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Quantitative morphology of compensatory
lung growth
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ABSTRACT: Compensatory lung growth is defined by the absolute increases in the quantity of
functioning lung tissue in response to injury and/or disease, leading to a positive impact on
functional outcome. The pneumonectomy model is used as an example to illustrate the salient

Center
features of compensatory growth and the specific considerations in its morphological | ;s
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details, selection of markers for measurement, and interpretation of results in the context of organ
architecture and physiology. The potential for structure—function dissociation is described in the
present article. The current paper will discuss the application of high-resolution computed
tomography to noninvasively quantify regional anatomy as well as temporal evolution of lung
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nderstanding lung growth requires quan-
U titative knowledge of the amounts of
constitutive components of the lung,
their anatomical characteristics and relationships
needed to function. Normal lung growth consists
of two broad processes, as follows. 1) Generation
of additional gas exchange tissue and blood—gas
interfaces, as well as the conducting airways and
blood vessels that supply them; and 2) ongoing
remodelling of existing components in order to
optimise tissue architecture and facilitate gas
exchange. During development, physical forces
imposed on lung tissue by respiration and an
enlarging ribcage are believed to signal the myriad
of biochemical regulatory pathways that interact
to sustain cellular lung growth. During this
period, adding alveolar hypoxia or supplementing
selected growth factors may provide additional
stimuli to augment some aspects of normal growth
[1]. After epiphyseal closure at somatic maturity,
mechanical interactions between the lung and
thorax diminish and lung growth also ceases so
that the sizes of the lung and thorax are ultimately
matched. Thereafter, lung growth is re-initiated
only if signals of sufficient intensity are re-
imposed. The present article summarises the
salient features of compensatory lung growth,

the quantitative analysis of its morphology and
the interpretation of results.

WHAT IS “COMPENSATORY LUNG
GROWTH”?

Compensatory lung growth denotes the re-
initiation or acceleration of cellular activities in
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response to injury or disease that generates new
functioning tissue components in order to miti-
gate the impairment brought on by injury or
disease. This definition highlights the following
key concepts. First, growth is distinct from
remodelling. In the absence of an absolute
increase in functioning lung tissue, the occur-
rence of a higher air content, capillary congestion,
unfolding of existing surfaces or re-arrangement
of structural components does not constitute
compensatory lung growth. Secondly, increases
in tissue components that do not enhance organ
function, for example, inflammation, fibrosis and
interstitial oedema, do not constitute compensa-
tory lung growth. Thirdly, since compensatory
growth incurs additional metabolic costs and
alters existing architecture, anatomical distortion
may develop, leading to structure—function
trade-offs and incomplete normalisation of organ
function.

PNEUMONECTOMY: A MODEL OF

COMPENSATORY LUNG GROWTH

In most patchy or diffuse lung diseases,
responses of the injured regions are not easily
separated from those of the normal regions;
inflammation and fibrosis can obscure growth
of the remaining functioning units. In contrast,
major lung resection by pneumonectomy mimics
the loss of functioning lung units in chronic
restrictive disease. Since the loss is known and
reproducible, and the remaining lung is normal,
compensatory responses can be readily quanti-
fied. There is an extensive body of literature on
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the physiological and structural compensation in small and
large animal lungs using this model, summarised in [1-3];
physical forces acting on the remaining lung are believed to
signal post-pneumonectomy adaptation, although alveolar
hypoxia and various growth factors and hormones also
modulate the response. Chronic alveolar hypoxia has also
been reported as a model of compensatory alveolar growth in
actively growing animals [1, 4-7].

Regardless of the aetiology of disease, lung function can be
maintained to a significant extent without invoking new tissue
growth. The burden of ventilation and blood flow shifts onto
the remaining normal units, causing unfolding and/or disten-
sion of the remaining alveolar surfaces, recruitment and
distension of remaining capillaries, and redistribution of
erythrocyte flow. These dynamic adjustments collectively
enhance utilisation of existing microvascular reserves and are
capable of increasing the diffusing capacity of the remaining
lung by 40-50% [8, 9]. For example, in patients who have lost
one lung by pneumonectomy, average lung diffusing capacity
measured at rest is only ~30% below normal [10]. As long as
the remaining lung is relatively normal, this modest diffusion
limitation is readily tolerated. Comparable diffusion impair-
ment in well-trained adult dogs following left pneumonectomy
(45% lung resection) elicits a budding alveolar cellular
response but no overt growth of septal tissue [11, 12]. The
remaining lung increases by nearly 80% in volume; alveolar
capillaries are enlarged, as would be expected from an
increased blood flow. Alveolar type II epithelial cells more
than double in volume without a concurrent increase in the
volume of other septal cells and matrix or gas exchange surface
areas (fig. 1) [12]. Type II epithelial cells are the putative
resident progenitor cells in the lung and are widely implicated
in alveolar growth, function, maintenance and repair. During
lung injury and recovery, type II cells increase in abundance
[13]. Where these extra type II cells arise from remains
unclear; possible sources include transformation of bone
marrow-derived or resident embryonic stem cells [14, 15],
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FIGURE 1. Volumes of alveolar septal tissue components were quantified in
adult dog lung after left pneumonectomy (M) compared with the corresponding
control lung (OJ). After left pneumonectomy there was a selective increase in type |l
epithelial cell volume. #: p=0.06; *: p<0.0001. Data are presented as mean +sD.
Data are taken from [12].
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trans-differentiation of type I epithelial cells [16] or replication
of existing type II epithelial cells.

In adult dogs, after more extensive resection of 55% of lung
units by right pneumonectomy, the remaining microvascular
reserves are fully utilised and limited growth of new alveolar
tissue is initiated [17-19]. Post-pneumonectomy compensation
is slow and incomplete in the adult lung [20, 21] but rapid and
vigorous in the growing lung [22], an indication of the additive
effects of developmental and post-pneumonectomy stimuli. In
both young and adult dogs undergoing right pneumonectomy,
alveolar septa in the remaining lung initially become thickened
owing to a disproportionate increase in interstitial cells and
matrix by nearly 3.6-fold, while epithelial and endothelial cells
increase about two-fold compared with the control lung.
Subsequently, the normal septal cell proportions are gradually
restored with all cell types showing about a two-fold increase
relative to age-matched control lungs, while the initial increase
in gas exchange surface areas is maintained. As tissue
remodelling or pruning returned the harmonic mean septal
barrier thickness to normal, lung diffusing capacity also
improves. These data broadly outline the sequence of events
spanning several months during post-pneumonectomy com-
pensation in large animal species. In comparison, in rodents,
the time course of post-pneumonectomy lung growth is
considerably shorter [23] and the intense cellular response
heightens susceptibility to tumourigenesis as well as metas-
tasis [24, 25]. It is probable that similar biochemical and mole-
cular pathways are re-deployed during post-pneumonectomy
alveolar growth as occurs during development, although in
analysis by the present author’s group of selected molecular
pathways in the dog, compensatory growth does not exactly
replicate developmental patterns of expression [26-28].

QUANTIFYING COMPENSATORY LUNG GROWTH

Technical considerations

Fixation

Quantifying lung growth typically requires invasive methods,
such as instilling fixatives into the trachea at a constant airway
pressure (0.18-0.25 kPa) under deep anaesthesia, resulting in a
lung volume approximately halfway between functional
residual capacity and total lung capacity. Owing to the
elimination of surface forces, the instillation-fixed alveolar
septa are completely unfolded, which is not a physiological
state but allows for an estimation of the upper anatomical limit
of alveolar surface area. An advantage of the instillation
method is that pulmonary blood flow continues during the
process, which allows fixation of capillary erythrocytes in a
configuration more closely resembling the living state. The rate
of progressive decline in pulmonary blood flow during
instillation is not specifically controlled for, but is assumed
to be similar among animals; the distribution of blood flow
during fixation is also not controlled for, but is assumed to
replicate the physiological state. In large lungs, it is possible
that as the dependent regions are fixed first during the
instillation procedure, the remaining pulmonary blood flow
diverts to nondependent regions, resulting in greater capillary
recruitment in nondependent regions. It is assumed that
erythrocyte distribution in instillation-fixed lungs is similar
to that in the basal living state.
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An alternative method of fixation, by perfusion of fixatives into
the pulmonary artery at a constant vascular pressure, has the
advantage of preserving alveolar surface folds and lining fluid
layer but has the disadvantage of removing the erythrocytes
from blood vessels and capillaries [29]. With this method, it is
possible to quantify alveolar cell volumes but not the blood-
gas diffusion barrier. In addition, it is difficult to estimate the
anatomical alveolar surface area, as the apparent surface area
changes with the inflation state as well as the presence of
surface lining fluid.

Sampling

Unbiased tissue sampling is a prerequisite of morphometric
analysis and sampling methods must be selected according to
the structures of interest. For example, assessing airway and
vascular growth requires sampling procedures that specifically
account for their anisotropic orientation; these methods are
well described elsewhere [30, 31]. In assessing compensatory
growth, a critical step is standardisation of the reference space,
which ideally should be the volume of normal lung regions
while the diseased regions are excluded. In the pneumonect-
omy model, standardisation is relatively easy. The remaining
lung nearly doubles in volume; therefore, for comparison with
the corresponding normal lung, about twice as many tissue
blocks should be sampled and analysed from the post-
pneumonectomy lung so that the sampling rate per unit of
lung volume remains the same. Unbiased sampling is more
difficult to achieve in diffuse or patchy lung diseases, where a
global estimate, e.g. by computed tomographic scan, of the
extent and distribution of normal and pathological regions
may be necessary in order to quantify the reference space in
which compensatory growth is expected to occur and direct
tissue sampling to those regions.

Unbiased sampling should also account for the inherent
heterogeneity in lung structure. Significant gravitational and
nongravitational gradients normally exist in ventilation and
perfusion, as well as in the corresponding airway and vascular
anatomy [32, 33]. Interlobar heterogeneity becomes exagger-
ated as lung size increases. In dog lungs, the growth rate
among lobes is uniform during post-natal development but
non-uniform following pneumonectomy [34], an observation
highlighting the need to sample and analyse each lobe
separately in order to discern regional effects.

Analysis

Lung volume is the most basic and critical measurement as it
defines the absolute reference space to which all estimates of
volume and surface densities are referred. Lung volume is
usually measured by saline immersion of the intact fixed lung
or by point-counting using the Cavalieri principle after serial
sectioning. As elastic fibres are incompletely fixed by glutar-
aldehyde, residual elastic recoil persists until tissue dehydra-
tion with ethanol [35, 36]. Even after release of airway pressure,
lung volume measured by immersion is systematically higher
than that by the Cavalieri method, especially in large lungs; the
difference reflects refolding or crumpling of alveolar septa
after the fixative is drained [36]. The Cavalieri method is
preferred over the immersion method because the former
yields a volume estimate that more precisely represents the
relaxed state of the tissue being analysed under microscopy.
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The alveolar—capillary cell volumes, surface areas and the
diffusion barrier are measured using standard stereological
techniques [37, 38]. The ultrastructural dimensions of the
alveolar—capillary gas exchanger are best quantified under
electron microscopy for several reasons, as follows. The
composition of septal cells and matrix components cannot be
adequately separated under light microscopy; a magnification
of ~1,000x is required to reliably distinguish septal tissue
from capillary blood and to detect surface irregularities.
Without sufficient resolution it may be difficult to decide
whether an apparently lower alveolar surface area is due to
true loss of surface or greater folding of existing surfaces that
could not be visualised at a low magnification. The accurate
measurement of blood-gas barrier thickness requires a
magnification of >8,000 x . Magnification should be standar-
dised across experimental groups because surface density, like
the coastline, is a fractal quantity: its absolute magnitude
increases with resolution.

Markers of alveolar growth

According to Fick’s law, the major determinants of gas
transport across alveolar membrane by diffusion are the
surface area and harmonic mean thickness of the tissue-blood
barrier, which is described by the following equation:

Membrane conductance=
(k-surface area)/barrier thickness

@™

where k is a permeability coefficient. While alveolar epithelial
and endothelial surface areas increase with compensatory
alveolar growth, these parameters do not describe dynamic
surface interactions in the living lung where gas exchange
across the tissue membrane must be matched to that across
erythrocytes, which constitute the sink for oxygen uptake. In
the fixed lung, total capillary erythrocyte membrane surface
greatly exceeds alveolar or capillary surface area. However,
erythrocytes deform in order to pass through alveolar
capillaries; at a given moment in transit, only a fraction of
the erythrocyte membrane interacts effectively with tissue
membrane in gas uptake [39]. In addition, erythrocyte
distribution is non-uniform, varying with capillary perfusion
as well as with haematocrit (fig. 2). When observed under in
vivo videomicroscopy via a transparent window through the
chest wall, many subpleural capillaries are perfused predomi-
nantly by plasma with infrequent or no erythrocyte traffic at
basal conditions [40]; these capillaries cannot effectively
participate in gas exchange. As blood flow and pressure
increase, erythrocyte traffic also increases [40], resulting in
better tissue—erythrocyte matching and enhancement of gas
uptake. Raising blood volume and haematocrit improves
tissue—erythrocyte matching by increasing erythrocyte traffic
through more capillaries and reducing inter-erythrocyte
spacing [41-44]. Dynamic membrane interactions are difficult
to quantify but are fundamental to microvascular function. For
example, body mass-specific lung volume is similar between
dog and human (50-60 mL-kg') and body mass-specific
alveolar and capillary surface areas are only 30 and 13%,
respectively, higher in the dog [17, 45]. Compared with the
human, lung and membrane diffusing capacities increase
faster with respect to pulmonary blood flow in the dog; peak
membrane diffusing capacity is four-fold that in the average
human and 2.6-fold that in the elite athlete [46]. Efficient
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FIGURE 2. An electron micrograph from dog lung illustrates non-uniform
distribution of erythrocytes within and among alveolar capillaries.

microvascular recruitment in the dog lung is largely explained
by exercise-induced polycythaemia owing to a large spleen,
which contracts upon sympathetic stimulation and injects
~10% of the total body erythrocyte mass into the circulation,
thereby facilitating the utilisation of available tissue—capillary
membrane for diffusion [47]. In the human, exercise-induced
polycythaemia is limited, as is microvascular recruitment [46].
Thus, normal alveolar function is constrained not by anatomi-
cal tissue surfaces but rather by the magnitude and pattern of
capillary erythrocyte traffic. In the presence of destructive lung
disease, distension and growth of remaining capillaries
provide compensation not only by increasing absolute tissue
membrane surfaces and resident erythrocyte volume but also
by optimising erythrocyte traffic to facilitate interactions at the
tissue-blood interface.

A net increase in cell volume indexes cellular growth by
hyperplasia and/or hypertrophy; these two processes can be
distinguished if the number of nuclei of a given cell type is also
estimated. Counting cell nuclei is a cumbersome task and the
cell number is not a critical indicator of lung function; hence it
is generally more expeditious to infer cellular growth from
differential cell volumes rather than cell numbers. Another
parameter commonly used in assessing lung growth is the
number of alveoli. A larger number of alveoli indexes greater
subdivision of the alveolar space but does not necessarily
translate into a higher diffusing capacity of the blood-gas
barrier unless alveolar-capillary surface area also increases
and/or barrier resistance decreases. This potential dissociation
between alveolar number and function is exemplified in the
use of supplemental all-trans-retinoic acid to enhance post-
natal alveolar septation. In rats treated with retinoic acid
compared with placebo-treated control animals, the alveoli are
smaller with more subdivisions, but surface area estimated
under light microscopy is unchanged [48] and physiological
lung diffusing capacity is not improved [49].

Alveolar capillary growth is associated with increased capil-
lary blood volume, endothelial cell volume as well as surface
area, and morphological evidence of capillary formation and/
or subdivision. The developing lung typically exhibits double
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septal capillary profiles (fig. 3). With maturation the septum
thins and lengthens, creating predominantly single septal
capillary profiles with thin and thick sides of the diffusion
barrier. The prevalence of double capillary profiles is normally
quite low in adult dog lungs (2-3%) and about four-fold higher
in growing lungs. During compensatory growth in the adult
lung after right pneumonectomy, double capillaries are
modestly elevated and the increase further accentuated
following exogenous all-frans-retinoic acid supplementation
[19]. In the absence of overt alveolar growth after left
pneumonectomy in the adult lung, there is no increase in
double capillary profiles. The reappearance of immature
capillary morphology suggests neocapillary formation, per-
haps by the growth of a tissue pillar into an existing capillary
lumen eventually dividing it into two capillaries, a process
termed “intussusception’” [51], which has been observed in the
developing lung.

After quantifying individual cell compartments, the next step
is to consider their aggregate effects on organ architecture and
function. Using all-trans-retinoic acid supplementation again
as an example, its induction of post-natal and compensatory
septal growth is associated with alveolar distortion (fig. 4). In
addition to causing smaller airspaces in the normal growing
lung (previously discussed), retinoic acid given to adult dogs
after right pneumonectomy selectively enhances alveolar
capillary formation and endothelial cell volume in the
remaining lung without altering epithelial or interstitial
volume, alveolar surface area or harmonic mean thickness of
the diffusion barrier; the volume density and arithmetic mean
thickness of the septum increase and alveolar surface/volume
ratio actually declines [19]; the latter findings are consistent
with altered septal geometry. From the alveolar—capillary
surface area, the harmonic mean thickness of tissue—plasma
barrier and the capillary blood volume, a morphometric lung
diffusing capacity can be estimated [38, 52], which correlates
reasonably with physiological diffusing capacity measured at
peak exercise [53]. In retinoic acid-treated lungs, morphometric
membrane and lung diffusing capacities are unchanged from
those in placebo controls, while physiological diffusing
capacities are either unchanged or reduced depending on the
lung volume at which measurements are performed [54].
Therefore, retinoic acid administration fails to improve gas
exchange despite selective enhancement of alveolar cellular
growth. This example illustrates how non-uniform manipula-
tion of a coordinated natural response could exert a positive
impact on cell growth but a neutral-to-negative impact on
organ function.

Markers of airway growth

In large mammals, the basic gas exchange unit, an acinus,
contains several generations of gas exchange airways (respira-
tory bronchioles and alveolar ducts). Following pneumonect-
omy, respiratory bronchioles increase in absolute volume and
number of branch points [18]; proliferation of respiratory
bronchioles could occur either by transformation of the first
generation of alveolar ducts into respiratory bronchioles or by
alveolisation of the terminal bronchiole. Growth of acinar
airways is proportional to that of alveolar tissue, a finding that
should enhance compensation by improving intra-acinar gas
conductance and mixing efficiency.
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FIGURE 3. Electron micrographs illustrate a) double and b) single alveolar
capillary profiles. ¢) The bar graph shows the prevalence of double capillary profiles
in the lung of adult dogs and puppies under different experimental conditions. The
bars indicate mean + sb values. Data are taken from [19, 22, 50]. Sham: normal; L-
PNX: left pneumonectomy; R-PNX: right pneumonectomy; RA: pneumonectomy
followed by all-trans-retinoic acid supplementation. *: p<<0.05 versus adult Sham; *:
p<0.05 versus puppy Sham.
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In contrast, the extra-acinar conducting airways do not branch
or proliferate post-pneumonectomy but adapt by elongation
[55, 56] and dilatation [57-59], which is evident on morpholo-
gical analysis. The long-term compensatory increases in airway
volume and cross-sectional area lag behind the increase in
parenchyma volume, leading to persistently elevated airways
resistance and work of breathing [60] even as alveolar gas
exchange normalises [22] >1 yr after pneumonectomy. The
effects of dissociated or dysanaptic growth rates between
conducting and gas exchange structure are more pronounced
in dogs undergoing pneumonectomy as puppies than as adults,
and imposes a mechanical limit on the function of the remaining
lung that curtails the effectiveness of alveolar growth.

Quantifying lung growth by high-resolution computed
tomography

High-resolution computed tomography (HRCT) is a powerful
noninvasive modality for assessing temporal changes in lung
structure; its main disadvantage, radiation exposure and
resolution limit, continues to be improved as technology
advances. By identifying interlobar fissures, HRCT can be
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FIGURE 4. Retinoic acid supplementation following right pneumonectomy
alters alveolar septal morphology in the remaining lung with higher volume density
and the arithmetic thickness of alveolar septum and a reduced surface area/septal
volume ratio. a) Placebo; b) retinoic acid supplementation. Scale bars=100 pm.
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used to reconstruct lobar anatomy and quantify regional
morphology of the lung parenchyma and conducting structure
(fig. 5). Using HRCT, the present author has shown in growing
dogs following right pneumonectomy, that lengthening of the
remaining airways occurs within 4 months while dilatation
becomes evident later [61]. These processes exert opposing
effects on airways resistance, which is inversely proportional
to the fourth power of airway diameter and is directly related
to airway length. Even a minimal increase in distal airway
diameter can substantially reduce airflow resistance and more
than offset the effect of airway lengthening. Dilatation or
elongation must have been accompanied by the addition of
new airway tissue or by a redistribution of existing airway
tissue.

The HRCT attenuation of lung parenchyma has been used to
estimate lung weight, gas volume, surface/volume ratio and
airway dimensions in patients with emphysema and diffuse
lung disease [62, 63]. In patients undergoing lung resection,
estimates by HRCT and morphometry yield similar propor-
tions of tissue to air in the resected lobe [64]. From the
calibrated attenuation values of air-free tissue (including
blood) and intrathoracic air, and after using an attenuation
threshold to exclude major conducting airways and vessels, the
measured attenuation value within any given region can be
partitioned into fractional tissue and air volumes [65, 66]. This
technique has been used to track parenchymal growth in
children [67, 68] where gas volume per gram of lung tissue
decreases initially after birth before increasing steadily to
17 yrs of age [68]. The present author’s group has also
observed by HRCT that volume density of lung tissue declines
in young dogs from 6.5-12.5 months of age [34]. In vivo, HRCT-
derived tissue volume correlates significantly with physiolo-
gical estimates of gas exchange septal volume by a rebreathing
method at comparable lung volumes [69] and with post mortem
morphometric estimates of septal volume [70]; these correla-
tions demonstrate internal consistency of independent
methods. However, HRCT estimates are systematically larger
than the corresponding rebreathing and morphometric esti-
mates, probably because the so-called HRCT-derived “tissue
volume” includes not only the volume of alveolar septa but
also extra-septal tissue of conducting airways and vessels up to
1 mm in diameter and the blood within these small vessels.

After pneumonectomy, perfusion to the remaining lung
doubles immediately; parenchymal growth following stabilisa-
tion of perfusion is associated with proportional increases in
HRCT-derived tissue and blood volumes; physiological mea-
surements of membrane diffusing capacity and capillary blood
volume also increase proportionally [22, 69, 71]. In adult dogs,
the post-pneumonectomy compensatory increase in HRCT-
derived lobar tissue volume is markedly heterogeneous
(fig. 6). Serial HRCT of the lungs of puppies demonstrates
uniform lobar growth during post-natal maturation; however,
in pneumonectomised puppies, non-uniform lobar growth
develops slowly, 4-10 months after surgery; the remaining
lower lobe grows at a slower rate [34]. When these animals are
raised to maturity, the pattern of lobar heterogeneity is similar
to that in animals pneumonectomised as adults. The differ-
ences in lobar growth rates may reflect non-uniform transmis-
sion of intrathoracic mechanical forces resulting from
anatomical constraints imposed by asymmetric mediastinal
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FIGURE 5. Three-dimensional high-resolution computed tomography recon-
struction of a) both lungs in a normal dog (Sham), b) the left lung in a dog after
undergoing right pneumonectomy (PNX), and c) the right lung in a dog after left PNX,
each shown in dorsal (left-hand side) and caudal (right-hand side) views oriented by
their coordinate axes. Each lobe is designated by a specific colour, as follows. Right
upper: grey; right middle: yellow; right caudal: magenta; right infra-cardiac or
accessory: light blue; left upper: green; left middle: red; left lower: dark blue.

a
b
c

structures and ligaments. These data illustrate the evolving use
of HRCT to quantitatively follow slowly evolving structural
responses.

CONCLUSIONS

Compensatory lung growth is defined by an absolute increase
in the quantity of gas exchange tissue or conducting structure
in response to injury and/or disease, leading to a positive
impact on functional outcome. A robust model of compensa-
tory lung growth is that seen following pneumonectomy,
where the anatomical loss of lung units is reproducible and the
remaining units are free of injury or disease. Quantifying
the morphology of growth involves specific evaluation of the
techniques of sampling and analysis, the adequacy of ultra-
structural resolution and the selection of markers for
measurement that correlate with function. Morphometric
measurements should be interpreted in the context of their
aggregate effects on organ architecture and physiology. The
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FIGURE 6. Increases of lobar tissue volume are heterogeneous in adult dogs
following a) left pneumonectomy (L-PNX) or b) right pneumonectomy (R-PNX). The
high-resolution computed tomography-derived tissue volume of the remaining lung
is expressed as ratios to the mean value in corresponding lobes of control (Sham)
lungs. Bars indicate mean +sem. RUL: right cranial or upper lobe; RML: right middle
lobe; RLL: right caudal or lower lobe; RCL: right cardiac lobe; LUL: left cranial or
upper lobe; LML: left middle lobe; LLL: left caudal or lower lobe. ----- : unity (ratio of
1.0). #: p<0.05 versus 1.0; ¥: p<0.05 versus RML or LML; *: p<0.05 versus RLL or
LLL; ®: p<0.05 versus RUL or LUL; /: p<0.05 versus RCL. Data are taken from [70].

potential for structure—function dissociation should be recog-
nised in any attempt to manipulate compensatory lung
growth. Technical advances in high-resolution computed
tomography have enabled its use in the quantitative assess-
ment of regional lung structure as well as temporal changes in
airways and gas exchange parenchyma during development
and compensation. Although contrast-enhanced high-resolu-
tion !computed tomography is commonly used to evaluate
regional pulmonary vascular abnormalities, the quantitative
aspects of this application require further development in
order to extend this noninvasive imaging modality to the
assessment of vascular growth.
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