in infants
who had had respiratory distress syndrome (159%
(92%) pred) and wheezy bronchitis (181% (102%)
pred); Raw was increased in infants with cystic fibrosis

500-
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100 200 300 400
TGV % pred

Fig 2 Change in airways resistance (Raw) and thoracic gas
volume (TGV) in individual infants in response to salbutamol
(0075 mg/kg bodyweight) given on three occasions
intragastrically (origin of the arrows (.) before medication,
tip ofthe arrows (-> ) after medication). Each segment of
the line represents change over afive minute interval. Right
lower quadrant: infants with increased TGV; left upper
quadrant: infants with increased Raw. Dotted lines: patients
ofmixed type group.
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Response to systemic beta adrenoreceptor agonists in infants with bronchopulmonary disease

Raw % pred
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Fig 3 Unit circles (r = 1) as analogue ofthe histogramfor
the circular statistics; mean angles (dark) with I SD in the
fourfunctional groups. N-with initially normal lung
function; H-infants with increased thoracic gas volume
(TGV); M-mixed type, increased TGVand airway
resistance (Raw); 0-infants with increased Raw.

(153% (95%) pred). The range of values was wide,
however, and the differences between groups were not
statistically significant. The scatter ofTGV, Raw, and
sGaw values within the three diagnostic groups was
similar, so the data from the three groups were
evaluated together. The younger the infant was
independent of the diagnostic group, the higher the
TGV.

Figure 2 shows individual changes in TGV (x axis)
and Raw (y axis) after salbutamol. The patients in
whom both TGV and Raw were increased (broken
lines) can be distinguished from those with an increase
in TGV alone (right lower quadrant) and from those
with an increase in Raw alone Qeft upper quadrant).
Each segment represents the vectoral changes in TGV
and Raw over five minutes.
The angles of the changes were plotted on a unit

circle (radius = 1) by means ofcircular statistics2"' to
obtain a graphical analogue of a histogram (fig 3),
the origin of each vector (values before drug admin-
istration) and the magnitude of change after salbuta-
mol being disregarded. The components and polar

Table 3 Polar coordinates (r, q) ofthe mean vectors and
dispersion ofsignificance z obtained by circular statistics in
the infants according to initial lungfunction

Group n r z9Z

Hyperinflation 10 2-9 169.8 5.6**
(SD) (40 6)

Mixed type 4 3-6 148-7 3-2*
(SD) (26-6)

Obstruction 10 7-7 270-8 5.9**
(SD) (38-9)

*p < 0 05, **p < 0-01.

coordinates (r and q) of the empirical mean vector of
each groups were calculated after 10, 20, and 30
minutes on the assumption of a unimodal circular
distribution. The response to the beta2 agonist was
defined by the direction and magnitude of the mean
vector.
The mean vectors of the groups with a raised TGV

(hyperinflated), with increased Raw (bronchial obs-
tructed), and with both (mixed type) point towards the
group with initially normal values. The test of sig-
nificance (z) of the mean vectors 30 minutes after
salbutamol in each group is represented by its polar
coordinates (r, qp) and the results are summarised in
table 3. The Rayleigh test,23 as modified by Greenwood
and Durand,2' was used to test "randomness." The
significance of the unimodal distribution of the mean
vector compared with the critical values zp for p = 5%
and 1% was calculated. There was a directional
change towards functional improvement in each
group (table 3, fig 3; p < 0 01 in infants with increased
TGV or Raw alone and <0 05 in patients with both
abnormalities).
The final polar coordinates (vector r and angle p)

represent individual responses to salbutamol at 30
minutes. The infants were assigned to different res-

s ponse categories: those with vector angles of 0-134o
e degrees and 315-360' were categorised as "non-res-

ponders" (fig 4); those with vector angles of 135-224'
e (in whom the end expiratory resting level had fallen) as

"volume responders"; and those with vector angles of
225-3140 (a decrease in Raw) as "flow responders."
Table 4 Time course ofbeta2 response within thefunctional

I groups

Time (min)
Type of

Group response 10 20 30

Hyperinflation Volume 5 6 8
(n= 10) Flow 0 0 0

None 5 4 2
Mixed type Volume 0 3 3

(n = 4) Flow 0 1 1
None 4 0 0

Obstruction Volume 1 0 0
(n= 10) Flow 5 7 9

None 4 3 1
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Fig 4 Dose-response course after cumulative dose of
salbutamol represented by the mean vectors and angle
distribution for each 10 minute interval within the three
functional groups with initially abnormal lungfunctions.
TG V-thoracic gas volume; Raw-airway resistance.

The repartitioning of patients into non-responders,
volume responders, and flow responders within the
three functional groups in relation to time and
cumulative dose of salbutamol is summarised in table
4. Thirty minutes after salbutamol only three infants
were categorised as "non-responders." Eight of the
10 infants with increased TGV were "volume re-

sponders" and two non-responders. Nine of the 10
with increased Raw were "flow responders" and one
was a non-responder. In the four infants with an

increase in TGV and Raw three were "volume respon-
ders" and one a "flow responder."

Figure 4 presents the dose-time response course
after salbutamol represented by the mean vectors and
angle distribution within the three functional groups.
The mean vectors have turned counter clockwise to
achieve a preferred direction towards the centre of
values predicted for both TGV and Raw. Hyperin-
flated infants showed a predominant "volume re-
sponse," whereas infants with bronchial obstruction
showed a predominant "flow response."

Discussion

The resistance of an airway bears an inverse fourth
power relationship to its diameter.25 A progressively
greater change in resistance is therefore expected for a

given change in smooth muscle length (and hence
inspiratory lung volume) as an airway narrows. This

Kraemer, Birrer, Schoni
implies that the bronchodilator response to beta
agonists must be measured in infants by methods that
evaluate changes in airway function in relation to
changes in static lung volume, as we have already
shown in older asthmatic children.'8
The infant whole body plethysmograph allows a

static lung volume and airway resistance to be
measured. Specific patterns for each disease group
were expected. The pattern of the initial lung function
disorder was, however, linked more with the severity
of the disease and the age of the infant than with the
clinical picture (respiratory distress syndrome, wheezy
bronchitis, cystic fibrosis). A response to the systemic
beta agonist was seen in 21 of 24 infants with
bronchopulmonary disease. Of the responders, 11 of
the 21 infants showed a decrease in end expiratory
resting level (volume responders) and 10 a decrease in
Raw (flow responders).
Technical aspects The measurement of TGV by
plethysmography depends critically on the accuracy
with which mouth pressure reflects mean alveolar
pressure during respiratory efforts against a closed
shutter, and on the precision with which plethys-
mograph chamber pressure reflects change in alveolar
volume under these dynamic conditions. Several
studies in adults with airway obstruction have found
that TGV may be overestimated because changes in
mouth pressure underestimate changes in mean
alveolar pressure during respiratory efforts against an
occlusion.26" Plethysmographic measurements in
infants have recently been questioned.2" In our study
TGV in one infant who had had bronchitis was as high
as 445% pred; severe hyperinflation was noted on the
chest radiograph. In contrast, Godfrey et aP' found
that more than half of the infants studied with
recurrent wheeze after bronchiolitis had low values for
TGV. In their study the administration of salbutamol
to 21 infants resulted in a small rise inTGV (from 78%
to 83% pred), whereas in our study TGV decreased in
the 15 wheezy infants from 174% to 131% predicted.
These discrepancies are presumably due to differences
in the techniques used to measure lung volume. In
contrast to our technique and that used by Stocks' in
the study from which the normal values were taken,
measurement of forced flow-volume curves was
carried out in the study by Godfrey with the infants in
a double walled squeeze jacket covering the child's
thorax and abdomen in the infant plethysmograph.
Although the authors state that the jacket did not
restrict measurement of TGV, the question must
remain of whether respiration was really free from
compressive influences and whether Pb changes were
not altered as a result of the jacket-and therefore
whether, especially in wheezy infants, Pb change
would reflect change in alveolar pressure accurately. It
is also possible that lung volumes remained low after
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Response to systemic beta adrenoreceptor agonists in infants with bronchopulmonary disease
the repeated rapid inflations of the jacket used to
produce forced expiration. In younger infants with
more compliant chest walls such manoeuvres might
reduce lung volume and cause hyperinflation to be
underestimated.
Circular statistics Two standard deviations above or
below the mean predicted values are equivalent to a
difference of 14% of the predicted values for TGV and
10% for Raw. In this analysis the same absolute
weighting was given to changes for both variables in
the graphical representation of the data. Calculations
based on the standard deviation ofthe normal values'7
would probably have been a more appropriate basis
for describing the directional data.
Pulmonary hyperinflation We have shown previously
that younger infants have more pronounced pulmon-
ary hyperinflation more often than older infants.3' The
absolute dimensions ofthe airways from the trachea to
the respiratory bronchioles are smaller32 and the less
rigid chest wall ofyoung infants provides little passive
support to the lungs, so that end expiratory resting
volume increases more readily.32 The mechanisms that
lead to hyperinflation may be similar to those des-
cribed in adults." The effect ofbronchial obstruction is
greater in expiration, so the inspiratory tidal volume
may not be expelled in the time available for expira-
tion. The end expiratory resting level (functional
residual capacity) will rise accordingly until a new

point of equilibrium is reached. The increase in the
elastic recoil of the lungs and chest wall will then aid
expiration and the increased elastic traction on the
airways will increase their intrinsic calibre. Our results,
consistent with findings in adults, show that lung
elastic recoil decreases after treatment with beta2
agonists in asthmatic children, especially those with
large lung volume." This may be due to dilatation of
terminal lung units relaxing smooth muscle in the
alveolar ducts.
Efficacy of beta agonists Prendiville and colleagues
initially reported paradoxical bronchoconstrictor res-
ponses to nebulised salbutamol in wheezy infants.8
Bronchoconstriction in response to histamine was,
however, found in infants by the same group,34 and
more recently35 salbutamol was shown to protect
against the bronchoconstrictor response to histamine.
In all three studies PEFV was measured. The con-
clusion from these somewhat contradictory findings
was that salbutamol has no effect when there is chronic
airway narrowing, but has a protective effect when the
infant is exposed to an irritant trigger. We believe,
however, that technical problems may explain these
conflicting results. It was assumed in these studies that
maximum flow at functional residual capacity before
and after salbutamol was measured at the same end
expiratory resting level, an assumption that is
unproved as FRC and TGV were not measured. The

absence of a bronchodilator response may be due to
the fact that they studied severely ill patients, in whom
other factors may have been contributing. Using the
same technique, Tepper' found a response to beta
agonists in 10 healthy male infants after methacholine
challenge. FRC was not measured, but it was assumed
to have been within the normal range as the subjects
were healthy.

In 50 infants with wheezy bronchitis'0 15 showed an
increase in specific conductance (calculated by divid-
ing oscillatory conductance by TGV). Responders
could not be differentiated from non-responders by
family history or laboratory evidence of atopy. The
results, contradicting those ofsome previous studies,' 3

were thought to be explained by change in lung
volume that had masked an effect of treatment on
conductance.'1

These observations in general support our findings
that infants with persistent signs of bronchopul-
monary disease respond to bronchodilators, if both
changes in TGV and airway function are taken into
account. The improvement in TGV may be due to
improvement of flow by bronchodilatation, with a
consequent decrease in end expiratory resting level.
Decrease in lung volume will itselfnarrow the airways
and airway resistance may not fall unless the diameter
of the airway has changed substantially.
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