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Abstract

Postnatal lung growth and development has primarily been evaluated from a very limited number
of autopsied lungs; however, it still remains unclear whether alveolarization of the lung is
complete during infancy and whether the conducting airways grow proportionately. The purpose
of our study was to evaluate lung growth and development in vivo in infants and toddlers using
multi-slice computed tomography.

Thirty-eight subjects (14 male, 24 female) aged 24-142 weeks had low-dose volumetric HRCT
imaging at an inflation pressure of 20 cmH20 during an induced respiratory pause. Lung volume
and weight were determined, as well as airway dimensions (inner and outer area, and wall area)
for the trachea and next 3—4 generations. Lung volume, air volume, and tissue volume increased
linearly with body length. The air and tissue components of the lung parenchyma increased at a
constant rate with each other. In addition, airway caliber decreased with increasing generation
from the trachea into each lobe. Airway caliber also correlated with body length; however, there
was no interaction effect between airway generation and body length on transformed airway size.
Our in vivo assessment suggests that growth of the lung parenchyma in infants and toddlers
occurred with a constant relationship between air volume and lung tissue, which is consistent with
lung growth occurring primarily by the addition of alveoli, rather than expansion of alveoli. In
addition, the central conducting airways grow proportionately in infants and toddlers. This
information may be important for evaluating subjects with arrested lung development.

INTRODUCTION

The lung undergoes significant growth and development early in life with increases in lung
volume and airway size. Increases in lung volume with somatic growth can occur by
alveolarization or by expansion in size of existing alveoli. The former should produce a
relatively constant relationship between volume of air and parenchymal tissue, while the
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later should produce a greater increase in volume relative to parenchymal tissue. Most of our
knowledge about lung structure for infants and toddlers has been derived from a very limited
number of morphometric studies of autopsied lungs, which has provided conflicting results
as to whether alveolarization of the lung is complete during infancy (1-6). In addition,
morphometric studies have provided relatively limited data on growth of the conducting
airways early in life(7-8). In contrast to assessing lung structure from autopsied lungs, in
adults and cooperative older children, lung structure has been evaluated in vivo using high
resolution computed tomography (HRCT), which can provide a quantitative assessment of
the lung parenchyma, as well as airway dimensions(9-13). Lung structure is dependent upon
the lung volume at which the measurements are obtained and thus needs to be standardized
to interpret the results. Several studies have used multi-slice computed tomography to obtain
quantitative measurements of lung structure in healthy infants and toddlers; however, these
studies often had varying limitations: imaging obtained during tidal breathing, images for
subjects not obtained at the same lung volume, only a few lung slices or airways imaged,
and the evaluation of relatively few subjects less than 3 years old(14-16). The purpose of
our study was to assess post-natal lung growth in infants and toddlers using volumetric scans
obtained at a standardized inflation pressure during an induced respiratory pause. We
hypothesized that if lung growth in infants and toddlers occurs primarily by alveolarization,
then the volume of air in the lung will increase linearly with the increase in the amount of
parenchymal tissue. In addition, we evaluated whether the size of the central conducting
airways increase proportionate to each other during this period of rapid lung growth. Lastly,
the data obtained would provide normative reference values for evaluating infants and
toddlers with lung disease. This information may be important for future studies evaluating
lung growth in subjects with arrested lung development, such as chronic lung disease of
infancy, as well as outcomes for clinical research studies evaluating mechanisms that
stimulate lung growth.

Subjects less than 3 years of age who were scheduled to obtain a CT scan under sedation,
but not of the chest, were recruited from the Department of Radiology, to obtain an
additional non-clinical CT scan of the chest; the medical diagnosis for the clinically
scheduled non-chest CT are summarized in Table 1. Subjects were excluded if born < 37
weeks gestation, had congenital cardio-respiratory abnormalities, history of wheezing,
hospitalization for respiratory illness, or use of asthma medications. The study was approved
our Institutional Review Board in 2005 and signed consent was obtained from the parents.

High Resolution imaging

Multi-slice volumetric acquisition of images were obtained during an induced respiratory
pause at an elevated lung volume defined by an airway pressure of 20 cmH20(17-18) using
a light speed Ultra 16 scanner (GE Healthcare; Milwaukee) with settings of 120 KV, 20
MAS, 0.625mm collimation thickness, pitch 1.2, and rotation speed 0.5 second. Images were
reconstructed using both a high resolution and a standard algorithm (Sharp and normal
kernels) with slice thickness of 0.625 mm. All patients had bismuth shielding to decrease
dose to the breast and thyroid. Radiation exposure from chest CT imaging was estimated as
4.8 mGy. Patient imaging data were de-identified before scans were analyzed using
automated, quantitative software, which segmented the airway tree for each lobe and the
segments labeled as illustrated in Figure 1 (VIDA diagnostics: lowa City, 1A)(19-20). Each
airway segment could be localized, and the inner and outer areas were measured and
expressed as the average over the middle third of the segment, as indicated in Figure 2. Wall
area was calculated as the difference between the inner and outer areas. Measurements were
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obtained for the trachea and the next 3—4 segments for each lobe. The lung parenchyma was
segmented from the chest wall and the hilar structures using attenuation values between
—910 to —200 Hounsfield units (HU). Lung volume was calculated by summing the voxels
within the lung, while lung density was calculated from the X-ray attenuation values and
lung tissue weight was calculated by multiplying the lung volume by lung density. Tissue
volume was calculated as lung or tissue weight divided by tissue density, which was
assumed to be 1.065 gm/ml; air volume was obtained as lung volume minus tissue volume.

Statistical Analysis

RESULTS
Subjects

Demographic and patients characteristics were summarized by mean +/— SD for continuous
variables and frequency tables for discrete variables. Simple linear regression models was
used to evaluate the association between airway size (measured by average inner area,
average outer area, average wall area, and average area ratio) and body length. Bonferroni's
method was used to adjust for the multiple comparisons of tests on the four measurements of
each airway(21). Similar analysis was performed to evaluate whether body weight, or age
were better covariates than body length; however, body length was the best predictor of
airway size (result not shown). To evaluate whether the somatic size effect of airway growth
is different (disproportional) across airway generation, we fit a multiple linear regression
model using natural log transformed airway size of all generation. The interaction terms
between body length and generations represent the disproportional body length effect among
generations. This analysis was done for each lobe, separately. Simple linear regression
models were used to evaluate association between body length and each of the total lung
volume, air volume, and total lung weight. SAS 9.1.3 software (SAS Institute, Inc, Cary,
NC) was used to conduct all of the analysis.

Thirty-eight subjects (14 males and 24 females) between 17 weeks and 142 weeks of age
were evaluated between 2007 and 2009. Individual demographics and the indications for the
clinically scheduled CT scans are summarized in Table 1.

Lung Parenchyma

Total lung volume, air volume, and tissue volume increased with increasing body length, as
illustrated in Figure 3 and the regressions are summarized in Table 2. After adjusting for
body length, gender and race were not significant. Figure 4 illustrates the individual values
for lung weight calculated from the CT scan, the regression line for this in vivo data, as well
as a regression line generated from published data for weights of autopsied lungs(22). The in
vivo values for lung weight calculated from the CT scans averaged 17% greater than
published values from autopsied lungs. Each subjects pulmonary capillary blood volume
was estimated by extrapolating published data in children adjusting for body surface
area(23). Subtracting the estimated pulmonary capillary blood volume yielded in vivo lung
tissue weights from CT scans that were very similar to values for autopsied lungs (Figure 3).

As the air and parenchymal tissue may increase at different rates with lung growth and
development, we analyzed the relationship between these two components of the lung
parenchyma. Figure 5 illustrates a linear increase in air volume and parenchymal tissue
weight with a slope of 3.6 cm3 of air/gm tissue, which has been referred to as lung
expansion, the inverse of lung density.
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The lumen cross-sectional areas for the trachea and the next four airway segments into the
right lower lobe, which is the pathway evaluated with the largest diameters, are illustrated in
Figure 6. The maximal and minimal lumen diameters calculated from the cross-sectional
areas ranged from 8.9 mm to 2.7 mm. Trachea (gen 0), Right main bronchus (RMB) (gen 1),
Bronchus intermedius (Bronint) (gen 2), RLL7 (gen 3), and TriRLL (gen 4) increase with
increasing body length and the regression equations for these airways are summarized in
Table 3. Measurements of outer cross-sectional area and wall area also demonstrated
significant correlations with body length (Table 3). Gender and race were not significant
determinants of airway size after adjusting for body length. The data for the pathways from
the trachea into the other lobes demonstrated similar findings and is summarized in the on-
line supplemental material.

We evaluated whether the decrease in airway size with somatic growth is proportional
among airway generation. Log transformation of cross-sectional area (CSA) decreased
linearly with airway generation and increased with increasing body length; however, there
was no significant interaction term between airway generation and body length. These
relationships are illustrated in Figure 7, where log transformed cross-sectional area is plotted
versus airway generation for the subjects divided into three groups based upon body length.
Log transformed CSA decreased linearly with airway generation, the intercepts increased
with increasing body size, and the regressions for the 3 different groups based upon body
length paralleled each other. Similar results were obtained when lung volume was
substituted for body length.

DISCUSSIONS

Using HRCT imaging, we found that lung volume was highly correlated with body length in
infants and toddlers, while the air and the tissue components of the lung parenchyma
increased at a constant rate. This later finding is consistent with morphometric and
physiologic data that for infants and toddlers, the lung volume increases primarily by
alveolarization, rather than expansion of existing alveoli. In addition, we found that the size
of the central conducting airways correlated with body length in infants and toddlers and
these airways appear to grow proportionately in this age range.

We found that lung tissue weight estimated from in vivo scans increased with increasing
body length. These estimated weights will include both the parenchymal tissue and the
pulmonary capillary blood volume, which we are not able to separate without contrast.
However, when we subtracted estimates of pulmonary capillary blood volume the CT lung
tissue weights were very similar to predicted values from autopsied lungs of infants and
toddlers.

When the relationship between air volume and parenchymal lung tissue weight was
evaluated, these two components of the lung parenchyma increased linearly with a slope of
3.6 cc of air/gm of tissue. This slope reflects lung expansion with growth, the increase of air
volume relative to parenchymal lung tissue. Similar slopes were obtained with or without
correcting the estimated tissue weight for pulmonary capillary blood volume. This constant
relationship between air and tissue over a range of somatic growth when lung volume more
than doubles suggests that lung growth occurred primarily by the addition of equal amounts
of air and tissue, rather than the expansion of existing alveoli. Our in vivo value for lung
expansion (3.6 cc air/gm tissue) is similar to the average value of 3.5 cc air/gm tissue
reported by Stigol and coworkers, who obtained in vitro measurements of air volume and
tissue weight in isolated autopsied lobes or lungs for subjects less than 90 cm body length (<
3 years of age)(24). The data from the autopsied specimens in these very young subjects
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suggested that lung expansion increased with body length, although lung expansion was
clearly less in these very young subjects compared to values of 8-9 cc air/gm tissue obtained
from the lung tissues of older children and adults. Using in vivo HRCT images, De Jong and
coworkers initially reported that lung expansion decreased in the first few years of life;
however measurements were obtained during tidal breathing and not at an elevated lung
volume and without respiratory motion(14). A subsequent study by these investigators
reported values for lung expansion in infants and toddlers similar to those of Stigol and that
lung expansion also increased with body length(15). We believe that the relationship
between the amount of air and tissue is best presented as air volume versus tissue weight,
rather than a transformed variable, such as lung expansion versus body length. The increase
in lung expansion with increasing body length presented by Stigol (2) and De Jong(15) most
likely reflects the non-zero, negative intercept in the linear regression of air volume and lung
tissue (Figure 5). When this relationship is transposed by dividing air volume by lung weight
(lung expansion) and then plotted versus body length, which is highly correlated with lung
volume, there will be a positive slope suggesting that lung expansion increases with body
length in this age range. Our in vivo data of a constant relationship between air volume and
tissue weight obtained with HRCT imaging is also consistent with our recent in vivo
physiologic data(25). In infants and toddlers, pulmonary diffusing capacity, an indirect
estimate of surface area increased linearly with alveolar volume. Cumulatively, the HRCT
and physiologic data suggest that in infants and toddlers lung volume increases primarily by
alveolarization that produces comparable increases in air and lung tissue, rather than by
expansion of existing alveoli.

We also demonstrated with in vivo imaging that airway caliber decreased from the trachea
into each of the lobes, and that the caliber of each airway segment increased with somatic
size. These relationships appear the same during this period of rapid lung growth and thus
suggest that in this age range the central conducting airways grow proportionately. Using a
low dose protocol, which limited radiation exposure, also limited imaging quality and
resolution; quantification of airway dimensions were limited to the trachea and 3-4
generations; therefore, our interpretation of growth of the conducting airways cannot be
extended to more peripheral airway generations, which may have different growth patterns
than the more central airways. However, our in vitro findings are consistent with observation
by Hislop, who compared isolated airways from a few autopsied lungs from infants and
adults(7). Although we were not able to assess more peripheral conducting airways, our
previous physiologic results that density dependence of forced expiratory flows did not
change early in life and were similar to values in older children and adults would support the
concept of isotropic growth of the central and peripheral airways(26). We did not find
gender differences in airway caliber in this age group, which is consistent with
morphometric data in this age group and previous HRCT studies(15). As males have lower
forced expiratory flows than females, the lower flows in males in this age group may be
secondary to gender differences in more peripheral airways than evaluate by HRCT
imaging, the dynamic properties of the airways, or the elastic recoil of the lung
parenchyma(27).

Our study has several limitations. First, our subjects cannot be characterized as completely
normal, as they were scheduled for a CT scan for non-respiratory medical problems.
However, we excluded subjects with current or prior history of respiratory problems and
their lung scans were determined to be normal by a pediatric radiologist. Therefore, we
believe that our subjects are representative of those with healthy lungs and should not have
affected the interpretation of our results. Second, lung volume (cc air) and thus lung
expansion (cc air/mg tissue) depends upon inflation pressure. We used an inflation pressure
of 20 cmH20 and not total lung capacity, which would require at least 40 cmH20(28); this
inflation pressure has only been used in vivo for infants and toddlers who were intubated
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and mechanically ventilated(28). Previously published data in this age group has
demonstrated that an inflation pressure of 20 cmH20 remains on the linear portion of the
pressure volume curve of the respiratory system(29)(30). Therefore, the methodology should
provide a standardized approach to assess lung growth in this age group. With respect to
assessing airway caliber, previous studies have demonstrated that adults, as well as
immature and mature rabbits, reach a plateau in airway caliber at a transpulmonary pressure
of 10 cmH20(31-32), which will be obtained at an inflation pressure of 20 cmH20. Lastly,
we assessed lung growth from cross-sectional data. Although longitudinal data would be
preferable, repeated HRCT imaging that also provides adequate imaging of the airways is
not possible secondary to radiation exposure.

In summary, our results suggest that lung growth in the first few years of life occurs
primarily by the addition of alveoli, and that the central conducting airways grow
isotropically. In addition, this normative data for in vivo assessment of lung structure using
multi-slice computed tomography in the first few years of life can be used to assess
abnormalities in lung structure related to congenital anomalies and lung diseases that
develop early in life.
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Figure 1.
Airway tree and nomenclature used for airway segments(20).
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[llustration of different views of Vida software for localizing airway segment and
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Figure 3.

Total parenchymal lung volume (ml), parenchymal air volume (ml), and parenchymal tissue
volume (ml) versus body length (cm). All three parameters increased significantly with

increasing body length (Table 3).
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Figure 4.

Lung tissue weight versus body length (cm).

(m) lung weights calculated from CT images and linear regression (u——); ()
lung weights calculated from CT adjusted for pulmonary blood volume, and linear
regression (== == =); linear regression for weight from autopsied lungs (......).
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Figure 5.
Parenchymal air volume (ml) increased linearly with parenchymal tissue weight (gm). The

slope of the linear regression, lung expansion, was 3.6 ml of air/gm tissue.
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Figure 6.

LLumen cross-sectional area (mm2) versus body length (cm) for airway generations.
Individual data points are plotted, as well as the linear regression equations, which
demonstrated significant increases in cross-sectional area with increasing body length (Table
2). Trachea (°; m——), Right main bronchus (RMB) (O; mmss == =), Bronchus
intermedius (Bronint) (A;m s s mww), RLL7 (0; s = o), and TriRLL (X;
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Log transformed lumen cross-sectional area (mm?2) versus airway generation for subjects
grouped by body length (cm) into upper, middle and lower thirds. Cross-sectional area
decreased with increasing airway generation for each of the three height groups; there was
no significant interaction between generation and body length.
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