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Growth of lung and thorax dimensions during the

pubertal growth spurt

E.G. DeGroodt, W. van Pelt, G.J.J.M. Borsboom, Ph.H. Quanjer, B.C. van Zomeren.

Growth ¢f lung and thorax dimensions during the pubertal growth spurt. E.G.
DeGraodt, W, van Pelt, GJJ M. Borshoom, Ph.H. Quanjer, B.C. van
Zomeren.

ABSTRACT: In the follow-up study of adolescents residual volume (RY), vital
capacity (VC), closing volume (CV), thorax height and thorax width were
messured at six month intervals over a six year period; 149 girls and 477 boys,
whose ages ranged between 11.5 and 18.5 yr during the follow-up, were
investigated. In healthy subjects and in those with respiratory symptoms the
rates of change of thoracic dimensions, ss calculated by a robust linear
regression techmique, were moderately well correlated; the growth rates of RY
and Y C were only slightly correlated, and both were moderately well correlated
with changes in thorax dimensions. Thorax height increased relative to thorax
width in boys ard girls during the follow-up. In boys, thorax height continued fo
grow, when standing height and thorax width had attained adult values in girls.
Thus the thorax atiains a more elongated shape. During the adolescent growth
spurt the residval volume as a percentage of total lung capacity (RV%TLC)
within subjects increased on average 0.6% per yr, and closing volume as a
percentage of vital capacity (CV % YC) decreased on average 0.5% per yr. Both
of these changes can be accounted for by decreased thorax compliance and
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increased outward chest recoil at low lung volumes,
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During some period between the age of 10 and 15
yr all children undergo a marked acceleration in their
growth rate. This growth spurt affects the long bones
first, preceding the time of peak growth velocity of
thorax width by about six months and that of thorax
height by about a year [2}, 24]. Consequently thoracic
proportions change continuously during growth.
Since the lung is contained in the thorax it seems
plausible that the asynchronous changes in thoracic
dimensions will have bearing on the development of
lung volumes. Also changes which occur in the
maximum pressures which respiratory muscles are
capable of exerting on the chest wall and lung [2, 4, 9]
will affect lung volumes during growth,

In this paper we describe the changes which occur
in thoracic dimensions and in subdivisions of the total
lung capacity in adolescents aged 11.5 to 18.5 yr. In
addition we analyse how and to what extent the
growth of the lung is related to that of the thorax.

Lung growth was studied using the vital capacity
(VC) and residual volume (RY), measured longitudi-
nally. The growth of the thorax was studied on the
basis of measurements of thorax height (ThH) and
thorax width (ThW),

Materials and methods

The data were collected in a follow-up study of
adolescents, which started in 1978 and ended in
1985. Each subject was measured twice a year,

resulting in, at the most, twelve measurements over a
six yr period.

We applied the single breath nitrogen test as
described by Buist and Ross [1] and STErK ef al. [23].
This test provides the inspiratory and expiratory vital
capacities, of which we used the largest as vital
capacity. After practice the seated subject was
connected to a bag-in-box system at the level of
residual volume. Oxygen was inhaled until the level of
total lung capacity (TLC) was reached. Without
respiratory pause, the subject then performed a slow,
full expiration. The single breath manoeuvre was
extended by about twelve forced rebreathings, at a
rate of about 30 breaths per minute, from which we
obtained residual volume [23). The nitrogen concen-
tration was measured at the mouth with a linear
nitrogen analyzer (Hewlett Packard, type 47302 A)
the volume signal was obtained from a water-sealed
spirometer (Lode D53R). These signals were sampled
and processed on line for the computation of both
vital capacity and residual volume, Closing volume
{CV) was calculated with an algorithm similar to the
one used by HankinsoN [6]. Measurements and
methods have been extensively described in a previous
paper [3]. Readings were only accepted if the
inspiratory vital capacity was within 90-105% of the
expiratory vital capacity.

Thoracic height, width and sternal height were
measured with a Holtain anthropometer with the
subject standing, at the end of normal expiration.
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Thoracic height was defined as the vertical distance
between the middle of thc clavicle and the lower
border of the rib cage; the mean of the mcasurcments
of lelt and right hemithorax was used. Similariy, the
mean of two mcasurements of thoracic width at the
level of the lower sternzl border and of sternal height
were used. In the majority ol subjects sternal height
increased not only by appositional growth, but also
because the xyphoid process is added to it: it goes
through a stage of a non-palpable fibrous plate to a
firmly ossified bone. Hence this index is not useful,
since a systematical error is infroduced in the
longitudinal measurements. ln addition, standing
height and weight were measured. All measurements
were read to the nearest mm or 0.01 kg,

A questionnaire about the respiratory health status
of thc pupils was filled in by the parents on each
occasion. At the first survey the questionnairc dealt
with the period preceding the study; mmformation
covering the clapsed period was obtained at each
subsequent investigation. In addition, a confidential,
brief form on their smoking habits was filled in by the
pupils themselves on each oceasion.

Subjects

Caucasian subjects at two different schools in The
Hague participated in the study. The age range over
the whole follow-up period was 11.5-18.5 yr. At a
secondary school, 198 boys and 149 girls, who entered
the lowest class either in September 1978 or in
September 1979, were participants during the whole
of their school career. At a technical schooi, another
279 boys were measured [or the first time when they
entered the lowest class in September 1980 or in
September 1981, The following groups were [ormed:
non-smokers who had never smoked (NS); smokers
(S), regardless of the respiratory history; and subjects
having a negative (NH) or a positive history (PH)
neglecting smoking habits. Boys and girls were
analysed separately. A subject was considered to be a
smoker [rom the time he/she reported smoking at
least eight cigarettes a week. Subjects were considered
to have a positive respiratory history whenever there
were recent or past symptoms ol cough or phlegm for
more than three months per yr, or in case of shoriness
of breath, or complaints of wheezing, asthma or
bronchitis. The subgroups comprised only pupils of
whom at least six sets ol measurements were
available. A prcliminary analysis of covariance did
not show an effect of smoking on level and growth of
the lung volumes. We therefore neglect smoking
habits in the [ollowing analyses, i.e. oniy the results
for groups ol subjects having a positive history of
respiratory symptoms (PH) and of subjects having a
negative history (NH) will he described.

Analyses

We studied proportional growth of lung volumes
from the residual volume as a percentage of vital

capacity {(RV%VC), rather than the RV®%TLC, In
the latter, RV forms part of both numerator and
denominator, which obscures a possible change with
growth in the different volumes. The proportional
change of thorax dimensions was studied rom the
thorax width as a percentage of thorax height
(ThW%ThH}).

In order to describe changes in lung volumes and
thoracic dimensions during the growth spurt we
calculated the mean annual growth rates of RV, VC,
RV%VC, ThW, ThH and ThW%ThH in each
subject. During the growth spurt these indices
tncrease more or less linearly with age. The inclusion
ol data points prior to and after the growth spuri
leads to S-shaped curves; we wanted to exclude such
points as well as obvious outliers. This could be
achieved by applying a robust linear regression
method [18), because such a technique tends to ignore
points which do not behave like the majority of the
data. We chose a method similar to least median
squares, but instead of minimizing the median of the
squared residuals we chose the 75% quantile of the
distribution of the residuals as the object function. An
example illustrating how inclusion or exclusion ol
‘outliers” affects the estimated annual rate of change,
is given in figure 1. It appeared (tabie I} that there
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Fig. 1. Examples of the dillference between ordinary {dashed
lines) and robust linear regression (solid lines) for the growth rate
of RV (M} and of VC {®). Open squares or circles are detected as
outliers.

Table |, - Distribution of outliers at the slart and end of individual
growth curves of AY, VC, ThH and ThW as detected by robust
regression analysis. NH and PH: negative and positive history of
respiratory symptoms respactively.

Boys Girls
NII PH NH PH
No cutliers at start T2.4 725 TG 73.8
or end
Sian 154 9.9 59 48
End 10.6 16.8 21.6 9.0
Stan and end L6 0.8 1.0 24
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were more boys than girls with a growth spurt that
had not started at the first measurements, and
conversely more girls than boys had finished their
growth spurt before the end of the survey. This is as
expected on the basis of different age of onset and
duration of the growth spurt in adolescents [24]). On
average, less than one outlying data point was
detected among 612 (mean 9) available data points
for each individual.

We analysed in which way and to what extent
growth rates of lung volumes within subjects are
related to those of the thorax dimensions for each
subgroup. As a first step Pearson correlation coeffici-
ents were calculated between individual growth rates
of lung volumes and thorax dimensions. Simultane-
ously, the relationships between the sets of growth
rates of the lung indices on the one hand and those of
the thorax dimensions on the other were analysed by
classical canonical correlation analysis [8, 13].

Resulis

Figure 2 shows the mean individual growth rates of
VYC, RV, RV%VC, ThH, ThW and ThW%ThH
calculated by robust regression analysis. For each
index, the change with age is depicied by a line drawn
from the mean age at the first measurements for the
various groups of subjects (as allowed by robust
regression} up to the mean age of the last measure-
ments. Table II lists the mean growth rates corres-
ponding to figure 2. Except for ThW in girls, all mean
growth rates differ from 0 {p < (.05). The growth rates
of RV%VC and of ThW%ThH of the different
subgroups do not differ significantly. The change of
RV%VC amounts to about 1% per yr, that of
ThW%ThH to about —1.25% per year. Hence
restdual volume grows relatively faster than vital
capacity, and thoracic height grows relatively faster
than does thoracic width. The group levels of
ThW%ThH, estimated at an overall mean age of 15.3
yr, do not differ significantly for boys or girls, whereas
the levels of RV%VC do. The growth raies of VC,
RV, ThH and ThW in boys are at least twice those in
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Fig. 2. Mean within person changes with age of VC, RV, ThH,
ThW, RV%VYC and ThW%ThH, obtained from the individual
rabust regression lines in boys (saolid lines) and girls (dashed lings)
with negative (0J)} and posilive (O) histories of respimtory
sympioms.

girls. Figure 2 shows that in girls thorax width did not
increase during the follow-up, whilst thorax height
clearly increased. Therefore, the decrease in
ThW%ThH with age (table IT) will be due mainly to
the growth in thoracic height. In boys, thorax height
grows twice as fast as thorax width. In boys and girls,

Tabfe Il. - Mean individual growth rates and standard emors of the mean in parentheses in healthy (NH} boys (M) and girls (F) and in

subjects with a posilive history of respiratory symptoms (PH)

Sex group n AYC ARY
mlfyr mlfyr

F NH 102 He L 75
(i (5)

F PH 42 186 89
(18} )

M NH 255 428 163
V)] 6}

M PH 131 424 152

{11} )]

AThW AThH ARVIVC AThW/ThIl
cmiyr anfyr Biyr Fafyr
-0.146 0.532 1.00%9 -1.573
©.034) (0.042) (0.205) (0.135)
0051 0.650 1.142 -1.847
(0.067) (0.078) {0.356) ©.253)
0.706 1.280 1.279 -1.123
(0.026) {0.035) {0.148) 0.099)
0.706 1.257 0.814 -1.197
(0.035) 0.047) ©.177) {©.142)
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Table lil. - Fit of the complote set of thorax growth indices (AThW, AThH and AThW=%ThH) wilh those of the lung (ARV, AVC and
ARV%VC} expressad as the sum of the squared canonical coirelations x 100, and parcentage variance of the separate indices explainad
by those of the other set, in boys (M) and gifls (F) with negative (NH) and positive (PH) histories of respiratory symptoms,

averll percenlage variance explained percentage vanance explained
" by thorax growth indices by lung growth indices
n seX group ARV AVC ARVBYC AThW AThH ATHW%ThH
102 F NH 326 14.2 23.0 6.4 16.0 26.1 1.8
42 F IrH 69.0 267 28.8 133 57 26.0 10.6
255 M NH g 172 282 7.8 19.4 320 22
131 M PH 51.5 i86 33.8 6.7 19.6 323 2.8
the absolute rate of change of vital capacity exceeds GIALS BOYS
that of residual volume by a lactor of two or more.
However, in a relative sense, the residual volume 1077:0.29 112=0.38
grows faster than the vital capacity, as indicated by 0.8 1 .
the increasing RV%VC. 06 1
Siudying the relationship between lung growth
indices and those of thoracic growth, with canonical 041
correlation analysis, was done in two steps. The first 0.2 1
one included the growth rates ARV%VC and 0
AThW%ThH, whereas the second one did not. Table
I11 summarizes the results of the first approach. The -0.2 1
‘fit’ of the sets, the percentage variance of each lung -0.4 1
growth index explained by the total set of thoracic 0.6
dimensions and the percentage variance of each
thoracic index explained by the total set of lung -_5_ o8- N
volume parameters is shown. AVC is most strongly @
related to the growth of the thorax dimensions, °
whereas AThH is more closely related to the growth g
of the lung volumes than AThW, especially in boys. It 15’
is obvious that in the multivariate analysis, in which $ 0
: S 10+-048
the sets of lung and thorax growth rates are optimally
0.8 4

related, compound indices like ARV%VC and
AThW%ThH will add little to the description of the
relationship between the sets as shown in table III.
Consequently the interpretation is simplified and little
is lost by leaving out ARV%VC and AThW%,ThH.
This was done in the second canonical correlation
analysis. This analysis has the advantage that in one
diagram the relationship of AThW and AThH can be
inspected directly with respect to the total variance of
the ARV and AVC, depicting at the same time the
relationship between AVC and ARV,

Figure 3 shows the relationship of ARV and AVC
and of AThW and AThH with respect to the pattern
of variation of ARV and AVC, for boys and for girls
with positive and with negative histories ol respira-
tory symptoms. The magnitude of the vectors for
ARV and AVC is 1, which means that the total
variance of ARV and AVC is present in the iwo-
dimensional diagram. The cosine of the angle between
the vectors ARV and AVC is equal to the correlation
between the two. The explained variance of AThW or
AThH in the diagrams equals the square of their
vector magnitude and is less than I, Each squared
magnitude is what is explained of the variance of
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Fig. 3. Vector diagram depicling the relationship between
growth rates of lung votumes and thoracic dimensions in boys and
girls with negative (NH} and positive (PH) histories of respiratory
symptoms. VYeclors indicate the direction and the magnitude of
increase of the variables, related to the total varance of ARY and
AVC. Main and secondary direction concern two independent
components of the variance of ARV and AVC chosen in such a way
as to be correlated maximally to an independent aspect of the
combined variance of AThH and AThW. The vanance of the main
and sccondary direction explained by the other set is expressed as
the sum of squared canonical correlations {r?). For further
explanation see 1ext.
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AThW or AThH by the growth rates of RV and VC
together. What the growth rates of ThH and of ThW
explain separately of the growth rates of RV and VC
can be found by projecting the vectors of the former
on the latter. These projections are equal to their
respective bivarate (Pearson) correlations and are
equal to those in table IV. Note that the correlations
of the growth rates of ThW and ThH cannot be
reconstructed from the diagram as only a fraction of
their respective variances is present in it {namely that
part which is relevant with respect to the growth rates
of RV and V().

In all groups the near perpendicularity of the
vectors of ARV and AVC shows that RV and VC
develop relatively independently; their rates of change
are only clearly correlated in males with a negative
history of respiratory symptoms {r=0.30; table IV).
Figure 3 also shows differences between boys and
girls. In boys, unlike girls, AThW and AThH point
more in the direction of AVC than of ARVY. Thus, in
boys the individual growth rates of residual volume
are less related to the growth rates of the thorax than
is the case with the growth rates of vital capacity. In
girls the thoracic vectors are between those of ARV
and AVC: the relationship of AVC with AThH is
secn to be weaker than in boys. With the exception
of pgirls with a positive history the AThH
vectors are larger than the AThW vectors and more
closely related to both ARV and AVC than AThW. As
before (table III) in girls with a positive history of
respiratory symptoms the canonical correlations are

Table 1¥. - Pearson comelation coefficients of logarithmically
transformed lung and thoracic growth rates in boys (M) and girls {F)
with negative histary (NH) and positive history {PH) of respiratory
symptoms.

Variable Sex Group ARV AVC AThW
o F NH —0.04
F PH -0.16
AVYC M NH 0.30
M PH 008
F NH 0.17 0.31
F PH 0.20 0.52
W M NH 0.23 0.41
M FH 0.08 0.45
F NH 0.34 0.37 0.45
F PH 0.35 022 023
H M NH 039 0.55 041
M PH 0.28 0.54 0.39

higher than in girls with a negative history: it seems
that the development of the trunk is less independent
than that of the lung in girls with a positive history. In
both boys and girls with a positive history the ARV
vector turns away from the AVC vector as compared
with subjects with a negative history.

Discussion

In general our results show that during the pubertal
growth spurt the thorax changes not only in size but
also in shape, and that this is accompanied by
alterations in size and subdivisions of the total lung
capacity. Diflerences between subjects with and
without respiratory symptoms are as a ruie negligible.
This is probably due to the fact that most of the
subjects classified as having symptoms had these
symptoms in the past; the others had one or two
symptoms during the study, which in the majority of
these subjects were present oniy on a limited number
of occasions during the follow-up. Hence there was
only minimal disease in the group classified as having
a positive history. All respiratory symptoms occurred
more [requently in boys than in girls with a positive
history, yet the relationship between growth of lung
and thorax was virtually the same in boys {figs 2 and
3). Therefore in the present study the moderate extent
of past and present airway disease seems to have little
effect on the growth of lung and thorax.

On average ThW%ThH decreases with age in both
boys and girls (fig. 2). This is only partly due to the
fact that in general the growth of trunk height leads
that of chest width by about six months [24]. In boys
thorax height increases about twice as fast as thorax
width (fig. 2), which leads to a constant decline of
ThW%ThH wiith age. In most of the girls thorax
width, unlike thorax height, did not increase at all.
The finding of a relative elongation of the thorax
agrees very well with that of SiMoN ef al. [21], who
determined lung width and lung length radiologically
(at the level of TLC) between ages 5—19 yr; they found
that the level of the diaphragm relative to the
vertebrae fell progressively. This was not confirmed
by OPENSHAW ef al. [17], who found that alter the age
of ten yr the diaphragm stays at about the same level
at full lung inflation; however, they did find increased
downward angulation of the ribs, compatible with the
relative chest elongation which we observed.

The changes in the thoracic dimensions are rather
loosely related to those in RV and VC. Inclusion of
measurements of the antero-posterior chest dimen-
sions might have changed the picture a little, but the
correiation between the growth of lung and thorax
will also be influenced by the fact that the measure-
ments of thorax width and height were performed at
resting level, unlike those of residual volume and vital
capacity which entailed maximum tidal excursions.
Sternal height is not influenced by the level of lung
inflation, but in many subjects there was spurious
growth due to the xyphoid process becoming palpable
only during the course of the study, so that it became











