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ABSTRACT: In 94 girls and 90 boys, aged 12,5-20.3 yr, the relationship of
respiratory pressures or ferces with lung volumes and ventilatory Aows was
studied, There was great variabifity in respiratory muscle performance, which
helps to explain differences in lung volumes between individuals. Respiratory
muscle force increases almost proportionally with thoracic dimensions, so that
inspiratory and expiratory pressores generated at the level of residual volume
(RV}, functional residual capacity (FRC) and total lung capacity (TLC) are
appruximately constant with age. In the oldest boys there is evidence that the
continued increase in lung volumes when they stop growing is due to a
‘muscularity effect’. Boys generate larger pressures than girls at all lung
volumes, Thus boys attain a larger TLC, and in spite of narrower airways, the
sume peak expiratory fow and a targer FIV,/FVC ratio than girls. Effort
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independent fAows (FEY, and MMEF), however, are larger in girls.
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A number of studies scem to indicate that respira-
tory muscle force plays a rolc in determining the level
of diffcrent lung function indices in children and
adolescents [1-3]. ScHOENBERG and co-workers [1]
examined the relationship between body mass and
venlilatory indices derived from the maximum cxpira-
tory Row-volume curve in a large cross-sectional
study. They introduced the term ‘muscularity-obesity
effect’ to describe the increase in ventilatory function
which parallels the increase in body mass and the
subsequent decline in lung function beyond an
optimum weight. This was also described in 1846 by
HuTcHINSON [4]. SEELY and assoctates [5] performed a
longitudinal study which showed that, in girls, both
vital capacity and body mass continued to increase
when prowth in standing height had stopped. This
may be an indication that ventilatory function
increases because of an increase in muscie mass and
hence in muscle force. The finding was reproduced in
other studies {2, 6].

Recently the role of respiratory muscles was
addressed more directly. LEECH ez al. [7] studied the
relationship between maximum expiratory and inspi-
ratory pressures in young adults who had reached
adult height. GaurLTER and ZinMaN [8] tried to
quantify the force which respiratory muscles were
capabie of generating in children from 7 to 13 years of
age. Both studies showed the role of the ‘respiratory
pump’ in explaining differences in lung function
between children and young adults. No such data are
available for adolescents in the pubertal growth spurt;
during this period differences in muscular develop-
ment become apparent [9], resulting in differences in
motor performance and physical strength. Cross-

sectional studies, in which respiratory pressures were
related to age, show conflicting results. SMYTH and co-
workers could not find any differences between
adolescents and adults [10}, whereas several others
found an age-related trend during this period of life
[11, 12). Interindividual differences in lung flunction
also increase during puberty [5, 13]. The factors which
form the basis for these differences are not well
documented, but differences in respiratory muscle
sirength may be relevant.

It is the purpose of the present study to describe the
age-related changes in respiratory muscle strength
during puberty, and to pay special attention to the
differences between boys and girls. Furthermore, we
have tried to assess the extent to which the differences
between individuals in lung function, obtained from
spirometry and residual volume measurements, can
be accounted for by differences in the power of the
‘respiratory pump’.

Materials and methods

Pupils were recruited from two urban secondary
schools in Leiden, The Netherlands, In each school
we selected one class at random from each consecu-
tive year; all pupils had been invited to participate in
the study. Of the 250 pupils thus selected we obtained
informed consent from the parents of 190. The pupil’s
parents were asked to answer a mailed questionnaire
on current and past respiratory symptoms, and on
past and present respiratory illnesses in their children.
We used the MRC questionnaire [14] as modified for
children by KERREBIUN et al. [15]. The measurements
took place at the schools in Spring 1983, between
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Spirometry

Whilst connected to the spirometer, the subjects
were asked to exhale completely and perform a forced
inspiratory vital capacity manoeuvie followed by a
forced expiratory vital capacity manoecuvre (FVC).
This procedure was repeated until three technically
satisfactory tracings were obtained. From these
recordings we selected the largest values of FVC,
forced inspiratory volume tn 1 second (FIV,) and
forced expiratory volume in 1 second (FEYV,);
similarly the largest value of maximum mid-expira-
tory flow (MMEF) derived from a eurve with an FVC
within 95% of the largest FVC is reported [21].

Peak expiratory flow

Peak cxpiratory flow (PEF) was measured with a
mini-Wright peak flow meter. We report the largest
values of three reproducible measurements.

Results
Anthropometric data

We divided the boys and pirls into five age groups
(=<13.5, 13.5-15, 15-16.5, 16.5-18, and > 18 yr) and
determined the median values of age, standing height
and body mass for each group. The relationship of
age with the two other indices is shown in figure 1. In
the two youngest age groups the girls are taller and
heavier than the boys as expecied, since they enter the
growth spuri earlier. The cross-sectional data show
that, in girls, standing height and body mass hardiy
increase on average after the ages of 14 and 17
respectively. In boys, a maximum height of about 180
cm is attained between 16.5 and 18 yr; however, body
mass seems to increase beyond this age.

In males and [emales the relationship ol sternal
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Fig. 1. Relationship between median values of age and of stature,

body mass, static lung volumes and respiratory flows in adolescent
boys and girls, divided into five age categories.
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Fig. 2. Cross-sectional relationship in boys and girls between
either siemal length or thoracic depth with thoracic widlh at the
levei of total lung capacity and functional residual capacity.

length and thoracic depth with thoracic width is the
same up to a thoracic width of about 30 cm when
boys attain a wider chest without an increase in the
two other chest measurements (figs 2 and 3).
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Fig. 3. Relationship of standing height with sternal length and
thoracic width in adolescent boys and girls.
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Static lung volumes

We determined the median lung volumes for each
age group. There are clear trends between lung
volumes and age, which are different for boys and
girls (fig. 1, lower panels). The pattern of growth is
similar for VC and TLC; differences between sexes are
stight in the youngest age group, but increase sharply
wilh age. Compared 1o the median values of TLC in
the youngest age group there is u 1.8-fold increase in
boys and only a 1.35-fold increase in girls; similar
growth figures apply to the FVC. In girls lung
volumes continue (o increase when standing height
has reached adult values (fig. 1). The subdivision of
static lung volumes in males and females is unrelated
to age; this holds for RV%TLC (r=0.01 in males;
r= —0.05 in females), and FRC%TLC (r=—0.04 in
males; r=0.16 in females). Males and females have
comparable resting lung volumes; at age 16 the mean
FRC%TLC is 54.7% in males and 54.5% in females.
RV%TLC is on average larger in females (mean 22.5;
sD 5.83) than in males (mean 20.9; sp 4.76), but the
means do not differ (p> 0.5).

Maximum flows

Maximum inspiratory and expiratory flows in-
crease in proporiion fo lung volume as judged by
FIV,%IVC and FEV,%1VC, which arc uncorrelated
with age and standing height in boys and girls. Figure
1 shows the median values for PEF and MMEF in
boys and girls. Slightly higher values are found in girls
up to 14 years of age for PEF and up 10 17 years of
age for MMEF. In table | we have tabulated TLC
and inspiratory vital capacity (1VC), standardized for
a standing height of 165 cm, and FEV,%IVC,
FIV,%IVC, MMEF and PEF standardized for age
16. Analysis of covariance did not reveal differences
between boys and girls for any of the lung function
variables after accounting for the standing height and
age. Yet there is a pattern: in spite of the lower TLC
(table 1) and lower maximum Pe.TLC {fig. 4). girls
produce the same PLF as boys (table 1). They also
have a higher FEV,%IVC ratio and a higher MMEF
{table 1).

Respiratory forces and pressures

Figure 4 shows the median values for maximum
inspiratory and expiratory pressures plotted as a
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Fig. 4. Maximum respiratory pressures and forces at different
levels of lung inflation in adolescent boys and girls. Estimates of
thorax surface area (see fexi), and hence of muscle force, were only
valid at the level of TLC.

function of median age for the five groups of boys and
girls; the corresponding relationship for respiratory
muscle force is also shown in figure 4. In this age
range (13 20 yr). boys arc usvally capable of
generating larger inspiratory and expiralory pressurcs
than girls. As mentioned carlicr, we used chest surlace
areas in the computation of respiratory forces. Since
surface arca is proportional 1o L? and volume to L*
(where L=length), if surface areas are correctly
estimated they should be proportional to V°47, We
checked this by regressing log surface area on tog lung
volume. Table 2 shows the regression coeflicients and
their confidence {imits. For TLC in both sexes these
regression coefficients approximated the expected
value of 0.67. Thus we regard the corresponding

Table 2. - Regression coefficients and 35% confidence
intervals computed from regrassion of log surface areaon
log volume

Boys Girls

TLC 0.64 (0.57-0.71)
FRC 0.48 (0.40-0.56)
RV 0.28 (0.20-0.36)

0.50 (0.38-0.62)
0.24 {0.12.0.24)
0.06 (-0.03-0.15)

TLC: total lung capacity; FRC: funcilional residual capecity; RY:
residual volume

Table 1. - Comparison of ventilatory indices in boys and gitls; values have been standardized for age 16 and a standing

height of 165 cm

TLC IvC

ml ml
Females 4646 3617
Males 4832 3828

MMEF PEF FEV /IVC FIV AVC
; Fmin? % %

3768 497 87.48 §9.90

3478 498 83.85 91.61

TLC: total lung capacity; IVC: inspiratory vital capacity; MMEF: maximum mid-expiralory flow; PEF: peak expiratory flow; FEV :
forced expiratory volume in one second; FIV,: forced inspiratory volume in one second.
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There is no evidence [rom the present study to suggest
that the balance between lung and chest recoil is
altered during growth. On the contrary, the fact that
the FRC/TLC ratio is independent of age suggests
that changes, if any, are well balanced. This is
compatible with the findings of SHARP et al. [24], who
studied the pressure-volume curve of the respiratory
system in anaesthetized subjects. They found that
between the ages 10-18 yr the shape of the curve
remained the same, and that differences in the
position of the curve were slight after standardizing
for volume.

The increase of residual volume may be affected by
changes in airway closure. Closing volume as a
percentage of the ¥VC declines in adolescents [23, 25],
and this could be associated with more complete lung
emptying, Since it requires admipistration of a
relatively large bolus of tracer gas to demonstrate
airway closure in children, the volume of trapped gas
involved is probabiy small, as will be the efiect on
residual volume. Hence the constant RV/TLC ratio
signifies that the increase in expiratory muscle force at
low lung volumes is apparently proportional to the
increase in lung surface area.

As has been shown frequently in adults, but also in
adolescents [26—29], girls on average generate larger
expiratory flows than boys of the same age and
staturc (table I}. In fact, even though in boys the TLC
is 5% larger than in girls, the peak expiratory flow is
the same on average. The peak expiratory flow is not
governed by wave speed limitation. It depends on
efiort, the speed of muscle shorteming, and on the
diameter of large intrathoracic airways. Since maxi-
mum expiratory pressures at the level of TLC and
FRC are consistently less in girls than in boys,
girls apparently have wider airways for a given lung
volume than boys. This is in agreement with the
findings of DulvErMaN et al. [30] that, between
2.3-12.5 yr (with the exception of § yr) during quiet
breathing, the rcsistance of the respiratory system to
airflow is larger in boys than in girls, The fact that
girls, but not boys, decrease airway tone after a deep
inspiration may also contribute to the sex-related
differences in expiratory flow [31]. The FEV,/FYC
ratio is composed of an effort-independent and an
eflort-dependent portion; it can be thought of as a
mean expiratory flow in the first second of expiration
divided by volume, when it has the dimension of t !,
i.e. the reciprocal of the time constant of the lung.
Girls exhibit the smaller time constants, The same
reasoning applies to the MMEF, a mean expiratory
flow which is entirely governed by wave speed
limitation and hence an indirect measure of the
airway area at the choke point. Due to the higher
alveolar pressures generated by boys than by girls,
some of the differences in FEV, and MMEF can be
accounted lor by intrathoracic gas compression. To
some extent the data are also confounded by the fact
that the RV/TLC ratio in girls is about 1.5% higher
than in boys, so that for the same total lung capacity
they have a smaller FVC; this would artificially inflate

the FEV/FVC ratio and MMEF in girls, but the
difierence from boys remains il one corrects llor this
bias.

These observations lead to the question of whether
there is dysanaptic growth, i.e. whether the relation-
ship between the growth of lung and airway dimen-
sions is difflerent for boys and girls. This question can
only be answered if in the two sexes the volumes
atlained are comparable. The TLC and RYV are effort-
dependent lung volumes which are governed by the
elastic properties ol the chest and iung and by
respiratory muscle force. We have no information
ahout the elastic properties but the FRC/TLC ratios
are hardly diflerent and there is no evidence from the
literature ol differences in lung elastic recoil between
adolesceni girls and boys [32-35]. It is unlikely that
the properties of the chest wall differ much between
sexes. The study of DurvermanN et al. [30], who
employed forced oscillations applied at the mouth,
did indicate, however, that between 2.3 and 12.5 yr
boys have the stiffier respiratory system and this may
also apply to the adolescent age. As regards respira-
tory muscle force and inspiratory and expiratory
pressures, boys can stretch the lungs further at the
level of TLC and also attain a smaller residual
volume. Hence the systematically higher RV/TLC
ratio in girls fits in with their lower respiratory muscle
performance, as do the smaller VC and TLC. The
relationship between thoracic width, sternal length
and chest depth is very similar in boys and girls (figs 2
and 3), Hence all the evidence is that boys start forced
expiration from a higher fevel of lung inflation than
girls; this is associated with greater lung elastic recoil
and airway distending pressure which would help to
generate larger forced expiratory flows. Yet the peak
expiratory flows are no different, so that the relation-
ship between airway and lung dimensions seems 1o be
basically different between boys and girls. Interestin-
gly, THURLBECK [36] found in infanis that boys had
larger alveoli than girls; apparently then males have
the narrower airways. During a forced inspiration,
the greater muscle power in boys more than compen-
sates for the larger flow resistance leading to a greater
FIV,/FVYC ratio in boys than in girls,
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RESUME: Nous avons étudié, chez 94 filles el chez %0 gargons,
dont ["ige se situe entre [2.5 ¢t 20.3 anndes, la relation des pressions
ou forces respiratoires, avee les volumes pulmonaires et les débits
ventilatoires. Op a noté une grande viriahilité des performances
muscukaires respiraleres, ve qui awde d expliquer les difTerences de
volumes pulmenaires entre les individus. Les forees des muscles
respiratoires augmentent environ de fugon propartionnelle svee les
dimensions du thorax, de lelic sarte que les pressions inspiratoires,
qui sont générées au miveau du volume résiduel, de la capacité
résiduetle fonctionnelle, et de fa capacité pulmonaire totale, sont
approximativement conslanles avee I'ige. Chez les gargons les plus
ages, il apparail que Paugmentalion continue des volumes
pulmonaires, 4 un momeni o la taile debout cesse d*augmenter,
est due & un cilet de muscularite. Les gargons sont capables de
générer des pressions plus Torles que les Glles § tous les volumes
pulmonaires. Done, les gargons arrivent i un plus grunde capacité
pulmonaire latale ef, en dépit de bronches plus étraites, arrivent au
méme débit expiratoire maximum et 4 wn rapport FIV,(FVC
supérigur a cetw des filles. Toutclois, les debits indépendants de
Peflort {FEV, et MMEF), sont les plus élevés chee les filles



