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Computed tomographic estimation of lung
dimensions throughout the growth period

P.A. de Jong** ', F.R. Long*, J.C. Wong", P.J. Merkus*, H.A. Tiddens*,

J.C. Hogg" and H.O. Coxson"*

ABSTRACT: The aim of the current study was to use computed tomography (CT) to estimate
airway wall and lumen, and arterial and parenchyma dimensions in children throughout the
growth period, and to provide normative data to study alterations caused by pulmonary disease.

Clinical CT scans reported as normal that were performed in children for nonpulmonary and
noncardiac reasons were analysed for lung weight, gas volume, lung expansion, lung surface/
volume ratio, airway wall area, airway lumen area, airway lumen perimeter, arterial area and

airway surface length/area ratio.

The age range of the 50 subjects was 0-17.2 yrs. The data showed only little increase in lung
expansion throughout childhood (n=32). There was substantial variability in lung expansion
between subjects. Airway wall and lumen and arterial area were exponentially associated with
subjects’ height (n=50). Airway surface length/area ratio was linearly associated to alveolar

surface/volume ratio.

The data from the current study provide normative computed tomography estimates of airway
wall and lumen, and arterial and parenchyma dimensions throughout the growth period that may

be useful for the study of alterations in disease.

KEYWORDS: Airway, alveolus formation, childhood, computed tomography, lung development,

pulmonary artery

etween one-third and one-half of the
B adult number of alveoli are present in

the human lung at birth [1]. This number
increases rapidly by a process of septation of the
primary saccules and probably reaches adult
values between 1.5-2 yrs of age, and certainly
by 8 yrs of age [1-5]. After the phase of rapid
alveolar addition is completed, the number of
alveoli remains constant and the lung continues
to grow by increasing the dimensions of all of the
lung structures [1, 4, 5]. In contrast to alveoli, the
number of conducting airways and pulmonary
arteries is complete at birth and they only
increase in size during postnatal growth [6, 7].
Whether airway sizes and airway growth pat-
terns differ between sexes in infancy [8-17] or
later in childhood [18-25] remains controversial.

Alterations in the growth of lung structures occur
secondary to a wide variety of congenital [26] and
developmental insults [27-29], yet little norma-
tive data exists regarding how lung structure
changes with age or height. Therefore, a better
understanding of lung growth in health and
disease is needed. Computed tomography (CT)
scanning has made it possible to study lung
structure in vivo [21, 30-34] and provides a useful
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tool for evaluation of both lung disease [28, 35,
36] and normal lung parenchyma (lung weight,
gas volume and expansion) [37].

Previously, the current authors estimated lung
parenchyma dimensions in a cohort of children
ranging from birth through to adolescence [37].
In the present study, airway wall and lumen
dimensions of the conducting airways and
dimensions of the accompanying pulmonary
artery in addition to the lung parenchyma were
estimated in a different cohort of children. The
aim of the present study was to use CT to
estimate airway wall and lumen, and arterial and
parenchyma dimensions in children throughout
the growth period, and to provide normative
data to study alterations caused by pulmonary
disease.

METHODS

Subjects

In the current study, 50 subjects from Columbus
Children’s Hospital (OH, USA) were included
who were undergoing CT investigation for
nonpulmonary malignancies. Only CT scans
initially reported as normal, with confirmation
of this opinion by a second radiologist, were
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CT AND LUNG GROWTH

included in the study (table 1). The study was approved by the
ethical review board of Columbus Children’s Hospital.

Computed tomography scans

All CT scans were acquired using a GE lightspeed Ultra 8-slice
CT scanner (General Electric Healthcare, Milwaukee, WI, USA)
using a peak potential of 120 kilovolts peak and a beam current
ranging from 30-120 milli-Amperes per second and were
reconstructed using both a low resolution (GE “’Standard’’)
and a high resolution (GE “Bone”’) algorithm. Contiguous 1.25-
mm thick images were acquired in 32 of the subjects, either
after a breath-hold instruction in the children >5 yrs of age
(n=17), or using a previously described method of volume
control in children <5 yrs of age [38—40] (n=15). Briefly, the
infants were sedated and an apnoea was briefly induced to
allow lungs to be inflated to an airway pressure of 25 cmH,0O
using a face-mask during the CT scanning [28]. The remaining
18 subjects only received a limited 1.25-mm thick CT scan at
four levels following a previously published protocol. No
contrast media was used in any of the CT scanning procedures.

Computed tomography parenchyma analysis

The CT scans were transferred to the James Hogg iCAPTURE
(Imaging, Cell Analysis, and Phenotyping Toward Under-
standing Responsive, Reparative, Remodelling, and Recom-
binant Events) Centre for Cardiovascular and Pulmonary
Research (Vancouver, BC, Canada) for analysis. The 18 CT scans
with limited images were only used to estimate airway wall and
lumen and arterial dimensions, and not to estimate lung
parenchyma. The remaining 32 CT scans were also used for
parenchymal, airway and artery analysis, as described below.

1y-\:{8S8 B Indications for computed tomography (CT) scan
and CT scan findings

Reason for CT scan or diagnosis CT findings Subjects n
Extra pulmonary tumour No metastasis 15
Solitary nodule No change in number and size 2
Mitochondrial disease Normal CT 1
Langerhans cell histiocytosis Normal CT 1
Tracheomalacia Mild malacia of the trachea 1
Vascular ring suspected No vascular ring 2
Cyst Small cyst 2
Pulmonary haemorrhage Small area with haemorrhage 2
Recovered pneumothorax No blebs 3
Upper gastrointestinal tract Normal CT 3
disorder
Lupus-like syndrome Normal CT 1
Recurrent sinusitis Normal CT 3
Meckel diverticulum Normal CT 1
Foreign body suspected No foreign body 3
Sternal cleft Normal lungs 1
Cystic fibrosis <1 yr of age Normal CT 8
Haemangioma Small haemangioma 1

Of the 50 CT scans, 19 have been previously reported [28]. In that report, airway
wall and lumen and arterial dimensions were measured using a different
measurement programme and, in that study, the normal dimensions were
compared with cystic fibrosis patients.
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The lung parenchyma was analysed using the “‘standard”
reconstruction algorithm, as previously described [33, 34].
Briefly, the lung was segmented from the chest wall and
surrounding structures, and the lung volume was calculated
by summing the voxels within the lung and density was
calculated from the X-ray attenuation values. Lung weight was
calculated by multiplying the lung density by volume. Lung
expansion, in millilitres of gas per gram of tissue, was
calculated by subtracting the inverse of the density of tissue
(assumed to be 1.065 g-mL'1 [41]) from the inverse of the CT-
measured lung density [33, 34]. Lung alveolar surface area to
total lung volume ratio (S/V) was calculated using the lung
expansion values at total lung capacity (TLC) as previously
described [34]:

S/V lung _ e6.84—(0.32 x lung expansion at TLC) (1)

CT-calculated lung weight was compared with previously
reported post mortem values from children with normal lungs
[42]. The CT-determined gas volume was compared with
predicted normal values for functional residual capacity and
TLC using standard prediction equations based on body length
[1, 4, 43-45]. CT-calculated lung expansion was compared
between males and females. To overcome the problem of
different inflation levels between subjects during the CT
procedure, lung expansion at full lung inflation was
calculated by dividing the predicted TLC by the CT-
calculated lung weight (hereafter referred to as lung expansion
at TLC).

Computed tomography airway and artery analysis

Airway wall and lumen and arterial dimensions were
measured in the 50 subjects at specified locations of the
bronchial tree (fig. 1), as previously described [31, 32]. The
measurement locations were: trachea (T), right bronchus
intermedius (RBI), right apical bronchus (RAB), and the first,
second and third branches after the RAB (RAB1, RAB2 and
RAB3 respectively). Airway lumen area (LA) and perimeter
(Pi) were measured from T through to RAB2, since RAB3 was
too small to be reliably measured. Arterial area (AA) was
measured from RAB through to RAB3, since T and RBI do not
have a measurable pulmonary artery. In the 18 subjects with
only four CT images, a given airway branch was excluded if it
could not be found. The measurements were performed by
manually placing a seed in the lumen of the airway or artery
and casting 64 rays from this point into the parenchyma. The
borders of inner and outer airway wall or outer arterial wall
were determined using the full-width at half maximum
principle [46]. Rays that were too long or too short were
manually edited, and the dimensions calculated by connecting
the ends of the rays using a spline function. LA is defined as
the area internal to the inner wall in airways and the Pi is the
length of the inner boundary of the rays. AA is the area
internal to the outer wall of the artery.

Trachea lumen area was compared with previously published
values of CT-estimated trachea lumen area [47, 48]. Airway
lumen Pi (length) was divided by LA to estimate airway
surface length/area ratio (Pi/LA). The airway surface length/
area ratio was compared with the lung alveolar surface area/
volume ratio.
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weight and lung expansion at TLC with subject height. The
line of best fit was reported. Spearman correlation was used to
determine the relationships between LA of the trachea and the
other measured airways, between the AA of the right apical
bronchus and the other measured arteries and between the
alveolar S/V ratio and the airway Pi/LA ratio.

RESULTS

Study population

The demographics and the total lung CT measurements for the
study subjects are shown in table 2.

Parenchyma

Figure 2 shows that there is a significant power law relation-
ship between CT measured lung weight and the height of the
subject (CT weight = 35.1 x exp"'8" 00183, R2—(0 96, p<0.001;
fig. 2). Furthermore, there is a significant power law relation-
ship between both CT-measured gas volume and lung
expansion at TLC and the height of the subject (gas
volume=0.0283 x height2'247; R%=0.85, p<0.001; CT expansion
at TLC=0.172 x height®7*, R?=0.66; p<0.001; fig. 3).

FIGURE 1. Sites of airway-artery measurements shown on a bronchial tree.

Airways and arteries

There is a significant exponential relationship between
LAyachea Of the study subjects height (R*=0.90, p<0.001),
which compares favourably to published normal values [47,
48]. Furthermore, there is a strong correlation between the
trachea (LAgachea) and all the other measured airways (R*:
LARBIr:0-93/ LARABZO.SZ, LARAB1=O-87 and LARABZZO.gl; all
p<0.0001). There is also a strong correlation between the
arterial dimension of the RAB (AAgrag) and all the other

This bronchogram clearly demonstrates the divisions of the airway tree where the
measurements were performed on computed tomography for the present study.
A: trachea, lumen area and wall area; B: right bronchus intermedius, lumen and wall
area; C: right apical bronchus (RAB), lumen and wall area and arterial area; D: first
branch after RAB, lumen and wall area and arterial area; E: second branch after
RAB, lumen and wall area and arterial area; F: third branch after RAB, arterial area.

Statistical analysis
The significance level was set as p<<0.05. For all variables,

mean +SD (range) values were calculated. Exponential, power,
linear and logistic curve fitting with 95% confidence intervals
(CI) was performed to correlate airway wall, LA, AA, lung

measured arteries (R% AAgap1=0.85, AAgap=0.87; and
AARgap3=0.87 all p<0.0001). The relationship between LA
and subject height for the various airway generations is shown

17:\:18 8 Demographics and the total lung computed tomography (CT) measurements for the study subjects

Age yrs Subjects Subjects with  Subject height cm CT weight g CT gas volume mL Predicted TLC mL Predicted TLC/CT
n (male) four images® weight mL-g™

0 12 (8) 6 659 110+23 313+108 4114153 3.8+1.0

1 11 (8) 5 79+4 161425 546 +177 723+109 5.0+09

2 5 (2) 3 88+4 217 +51 910488 992 +120 47+22

3 33 2 101+2 214 847 1351 +41 6.1

4 1(1) 1 115 NA NA NA NA

5 1(1) 1 109 NA NA NA NA

7 2 (1) 0 121+6 335+ 141 1125+ 848 21704377 6.9+1.8

9 1(1) 0 131 365 1726 2749 7.5

10 1(0) 0 144 449 1818 3320 7.4

11 1(0) 0 139 564 3293 3031 54

12 2(1) 0 161 £1 566+ 58 26174933 3855+ 55 6.84+0.6

13 1(0) 0 158 598 1034 4216 71

14 3(1) 0 162+ 16 688+ 187 24244132 469141403 6.8+0.7

15 22 0 173+£0 930+ 146 4565+ 1370 561740 +

16 1(0) 0 157 578 2940 4148 7.2

17 3(1) 0 167+7 7114199 273141052 49504724 72+1.3

Data are presented as mean+sb or n unless otherwise stated. TLC: total lung capacity; NA: not assessed. #: For subjects with only four CT images per CT scan, lung

parenchyma dimensions could not be estimated. No subjects aged 6 and 8 yrs were available. }
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FIGURE 2. Computed tomography (CT)-measured lung weight and predicted
lung weight versus subijects’ height. Subjects’ height at ~2 yrs (*) and 8 yrs (") of
age is indicated by the vertical dotted lines. ¢: CT-measured lung weight.
predicted lung weight from published data on autopsy specimens [42]. The
equation for the regression is: CT measured lung weight=35.1 x expSuPiect
height x0.0183 (R2_( 96, p<0.0001).
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FIGURE 3. Computed tomography measured lung expansion at total lung
capacity (TLC) versus subjects’ height. The data from males and females were
grouped for calculation of the regression equation due to small sample size.
Subjects’ height at ~2 yrs (*) and 8 yrs (") of age is indicated by the vertical dotted
lines. @: females; [0: males. ----- : 95% confidence intervals calculated for males
and females together. The equation of the regression is: expansion at TLC
=0.172 x height®"® (R=0.66, p<0.001).

in figure 4 (95% CI are not shown). The graphs for airway wall
area and arterial area were similar and are not shown, but the
equations for airway wall and lumen and artery area versus
subjects” height are listed in table 3.

Airway versus parenchyma

The relationship between surface/volume ratio of the lung and
surface/volume ratio of the various airways is shown in
figure 5. The correlation between alveolar surface/volume
ratio and the airway perimeter/area ratio of the T, RBI, RAB,
RABI and RAB2 was 0.62, 0.51, 0.59, 0.42 and 0.44, respectively
(all p<0.0001).
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DISCUSSION

This study uses CT scans to estimate airway wall and lumen,
arterial and parenchyma dimensions (lung weight, gas
volume, lung expansion, surface/volume ratio) in children
throughout the growth period. These data show that when
lung expansion is corrected for predicted TLC, there is only a
small gradual change in lung expansion at TLC. This suggests
that, even during the first 2 yrs of life, when the septation
process results in rapid alveolar addition, lung weight does not
increase as rapidly as the gas volume. Using pathological
specimens, THURLBECK [3] found an increase in lung expansion
from 3 mL of gas per gram of tissue (mL- g’l) at birth to
~8 mL-g™! at 6 yrs of age. These values correspond well to the
current authors’ values of ~3 mL-g™ at birth and 7.5 mL-g™ in
adolescence obtained using CT. However, these findings are
markedly different from the current authors’ previous report
[37], where they found a decrease in lung expansion during the
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FIGURE 4. a) Measurements of lumen area for trachea (<) and right bronchus
intermedius (RBI; M) are plotted against the subject height. The power-law
regression lines are shown for the trachea (——) and the RBI (-----). The 95%
confidence intervals are not shown. b) Measurements of lumen area for right apical
bronchus (RAB; @), first branch after RAB (CJ) and second branch after RAB (A) are
plotted against the subject height. The linear regression lines are shown for RAB
(—), RAB1 (------ ) and RAB2 (--eee- ). The 95% confidence intervals are not
shown. The linear regression lines and corresponding equations are provided for
each generation in table 3. The data were grouped for males and females due to
small sample size. Subjects’ height at ~2 yrs (*) and 8 yrs (') of age is indicated by
the vertical dotted lines.
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V=18 Power law regression equations for computed tomography estimated airway and arterial areas versus subject height

Y variable* Subjects n Sex A B Correlation R? p-value
Lumen area cm?
Trachea 48 Both 0.0003 1.64 0.90 <0.001
RBI 34 Both 0.0003 1.46 0.85 <0.001
RAB 29 Both 2x10° 2.02 0.80 <0.001
First branch after RAB 29 Both 3x10° 1.69 0.75 <0.001
Second branch after RAB 25 Both 5x107 1.94 0.77 <0.001
Wall area cm?
Trachea 48 Both 0.0016 1.27 0.87 <0.001
RBI 34 Both 0.0024 1.10 0.86 <0.001
RAB 29 Both 0.0004 1.30 0.80 <0.001
First branch after RAB 29 Both 0.0005 1.13 0.83 <0.001
Second branch after RAB 25 Both 5x10° 1.41 0.85 <0.001
Arterial area cm?
RAB 31 Both 0.0004 1.21 0.76 <0.001
First branch after RAB 30 Both 56x10° 1.53 0.73 <0.001
Second branch after RAB 46 Both 1.9x10° 1.62 0.77 <0.001
Third branch after RAB 47 Both 45x10° 1.78 0.86 <0.001

Y: the airway or artery variable (lumen, wall or artery area); A: the Y intercept; B: the slope (power law exponent) of the regression; RBI: right bronchus intermedius; RAB:

right apical bronchus. #: Y=A x subject height in cm.

first 2 yrs of life. The current authors think that this difference
can be explained by the difference in lung inflation techniques
used between these two studies. In the original study, the CT
scans were acquired either after a breath-hold instruction in
older subjects, or during quiet breathing in younger subjects.
In the current study, images were acquired from younger
subjects using a lung-inflation technique that allowed the
lungs to be inflated to an airway pressure of 25 cmH,O [40].
This underlines the need for better quality control in the
acquisition of CT scans to allow for the investigation of small
alterations in lung structure. In the present study, because of
the difference in lung inflation, each subject was corrected to a
percentage of their predicted maximal lung expansion by
dividing the measured or predicted TLC by CT-measured lung
weight (fig. 3). Using this approach, the data shows that there
is substantial variability in lung expansion at TLC during the
growth period. This variation could be caused by the fact that
predicted values were used for TLC, and it may show
variability in lung expansion that exists between individuals.
The CT measurement of lung weight, however, has been
shown to correlate very well with gravimetric measurements
of lung weight [37] and, in this study, shows a strong
association with subject height (fig. 2). This suggests that a
CT measurement of lung weight may be the most useful
parameter by which to evaluate parenchymal changes
throughout the growth period.

The tracheal lumen area compared favourably with previous
CT estimates from GRriscoM and coworkers [47, 48] and with
post mortem studies, bronchographic studies and other CT
studies (data not shown) [49]. In the present study, the authors
were also able to measure airways smaller than the trachea
down to the limit that current CT scanners allow (approxi-
mately lumen diameter of 1 mm). No difference in airway sizes
could be demonstrated between males and females, in contrast
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with functional studies in children and adults, which indicated
that males have smaller airways in infancy and larger airways
after puberty than females [8, 9, 11, 19, 20, 23, 44]. This suggests
that the changes in function might be due to differences in
smaller airways, which cannot be measured by CT, or to type II
errors in the current study due to the small sample size. In
addition, based on the current data, it is not possible to
determine if the conducting airways are relatively larger or
smaller in infancy. Potentially, CT studies (preferably longi-
tudinal) can solve these controversial issues.

Less variation was found in the airway wall and lumen and
arterial lumen measurements than was found in the lung
expansion measurements. The variation present in the airway
measurements could be a result of measurement error due to
volume-averaging effects of the CT scan or failure of the
measurement algorithm, [32, 50], the effect of lung inflation on
smooth muscle tone [51], or the real variability between
subjects. The current authors speculate that the variability
due to inter-subject differences could have implications for the
subsequent development of airway disease or respiratory
symptoms in subjects with relatively narrow airways [24, 30],
however, this requires further study.

The surface/volume ratio of alveoli was linearly related to the
perimeter /lumen area ratio of the airways, suggesting that the
growth of the airway and the alveolus is closely linked.
However, as this is a cross-sectional study it is unknown if this
linear relationship exists at all stages of development. A
longitudinal CT study would be required to establish this
relationship, and could address the hypothesis that conducting
airway growth is isotropic or dysanaptic [19] with parenchy-
mal development. Unfortunately, the radiation exposure due
to current CT protocols currently limits this approach to
subjects receiving CT scans of the thorax for other reasons.
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FIGURE 5. Alveolar surface area/lung volume ratio versus airway lumen
perimeter/airway lumen area ratio. a) Measurements of lumen perimeter/area ratio
for trachea (M) and right bronchus intermedius (RBI; <) are plotted against the lung
surface area/volume ratio. The regression line is shown for the trachea (——) and
the RBI (------ ). The 95% confidence intervals are not shown. b): Measurements of
lumen perimeter/area ratio for right apical bronchus (RAB; @), RAB1 (OJ) and RAB2
(A) are plotted against the lung surface area/volume ratio. The linear regression line
is shown for the RAB (——), RAB1 (------ ) and RAB2 (--+++--+ ). The 95% confidence
intervals are not shown. These data show that the linear dimensions of the lung
parenchyma (cm™) are linearly related to the linear dimensions of the airway (cm™).

There are a number of limitations to this study. The first, major
limitation is that, because of concerns over radiation exposure,
this study only provides cross-sectional information about
lung growth. Secondly, there is neither pathological validation
of the measurements in these subjects, nor access to pulmonary
function. Thirdly, the small number of subjects studied made it
difficult to analyse differences between males and females.
Finally, as only airways in the right upper lobe were measured,
it must be assumed that the growth patterns are the same in
other lobes.

In conclusion, these data show that, when lung volume is
corrected to total lung capacity, lung weight increases in such a
way that overall lung expansion is more stable than previously
reported between birth and 17 yrs of age. Also, in the period of
rapid alveolar addition, there is only a slight increase in lung
expansion at total lung capacity, suggesting that the increase in
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gas volume associated with alveolar addition requires a very
limited increase in lung tissue. The sole measurement of lung
weight may be enough to estimate changes in lung parench-
yma throughout the growth period. No evidence was found
that computed tomography measured airways are larger in
infants or in male subjects, which may be related to sample
size. Nevertheless, the current data provide useful normative
estimates of airway, artery and maybe parenchymal growth,
which may be applicable to children with pulmonary diseases,
particularly cystic fibrosis and asthma, where changes in
airway dimensions are hallmarks of the disease.
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