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Analysis of alveolar ventilation in the newborn
K SANDBERG, B A SJOQVIST, 0 HJALMARSON, AND T OLSSON

Department of Paediatrics I, University of Goteborg and Research Laboratory of Medical Electronics,
Chalmers University of Technology, Goteborg, Sweden

SUMMARY Twelve healthy term infants were examined at the median ages of 21/2 and 26 hours.
Their alveolar ventilation, efficiency of ventilation, functional residual capacity, and lung
nitrogen elimination patterns were studied by means of a computerised nitrogen wash out
method. The results showed that alveolar ventilation and functional residual capacity increased
over the period studied. At the same time effective dead space decreased leaving minute
ventilation unchanged. Distribution of ventilation did not change.

In one critical phase at birth the lungs of the
newborn take over the gas exchange function from
the placenta by establishing effective ventilation. In
the healthy infant sufficient function is achieved
within the first few breaths and steady state condi-
tions are present after a few hours.'
The efficiency of the ventilation obtained de-

pends mainly on the volume of the ventilated
airspace (functional residual capacity), the dead
space, the distribution of ventilation, and the gas
mixing efficiency within the lungs. These factors
have not been studied in combination in newborn
infants. In this investigation a computerised analysis
of nitrogen wash out curves was used to calculate
functional residual capacity and alveolar ventilation
and to analyse gas mixing over the first day of life in
healthy, term infants.

Methods

A detailed description of the method is given
elsewhere.2 3 For the examination each infant was
placed in the supine position in a 'face out' volume
displacement body plethysmograph, with a pneumo-
tachograph (Fleisch 1) in the wall. When the child
had adapted to the plethysmograph, respiratory
frequency, tidal volume, and minute ventilation
were calculated. After this a face mask (dead space
2 ml) was gently placed over the infant's face and
mouth. A nitrogen analyser (Hewlett Packard
model 47302A) and a system of tubings were
connected to the face mask. During an expiration
the infant's breathing air was instantaneously
changed to 100% oxygen and a nitrogen wash out
was performed until the end expired nitrogen
concentration was below 2%. If the infant was
disturbed or if gas leaks were observed the test was

interrupted and repeated. A second test was not
performed for at least 15 minutes to allow for gas
equilibration. The nitrogen concentration in the face
mask and the respiratory flow rate were sampled by
a computer for subsequent calculations. The analy-
sis of the nitrogen wash out curve was performed on
a PDP 11/40 computer and the software was written
in FORTRAN.
The total expired nitrogen volume during wash

out was determined by integrating the product of the
expired ventilatory flow rate and the nitrogen
concentration in the expired air after compensation
for equipment delay and plethysmograph character-
istics. The functional residual capacity was obtained
by dividing the total expired nitrogen volume after
the beginning of oxygen breathing by the end
expiratory nitrogen concentration before the ni-
trogen wash out. The method was designed to give
the lung volume in BTPS.
The reproducibility of the functional residual

capacity estimation was tested by means of a
mechanical lung model inserted into the plethysmo-
graph. This has been described in detail elsewhere.2
The known volume of the mechanical lung fell
within the 95% confidence interval of the estimated
volume when 10 repeated estimations were per-
formed. The coefficient of variation was 2-9%.
No correction was made for the elimination of

tissue nitrogen in the estimation of functional
residual capacity. According to Groom et al4 and
Lundins one minute of oxygen breathing, which was
the approximate time for a nitrogen wash out test in
this study, would add approximately 0-7 ml N2/kg
body weight to the expired N2 volume implying an
overestimation of functional residual capacity by
only about 1 ml/kg body weight.
A total lung nitrogen volume elimination curve
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Analysis of alveolar ventilation in the newborn 543

was constructed with breath number on the abscissa
(Fig. 1). This volume elimination curve was used for
the further analysis of the nitrogen elimination
pattern. In the ideal case the nitrogen elimination
was assumed to be described by a single exponential
function:
VLn=VLOe an=VLOWn (equation 1)

(n=breath number, VLn=nitrogen volume remain-
ing in the lung after n breaths, VL0=nitrogen
volume in the lung before the elimination,
a=constant) where e-a=W is the dilution factor
defined as W=functional residual capacity/
(functional residual capacity+tidal volume-dead
space).

Deviations from the ideal nitrogen elimination
pattern were assumed to be described by a sum of
exponential components with different dilution fac-
tors. In this case the nitrogen elimination can be
described as
VL,= F1VLOWL +F2VLOW2 +......... +FkVLOWkn

(equation 2)
where VLO=FlVLO+F2VLO+....... +FkVLO and
F1,F2. and Fk, are fractions of the total nitrogen
lung volume. W1, W2...... and Wk are the dilution
factors for the different exponential components in
the elimination pattern.
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In the analysis of the nitrogen elimination pattern
the best estimate of the observed elimination curve
was sought by fitting one, two, and three component
models to the linear curve by using the z transform,6
multiple linear regression, least square fit, and F test
of the residuals. The estimated curve was considered
to fit the original nitrogen elimination curve well
when the difference in curve areas-both curves
having the first point in common-was less than 5%.
if the difference was more than 5% the wash out
curve was considered insufficiently described by our
exponential models.
The value of tidal volume minus dead space was

obtained from the dilution factor in the best single
exponential fit to the wash out data according to
equation 1. As functional residual capacity and tidal
volume were known, dead space could be estimated.
This estimated dead space is, by definition, the
virtual part of the tidal volume not participating in
the gas exchange between the inspired and alveolar
gas, referred to as an effective dead space.7 In the
single exponential elimination course dead space
may easily be estimated from the dilution factor. In
the multiple exponential course, however, the dead
space changes continuously during nitrogen elimina-
tion and cannot easily be described by a single value.

Breath No
Fig, 1 Example ofthe nitrogen volume elimination curve with percentage of the total expired nitrogen volume on the
ordinate and breath number on the abscisse.
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544 Sandberg, Sjoqvist, Hjalmarson, and Olsson

In these cases dead space was estimated from the
dilution factor achieved by the best single exponen-
tial least square fit to the data (equation 1). In this
way the estimated dead space is the one obtained in
an ideal system having the same lung volume and
tidal volume as the lung examined and represents a
weighted value of the continuously changing dead
space.
The alveolar ventilation was calculated as (tidal

volume minus dead space)xrespiratory frequency
and the effective breath fraction as tidal volume
minus dead space/tidal volume. The nitrogen clear-
ance was calculated as the necessary ventilation for
dilution of the lung nitrogen to the end tidal
nitrogen concentration of 2% divided by the calcu-
lated functional residual capacity.

In the statistical analysis Student's paired t test,
Fisher's exact test, and analysis of covariance were
used. Ninety five per cent confidence intervals for
the mean differences were calculated. Results are
presented as mean (SEM).

Patients

Twelve vaginally delivered, healthy, term infants
were studied during the neonatal period. The
median gestational age and range were 40 5 (38 to
42) weeks and the median birthweight and range
were 3-64 (2.95 to 4.15) kg. All infants were studied
twice at a median age and range of 2½/2 (2 to 4) and
26 (21 to 33) hours. Six infants were boys and 6 were
girls. No infant showed signs of respiratory disease
(respiratory frequency greater than 60/minute,
cyanosis, retractions, or grunting). Nor were there
signs of perinatal asphyxia, cardiac disease, or
infection. The neonatal period was uneventful in all
infants. The investigation was approved by the local
ethical committee and informed maternal consent
was obtained before the examination in all cases.

Results

The ventilatory parameters before and during the
nitrogen wash out are presented in Table 1. There
was an increase in minute ventilation during the
nitrogen wash out measurement compared with that
found when the baby was sleeping in the plethysmo-
graph without the face mask. There were, however,
no significant increases in minute ventilation, tidal
volume, and respiratory frequency between 21/2 and
26 hours of age. During this time the functional
residual capacity increased significantly from mean
(SEM) 65 (5-4) ml to 81 (4-4) ml (P<0-05) and the
alveolar ventilation also increased significantly from
383 (32) ml/min to 511 (39) ml/min (P<0c05).
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During wash out the dead space decreased from
7-8 (0-7) ml at 21/2 hours to 7-0 (0-6) ml at 26 hours
of age. At both examinations, however, there was a
significant correlation between dead space and tidal
volume (P<0(01) (Fig. 2). When the variance in
dead space related to differences in tidal volume was
compensated for by means of covariance analysis,
the difference in dead space at 21/2 and 26 hours of
age was significant, (P<0.05).
The ventilation efficiency and the nitrogen

elimination pattern are presented in Table 2. There
was significant improvement in nitrogen clearance
from mean (SEM) 9-6 (0-3) to 8-5 (0-2) between 2½/2
and 26 hours of age (P<0.01). The effective breath
fraction also increased significantly during this time
from mean (SEM) 0-45 (0-02) to 0-53 (0-02)
(P<0-01). When the equipment dead space was
excluded in the calculation the values were mean

15
.

(SEM) 0-51 (0-02) and 0-60 (0-02) respectively
(P<0-02).
The analysis of the nitrogen elimination curves

(Table 2) showed single exponential courses as the
best fit in 7 of 12 infants at 21/2 hours and 5 of 12
infants at 26 hours of age. This difference was not
statistically significant. The other infants showed a
two exponential elimination curve as the best fit in 1
of 12 and 4 of 12 infants at the two examinations
respectively. No infant had a three exponential wash
out pattern. In four curves at 2½/2 hours of age and
three curves at 26 hours of age the exponential
estimates deviated more than 5% from the original
data. Thus, these curves could not be described
sufficiently by our nitrogen elimination models. The
individual alveolar dilution factors, the lung frac-
tions, and the deviations are presented in Table 3. In

Table 3 Nitrogen elimination curve analysis
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Table 2 Efficiency of ventilation and nitrogen elimination pattern

Age Ditferentce

2' Ii 26 hi M(at9 c(tofittdentce interval
Meati (SEM) Meat, (SEM)

Nitrogcn clea.ranice 9-6 ((1 3) 8 5 ((0 2) -2 (0 4 to 9
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Two cxpottcittial 4 §
Thrcc exponenitial ()
Other 4 3

9P<0)-0)i* P<(0-(02
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546 Sandberg, Sj6qvist, Hjalmarson, and Olsson

the infants with a two exponential model as the best
fit one of the components was small and fast in all
cases but one.

Discussion

Although the nitrogen wash out method has not
been used frequently on newborns,8 it has often
been used on adults to study the distribution of
ventilation and to measure the functional residual
capacity.1(' We have designed a nitrogen wash out
method which minimises interference with the in-
fants' breathing2 and in addition, analyses objec-
tively the nitrogen volume elimination curve without
using semilogarithmic plots.3 A similar approach has
been used by Cumming et al;1 12 they, however,
analysed the efficiency of ventilation from a repre-
sentative litre of the lung volume while our esti-
mates of this and the nitrogen elimination pattern
are based on the total expired nitrogen volume. This
study method has been used to investigate ventila-
tory adaptation during the first day of life in healthy,
vaginally delivered term infants.

There is one study only, that of Prod'hom et al,'3
that investigates the development of alveolar ven-
tilation during the first day of life starting at 1 hour
of age, and in this no changes in total ventilation and
alveolar ventilation between 1 and 24 hours of age
were found. The infants studied were delivered by
caesarean section and the mothers had diabetes
mellitus. Some of these infants had signs of neonatal
asphyxia, some had tachypnoea during the first
hours of life, and they were also slightly premature
with gestational ages ranging from 35 to 37 weeks.
As asphyxia and caesarean section are factors
affecting ventilation in neonates'4 these infants can
hardly be regarded as 'normal'.

All infants in our study were term, vaginally
delivered, and without perinatal asphyxia. We
found a significant increase in alveolar ventilation
between 21/2 and 26 hours of age while the total
ventilation was unchanged. The increase in alveolar
ventilation parallels the increase in oxygen con-
sumption during the first day of life found in
previous investigations.'5 16 In a study of basal
oxygen consumption in term infants at the ages of 3
and 24 hours, Hill et al found an increase in oxygen
consumption of 38%.16 After the age of 24 hours
only a slight further increase was found. This
increase in oxygen consumption is in good agree-
ment with our finding of an increase in alveolar
ventilation of 33% between the ages of 21/2 and 26
hours.

If alveolar ventilation increases under conditions
of unchanged total ventilation, ventilation efficiency
must have improved. We found that ventilation

efficiency, measured as nitrogen clearance and
effective breath fraction, improved significantly
between 21/2 and 26 hours of age. This also means
that the effective dead space decreased during this
time. The dead space value measured in this way is
not, however, a static volume but a function of other
ventilatory variables. We found a significant correla-
tion between dead space and tidal volume at both
21/2 and 26 hours of age-a correlation that has been
found previously in neonates and in adults. 17 lX This
means that comparison between dead space at
different measurements can only be made in connec-
tion with the corresponding tidal volume. When, in
this study, analysis of covariance was used to
eliminate variance due to differences in tidal volume
between the examinations, the difference in dead
space between 21/2 and 26 hours of age became
obvious (Fig. 2).

Dead space as a function of other ventilatory
variables can be understood from recent studies on
gas mixing in the human lung. '9 Ventilatory flow
rate and lung expansion have implications for the
diffusion between inspired and alveolar gas and
consequently affect the effective dead space in the
lung. From animal studies it is known that the
newborn lung is hyperhydrated.2(k22 It is also known
that lung oedema preferentially locates in the
interstitial tissue round airways and vessels.23 Accu-
mulation of interstitial lung fluid during the first
hours of life may affect the total cross sectional area
of the small airways in the lung. As the contact area
between inspired and alveolar gas is im ortant for
the efficiency of gas mixing by diffusion ,) this may
explain the reduced ventilatory efficiency found at
21/2 hours of age compared with later. Since total
ventilation was unchanged during this time con-
tinuous drainage of interstitial fluid with an increase
in the total cross sectional area of the small airways
may explain the resulting improvement in ventila-
tory efficiency found in this study. The significant
increase in functional residual capacity is an indi-
cation of the same process.

During the period after birth when resorption of
interstitial lung fluid occurs it could be assumed that
the inspired gas is unevenly distributed into the lung
and that some areas of the lung are poorly ventilated
in comparison with others. This may lead to parallel
inhomogeneity in the ventilation of the lung with
different lung compartments ventilated at varying
rates. In previous studies of nitrogen wash out
curves great efforts have been made to analyse
whether lung compartments are ventilated in paral-
lel or whether stratified gas inhomogeneity exists.24
Recent model analyses, however, have shown the
complexity of gas mixing in the lung.25 Evidently
concentration gradients normally develop and
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change during the whole breathing cycle throughout
the lungs and interpretation of nitrogen elimination
curves in terms of parallel or stratified inhomogen-
eity has been questioned. '9 Astonishingly, in spite of
this complexity in the distribution of alveolar gas
concentrations, nitrogen elimination during oxygen
breathing often follows a single exponential course
and may be expressed by a single model. In this
study we found single exponential elimination pat-
terns in half of the infants at both examinations.
Some of the other infants' curves could be described
using the sum of two exponential curves but in some
curves exponential fitting was not possible at all
according to our model and criteria. When the curve
could be described by the sum of two exponential
components the additional component was often
small and fast (Table 3). There were no significant
differences in elimination patterns between the
examinations (Table 2); consequently no detectable
change in significant parallel ventilation due to
elimination of interstitial lung fluid could be found.
The presence of a single exponential elimination
pattern in about half the infants is in agreement with
findings in healthy adults."'

In summary, this study has shown that adaptive
changes occur in healthy, term infants with increases
in alveolar ventilation, efficiency of ventilation, and
functional residual capacity between 2 and 4, and 21
and 33 hours of age.

This study was supported -by the Swedish Medical Research
Council, Project No. B180-19X-)5703, and The Mcdical Faculty;
University of Gotehorg. Sweden.
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