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Lung Structure and the Intrinsic Challenges of Gas Exchange

Connie C.W. Hsia"1, Dallas M. Hyde?, and Ewald R. Weibel*:3

1Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas,
Texas, USA 2California National Primate Research Center, University of California at Davis,
Davis, California, USA SInstitute of Anatomy, University of Bern, Bern, Switzerland

Abstract

Structural and functional complexities of the mammalian lung evolved to meet a unique set of
challenges, namely, the provision of efficient delivery of inspired air to all lung units within a
confined thoracic space, to build a large gas exchange surface associated with minimal barrier
thickness and a microvascular network to accommodate the entire right ventricular cardiac output
while withstanding cyclic mechanical stresses that increase several folds from rest to exercise.
Intricate regulatory mechanisms at every level ensure that the dynamic capacities of ventilation,
perfusion, diffusion, and chemical binding to hemoglobin are commensurate with usual metabolic
demands and periodic extreme needs for activity and survival. This article reviews the structural
design of mammalian and human lung, its functional challenges, limitations, and potential for
adaptation. We discuss (i) the evolutionary origin of alveolar lungs and its advantages and
compromises, (ii) structural determinants of alveolar gas exchange, including architecture of
conducting bronchovascular trees that converge in gas exchange units, (iii) the challenges of
matching ventilation, perfusion, and diffusion and tissue-erythrocyte and thoracopulmonary
interactions. The notion of erythrocytes as an integral component of the gas exchanger is
emphasized. We further discuss the signals, sources, and limits of structural plasticity of the lung
in alveolar hypoxia and following a loss of lung units, and the promise and caveats of interventions
aimed at augmenting endogenous adaptive responses. Our objective is to understand how
individual components are matched at multiple levels to optimize organ function in the face of
physiological demands or pathological constraints.

Introduction

This review discusses the origin and complexities of lung structure and the challenges that
must be surmounted to optimize pulmonary gas exchange in mammalian lungs, and their
implications for induced adaptation in response to ambient hypoxia or loss of lung units. The
fundamental challenges to any gas exchange system are to: (i) transfer inspired oxygen onto
circulating hemoglobin without physically mixing air and blood, (ii) maximize transfer
efficiency while maintaining the integrity of the air-tissue-blood interface, (iii) provide
feedback mechanisms that match each step of the transfer process to one another and to
whole body metabolic demands, (iv) incorporate sufficient structural and functional reserves
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and the ability to rapidly recruit reserves as demand increases, and (v) provide versatile

adaptive mechanisms to compensate for the unexpected loss of capacity, and preserve or
restore gas-exchange function in the face of external insults or disease. These topics are
organized in the following order:

1.

The origin and development of vertebrate and human lung architecture are
discussed in the perspective of organismic function and evolution.

Structure-function correlations in the pulmonary gas exchanger are
quantitatively assessed by the structural determinants of pulmonary
diffusing capacity (DL) on the basis of a morphometric model that is
subjected to critical examination, considering the issue of oxygen capture
by alveolar-capillary blood, and the comparison of morphometric versus
physiological estimates of DL. This is followed by a description of the
architecture of lung parenchyma and its influence on gas exchange
function, discussing the principle of connectivity, which ensures that all
parts work in concert, the dynamic modulation of the gas exchanger with
the respiratory cycle, and the important role of capillary erythrocytes. The
correlated complexities of the ventilation-perfusion system are presented,
including how airways and pulmonary arteries and veins connect to the
gas exchanger to effect ventilation-perfusion convergence in the acinus,
the basic unit of gas exchange. To understand the functional implications
of acinar structure, we consider a typical path model of the human acinus
and its effects on diffusion screening of oxygen uptake on the basis of
physical principles, discussing the limitations of the screening model.
Finally, we consider the implications of acinar path length, or stratified
inhomogeneity, on gas exchange.

Components of pulmonary gas transport must be matched so as to load
incoming oxygen onto hemoglobin in the most efficient manner possible,
all of the transfer steps must be well matched to one another and to whole
body metabolic demands. This section briefly reviews the fundamental
concepts of ventilation-perfusion and perfusion-diffusion matching, the
tissue-erythrocyte interactions, and the interdependence in structure-
function between the lung and the thorax. The consequences of
physiological mismatch are discussed. The influence of body size on gas
exchange structure and function, and the role of the spleen as an
extrapulmonary source of gas exchange reserve, are described.

Induced structural adaptation and its functional consequences. This section
considers the sources of adaptive mechanisms invoked following the loss
of lung units, for example, caused by pneumonectomy as a model of
restrictive lung disease, or during exposure to alveolar hypoxia, for
example, high-altitude residence. The consequences of dysanaptic, or
mismatched, lung growth and adaptation are presented.
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Origin and Architecture of the Mammalian Lung

Evolutionary origins

All vertebrates require a continuous supply of oxygen (O,) to maintain metabolism and life.
August Krogh termed this essential need “the call for oxygen” (215), while Max Kleiber
called it “the fire of life” (208). The intracellular fire or combustion occurs within the
mitochondrion (Fig. 1A) where enzymes of the Krebs tricarboxylic acid cycle break down
stepwise small molecules derived from nutrients (such as pyruvate from sugars or fatty acids
from lipids), the end product being CO,. Along the cycle hydrogen ions (H*) are released
that are transferred to the respiratory chain by means of pyridine nucleotides (NADH) to
finally react with O, to produce H,O (Fig. 1B). The energy thus released is eventually
transferred to F1-ATPase to generate high-energy phosphate bonds of adenosine-
triphosphate (ATP) that can move into the cytoplasm to transfer energy to drive the vital
functions of the cell. While the process of mitochondrial ATP generation by oxidative
phosphorylation depends on the supply of both fuels and O,, there is an important
difference: whereas fuels, carbohydrates and fat, taken up in the gut can be stored both in
liver and fat tissue as well as within the cytoplasm (Fig. 1A), O, cannot be stored. It is,
therefore, essential that O, is supplied to the mitochondria continuously in proportion to the
instantaneous needs of the cell. In higher organisms delivery is ensured by taking in O, from
environmental air, binding it to circulating hemoglobin in erythrocytes in the lungs, and
transporting it via the cardiovascular system to the cells. Conversely, the waste gas CO» that
derives from the Krebs cycle is eliminated via the lung.

Gas transport in air or fluid is accomplished by convection (mass transport) and molecular
diffusion. Diffusion is driven by O, and CO, pressure gradients, influenced by the
conductance of the carrier (i.e., blood or air) and its carrying capacity for O, and CO,. Of
note, the O, carrying capacity of blood via binding to hemoglobin is the same as the O,
capacity of air, that is, 20 mL O, per 100 mL of air or blood. This is of particular interest in
comparative physiology as it reveals remarkable convergence in respiration between air-
filled tracheae in insects that penetrate deep into the muscle cells to reach the mitochondria,
and the muscle capillaries in mammals, in both cases with similar O, content.

In mammals, the O, cascade from air to cells requires convection into the external gas
exchanger (lungs) by ventilation through the airways, diffusion of O, into the blood,
convective flow of blood into the tissues, and diffusion into cells to the mitochondria. The
driving force is the partial pressure of oxygen (PO») that declines stepwise (Fig. 2).

All vertebrate gas exchangers exhibit extensive exchange surfaces where air and blood come
into intimate contact. This exchange surface is ventilated through a system of airways and
perfused with blood from the branched pulmonary artery into the pulmonary veins. There
are two basic lung designs: (i) Alveolar lungs, found in mammals, amphibians and reptiles,
are ventilated by to-and-fro movement of air into a large and varying volume of parenchyma
that serves as bellows driven by the chest and diaphragm. At the periphery, the airways form
alveoli as cul-de-sac structures where air is exposed to blood along a complicated surface; as
a result of to-and-fro ventilation the PO, of alveolar air and arterial blood are lower than that
of inspired air (Fig. 3). (ii) Bird lungs are compact, stiff organs that are ventilated from large
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air sacs in a continuous unidirectional flow through a set of parabronchi with air capillaries
in close contact with blood capillaries; gas exchange occurs in a cross-current pattern of
blood and air flow and thus enables ~25% more efficient extraction of O, as compared to
alveolar type lungs (81) (Fig. 3). There is speculation based on computational and fossil
evidence that this more efficient bird-style lung may have evolved in Sauropod Dinosaurs.
The computational argument is offered by a mathematical model for ventilation with an 11-
m-long trachea where the work of breathing becomes limiting in a bellows type of lung
(66,279). The fossil evidence is the presence of pneumatic foramina in Sauropod skeleton
that would be necessary for airflow to air sacs (368). Other evidence of the greater efficiency
of the bird lung compared to mammalian lung is provided by the limit in the size of the
largest flying mammal, a bat (Pteropus edulis, 1.38 kg), as compared to the largest bird
capable of steady flapping flight (the trumpeter swan, Olor buccinator, 12.5 kg) (45,234).
One may speculate that the less favorable scaling of pulmonary gas exchange parameters
relative to body mass in the bat than bird might be an important reason why bats have not
evolved to the larger body size of the largest flying bird.

Why has mammalian evolution not adopted the avian blueprint of a more efficient
pulmonary gas exchanger? (399). Perhaps the most important reason is that the small, dense,
and extremely delicate avian lung is a rigid system. The structures that mechanically support
the air capillaries are extremely reduced, essentially comprised of the densely arranged
blood capillaries with a minimal complement of lining cells and connective tissue (165).
Mechanical support is achieved by apposing the lung to the stiff thoracic spine with fused
thoracic vertebrae that keep the trunk of the body, the origin of wing muscles, stiff during
flight (81). This arrangement would not be compatible with the high degree of flexibility
that the spine of mammals, including humans, must allow in locomotion, particularly in
quadrupeds where running and galloping involve the entire trunk musculature in conjunction
with the legs (2). In the mammalian skeleton designed for supporting locomotion, there
would be no suitable stiff support for a dense and delicate avian-type lung. Thus, mammals
compromised with a seemingly less efficient alveolar lung; however, most of the efficiency
deficits can be overcome by adaptation in other parts of the system.

Functional performance of the mammalian lung design

Performance of the lung must be considered in the framework of the pathway for O, that
begins with inspiration of fresh air and ends at the mitochondrial respiratory chain where O,
is consumed in the process of oxidative phosphorylation (Fig. 2), and where mitochondrial

PO is close to zero. Under steady-state conditions, O, flow rate (V O2> is the same through
each step of the respiratory cascade: it must equal the total O, consumption in all
mitochondria of the body, and it must correspond to the rate of O, uptake from

environmental air in the lung. At each step / the vy O, can be expressed as the product of the
prevailing pressure difference with the conductance for O transfer G(/) (Fig. 2). In the
circulation, the conductance of blood G(B) is the product of blood flow and O, capacitance
of blood, in the lung the conductance from air to blood G(A-B) is the lung diffusing capacity
(DL), which depends crucially on structural parameters such as alveolocapillary surface
area, thickness of the tissue diffusion barrier, and capillary blood volume. Similar relations
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hold for the conductance of O, transfer from capillary blood to cells G(B-C), and for the
transfer of O, through oxidative phosphorylation in the mitochondria (376,395).

One may postulate that this complex system is well designed if the conductances are
matched to overall functional requirements, which are determined by the energetic needs of
the cells. The hypothesis of “symmorphosis” (395) is defined as regulated morphogenesis
resulting in structural design commensurate with functional needs. In this concept, formation
of structural elements is regulated to satisfy but not exceed functional requirements of the
system, a principle of economy. Functional requirements are defined as the highest rate of
O, consumption achieved in maximal exercise when all muscles, the body’s largest organ
system, are active (344). By comparative physiology, one can show that the mammalian
respiratory system evolved approximately in agreement with the hypothesis of
symmorphosis (396), that is, across species the lung is built reasonably to meet the needs of
gas exchange and the nonrespiratory functions of the pulmonary vasculature. The maximal
lung volume is confined by the thoracic cavity and the components of the lung must be
efficiently packaged. This is accomplished by a set of interdigitating trees for air, venous,
and arterial blood that converge in the small gas-exchange units at the end of their branches.
The proximal conducting bronchi, arteries, and veins comprise the conducting zone, while
the distal gas exchange units comprise the respiratory zone. Connective tissue enwraps the
conducting airways and vessels and extends into the respiratory zone to provide three-
dimensional support from the hilum to the pleural surface thereby ensuring mechanical
stability and connectivity of all parts in this large organ.

In all mammals, the gas exchanger is built on the same architectural blueprint and uses the
same building blocks of tissue and cells; it differs essentially by quantitative characteristics
in that the alveolar gas-exchange surface increases with body size nearly in proportion to
body mass (Fig. 4) (396). The alveoli become smaller as body mass decreases so that the
surface per unit volume (surface density) in the smallest mammal, the Etruscan shrew
weighing a mere 2 g, is 6.5 times greater than that in human lung (Fig. 5) (112). This size
difference also allows economizing on the tissue support of the alveolocapillary complex.
Figure 6A shows an alveolar capillary of a monkey lung with an endothelial cell lining the
blood space and a type-1 alveolar epithelial cell lining the alveolus, separated by a thin
interstitial space with basement membranes and some connective tissue fibers for support.
Both cells are characterized by forming rather attenuated cytoplasmic leaflets that form the
major part of the gas-exchange barrier and measuring a mere 0.3 pm in the thinnest areas; in
the human lung the cytoplasmic leaflet of an average type-1 cell covers an area of 5000 pm?
(58, 372); the cell bodies are tucked away in niches between capillaries to minimize the
effective harmonic mean barrier thickness (0.6 um).

We can discern the limitations in the adaptation of the alveolar-capillary membrane by
examining the thinnest membrane that occurs in the Etruscan shrew (Fig. 6B): the linings of
endothelium and epithelium are reduced to minimal cytoplasmic leaflets consisting of two
plasma membranes combined with a minimal interstitium that measures only 0.02 um in the
thinnest parts, resulting in a harmonic mean thickness of 0.23 um (112). Figure 6B shows
another mechanism for minimizing cell structures while still maintaining their vitality.
Type-1 alveolar epithelial cells achieve their large covering area (5000 pm?) via branching
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cytoplasmic leaflets without losing their connections to the nucleus (372). This complex cell
structure occurs in all mammalian lungs, but is pushed to the extreme in the Etruscan shrew
(Fig. 6B) where perinuclear cytoplasm gives rise to four very thin cytoplasmic leaflets two
of which split again at a certain distance—a most remarkable feature to minimize tissue
mass as well as barrier thickness. Other structural modifications observed in shrews include
larger heart and lung volume to body weight ratios. These same structural modifications are
also observed in the lungs of flying mammals (bats) and highlight the potentials of structural
modifications in the mammalian lung (234). These modifications: a larger lung volume, a
high density of gas-exchanging surface and a very thin air-blood barrier, coupled with
functional adaptations, such as high heart and respiration rates, are observed in species
requiring very high O, consumption and pulmonary diffusion.

In conclusion, despite its apparent gas exchange inefficiency as compared to avian lungs, the
mammalian alveolar lung has been evolutionarily successful. It allows for evolution of
organisms adapted to an enormous range of habitats and life styles. For example, the range
of body size that can be supplied with energy extends from the minuscule Etruscan shrew (2
g) and a similarly sized bat—the same size as the smallest hummingbird—to cows and
horses (half a ton) and to elephants (4 tons), thus over 6 orders of magnitude without any
changes to the lung’s blueprint. This design also allows instantaneous augmentation of
energetic needs by a factor of 10 or more when an animal changes from a state of rest or
quiet roaming to running, either for food or for escaping a predator; the lung can easily
accommodate the rapidly increasing blood flow that the heart generates, for example, by
allowing the capillary volume to increase. The alveolar lung also allows adaptation to
athletic life styles such as in dogs, horses, and in the pronghorn antelopes of the Rocky
Mountains, the mammalian elite athlete whose maximal O, consumption is more than twice
that of the dog and that even sustains low ambient O, tensions at high altitude without loss
in performance. Adaptability is possible because the alveolar lung allows for a multitude of
modulations and fine-tuning, such as varying the density of gas exchange surface or the
thickness of diffusion barrier without compromising mechanical robustness of the
microstructure or the overall organ. The basis for this adaptability will be discussed in detail
in the following sections.

Developing an integrated complex of airways and blood vessels for gas exchange

To function as a gas exchanger, the mammalian lung must establish an extensive surface
over which blood comes into close contact with inspired air. Developmentally, this raises the
question how a coupled “sprinkler system” for air and blood can be built to ensure efficient
and matched ventilation and perfusion to each of the 400 million gas-exchange units from
the central sources, the trachea, pulmonary artery, and veins, respectively. Another linked
problem is how to fold this large surface into the confined chest cavity and ensure ventilation
and perfusion access to each point in space. Both problems are solved during development
by adhering to two architectural principles: (i) the principle of complexity, based in the
growth processes related to fractal geometry (235) is most prominent in the gradual
construction of an airway system with a branched tree of airways that become “decorated”
by a complex alveolar surface in the last generations; (ii) the principle of correlativity
between airways and blood vessels, which must be designed to match the air space geometry
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to allow gas exchange, arteries and veins diverging from the hilar region in concert with the
airways, and then converging with the alveoli in the gas-exchange region (376,384).

Lung development begins with a pair of primary lung buds that form at the distal end of the
tracheal tube and separate from the foregut. The lung buds grow laterally into a loose mass
of mesenchyme bounded by the splanchnopleura. At this stage the left and right pulmonary
arteries form from the sixth aortic arches and grow along the tracheal tube into the
mesenchymal bed where they link up with the loose vascular network that enwraps the gut
and lung. This network is reached from the caudal side by the primitive pulmonary vein
stem derived from the left side of the heart’s atrium. By this early process, the pulmonary
artery becomes closely related to the airway bud and its subsequent branches whereas the
pulmonary vein is located in a more peripheral region of the mesenchymal bed. This spatial
correlation between the airways and the two blood vessels remains throughout development
and determines the correlated architecture of the mature lung.

Morphogenesis of lung architecture is governed by complex but systematic branching of the
airways and blood vessels with the mesenchyme following suit. The primitive lung buds
grow laterally in length and then begin to branch. The branch grows to a certain length then
its terminal bulb splits into two daughter branches; these grow and split, and so on to
systematically build an airway tree (Fig. 7). This dichotomous or bifurcating, branching
process does not need to be symmetric. In some cases, one of the two daughters remains as
large as the parent branch and continues to grow in its direction, while the other is much
smaller and branches sideways. The result of this type of branching, also called domain
branching (254), is the formation of a more or less straight airway stem with many lateral
branches. Domain branching establishes a strong asymmetry of branching and is more
prevalent in some animal lungs (e.g., mouse or dog) where some lobes are rather long slim
structures between the heart and the chest wall. It is less prominent in the human lung with
its more compact shape. As branching proceeds toward the periphery, the pattern of
dichotomy prevails, but there still is some degree of asymmetry between the two daughter
branches imposed by the prevailing space constraints, such as when a branch approaches a
larger airway or blood vessel, an interlobular septum or the pleura. While branching occurs
only at the tips all airways grow in length and diameter, about in proportion to overall lung
growth. The result is a space-filling tree with a quite even distribution of the terminal tips in
the lung volume. This growth process has all the characteristics of a fractal tree (Fig. 8)
(235, 378): the branching process is self-similar, that is, the proportions between parent and
daughter branch dimensions is about the same from one generation to the next, and the tips
are space-filling. The functional consequences of this architectural principle will be further
discussed later.

While the airway tree develops by growth and branching, the mesenchyme and the
vasculature undergo related changes (Fig. 7). Those airways that do not further branch
become ensheathed by a layer of dense mesenchyme from which smooth muscle cells and
cartilage derive. The arteries and veins also receive a dense mesenchymal sheath with a
varying amount of smooth muscle cells. The peripheral tufts of branched airway tubes that
will eventually develop into gas exchange structures are embedded in looser mesenchyme
containing a network of capillaries. The terminal airway buds, where further branching can
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occur, are in close contact with a cell-rich mesenchyme, a decisive factor because the
formation of a new pair of branches is induced by interaction of epithelial cells with the
mesenchyme through a complex system of growth factors and receptors, (1,4,47,328).

In this early stage of morphogenesis, growth and branching occurs in a system of epithelial
tubes lined by columnar epithelium resembling that of a gland (Fig. 7). This
“pseudoglandular stage’ of lung development lasts, in humans, until ~20 weeks of gestation
when histogenesis of the gas-exchange structures begins by thinning the epithelium of the
most peripheral generations combined with gradual widening of the ducts, the *“canalicular
stage” followed by the “saccular stage’ shortly before birth (40, 41). This process leads to
significant transformations in which mesenchyme becomes much reduced to form slim septa
between the saccules (Fig. 9A). The capillaries, originally loosely spread in the vast
mesenchyme, now approach the saccular surfaces forming a denser network closely apposed
to the epithelial basement membrane. The saccular epithelium differentiates into the
secretory alveolar type-2 cells that begin to produce surfactant, and the thin and vast
squamous type-1 cells that form the potential air-blood barrier together with the apposed
capillary endothelial cells (382).

This transformation occurs, in the human lung, over the six to eight most peripheral
generations of the airway tree that together form the anlage of the acini. In the proximal
airway tubes, a columnar epithelium forms the lining of conducting airways with ciliated
and secretory cells developing gradually while the mesenchymal sheath forms a smooth
muscle sleeve and, in the major airways, cartilage plates.

In the saccular stage, which lasts until the last weeks of gestation, each saccule is provided
with its own capillary network so that the intersaccular septa characteristically contain a
double capillary network (39) (Fig. 9A). This becomes radically changed in the last stage of
morphogenesis, the “alveolar stage,” when a network of strong connective tissue fiber
strands, that had formed in the saccular walls, begin to lift off the saccular surface toward the
center thus forming alveoli as side chambers of alveolar ducts and sacs (Fig. 9B). These
fiber tracts form a network that is continuous with the fibrous sheath of the terminal
bronchioles connecting the saccules and alveolar ducts to the conducting airway tree. This
transformation rapidly increases alveolar surface area by increasing surface complexity (Fig.
10). In rats, the alveolar surface increases twice as fast as lung volume in the first three
postnatal weeks, the phase of most intense alveolar formation (39). After this period, the
surface continues to increase but at a slower rate, mostly due to hypertrophy, but there still
seems to be some formation of new alveoli. In the human lung the pattern is similar, also
beginning around birth, but continuing for a longer period, from fetal week 36 to 1 to 2 years
of age (41). In this process, the capillary architecture is transformed to a simple network in
the interalveolar septa (40).

The mature architecture of the gas exchanger is now reached: in human lung, the conducting
airway tree ends in ~30,000 tufts of gas exchanging air ducts that form the acini, the
complex of six to eight generations of branched alveolar ducts decorated with alveoli and a
dense capillary network (Fig. 11) (394). As the lung enlarges with body growth, these
structures enlarge, accompanied by a gradual increase in the number of alveoli, but it is
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unclear how long the increase can continue. In mice and rats, new alveoli can form even late
in life (88,349); whether this is also true in humans is debated.

As the airway tree grows, the pulmonary arteries and veins follow suit to form an integrated
system of three interdigitating trees with their stems in the hilar region and their terminal
branches converging in the gas-exchanging distal region (Fig. 12). The pulmonary arteries
remain closely related to the airways and branch in parallel with these. In the last phase,
when acinar structures begin to evolve as gas exchange units the arteries branch more
frequently forming “supernumerary” branches to reach the much smaller and more
numerous capillary gas exchange units that are about the size of alveoli (394). The
pulmonary veins remain in a peripheral or interacinar position connecting to the outlet of
capillary units with a greater number of branches than the alveolar ducts.

In summary, this morphogenetic process combined with growth of the organ generates
complexity in the architecture of the airway tree and vasculature leading to the gas
exchanger that solves the combined problem of gradually folding up a very large surface in
direct relation to the structures serving an efficient and well-distributed ventilation and
perfusion of this surface, and all this before gas exchange even begins, that is, before birth.
The design of the airways results from a combination of branching at the tips, thus
multiplying the number of gas-exchange units, with growth of the stems and branches such
that, at each branch point, the length and diameter of the daughter branches is reduced by a
similar factor corresponding to the principle of self-similarity that is a central characteristic
of fractal geometry (235). In the final step, the formation of wide saccules in the terminal
airway generations followed by adding alveoli to enlarge their surface, also mimics the
fractal process of adding folds upon folds to increase the surface density without increasing
the containing volume (40,384).

Structure-Function Correlations

Physiological design principles of the pulmonary gas exchanger

The pulmonary gas exchanger is characterized by a close relationship between the air spaces
and the blood capillaries over a large surface area and across a minimal tissue barrier.
Alveoli are formed around terminal branches of the airway tree; and in the walls of these
alveoli, a dense capillary network is connected to the terminal branches of pulmonary artery
and pulmonary vein. The airways and blood vessels converge on a very large interface of
close contact. The conducting airways and pulmonary arteries are designed to minimize both
dead space and flow resistance and are provided with substantial wall structures, such as
smooth muscle layers, controlling the distribution of air and blood flow; by contrast, in the
gas exchanger part the air and blood volumes are maximized and spread over an extensive
surface while the tissue barrier that separates air and blood is minimized.

The formation of alveoli as side pockets of peripheral airways (Fig. 13) not only augments
parenchymal air volume but also substantially increases the surface-to-volume ratio of distal
airways. The slim alveolar walls contain a close-meshed capillary network that spans
between the terminal branches of the pulmonary artery and pulmonary vein (Fig. 14). The
tissue supporting these alveolar wall structures is very thin so that the capillary blood
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occupies about half the volume of the alveolar septa (Fig. 15). This dense arrangement of
capillaries in the alveolar walls that are in direct air contact on both sides causes a high
density of capillary blood volume and surface area in the peripheral air spaces with a
minimal tissue barrier thus creating favorable conditions for efficient gas exchange.

The very thin alveolar tissue barrier that separates blood and air is comprised of two
continuous cell layers, epithelium and capillary endothelium, and an interstitial space of
variable composition and thickness (Fig. 16) (383). It is functionally essential that both the
alveolar and capillary surfaces are lined by a complete and tight cell layer to control the
transfer between the extracellular fluid spaces: plasma and interstitial and alveolar surface
lining fluid (Fig. 17). The existence of a complete alveolar epithelium constituted of two cell
types was first demonstrated by Frank Low under electron microscopy (232). Figure 16
shows that both the endothelial cells and the type-1 alveolar epithelial cells form thin
continuous cytoplasmic leaflets that extend from the slim cell body with the nucleus to cover
the alveolocapillary surface. This constitutes the very thin cellular lining of the air-blood
barrier, a minimization that reduces the resistance to gas diffusion. The alveolar epithelium
is a mosaic of two cell types (Fig. 18): type-1 cells form very thin cytoplasmic leaflets that
cover 95% of the alveolar surface; interspersed within epithelium we find a seemingly larger
type-2 cell that secretes both the phospholipid and protein components of surfactant (Fig.
19). There are remarkable size differences between these two cell types (58): what is often
called the “large” type-2 cell has a mean volume of ~900 um?3 and covers 180 pm?3 of
alveolar surface, whereas the type-1 cell has a volume of 1800 um?3 and covers 5000 pm? of
surface. Even though there are twice as many type-2 cells 95% of the alveolar surface is
covered by type-1 cells. It is noteworthy that type-1 cells are extraordinarily complex
(discussed in Section above, Origin and architecture of the mammalian lung). Whereas a
typical epithelial cell has one apical face bounded by a cell junction complex, the type-1
epithelial cell branches to form multiple apical faces at varying distances from the nucleus
(Fig. 6); these had been seen by early histologists who called them “non-nuclear plates” but
they are not disjoined from the nucleated cell body but connected by cytoplasmic stems
(372). This peculiarity is a further example for the special efforts in minimizing the barrier
to gas diffusion from air to blood.

The interstitium of the alveolar septum is the space between the epithelial and endothelial
basement membranes (Fig. 16); it is associated with connective tissue fibers that form a fine
network interwoven with the capillary network (Fig. 20). Owing to this arrangement, an
actual interstitial space occurs only on one side of each capillary, whereas on the other side
there is no interstitial space because the basement membranes of the thin endothelial and
epithelial leaflets are fused (Fig. 16). This is a further feature for minimizing barrier
thickness as on about half the barrier surface the fusion of epithelial and endothelial
basement membranes does not allow interstitial fluid to accumulate. The alveolar interstitial
space is complex (Fig. 21). Besides the septal fiber system (collagen and elastic fibers), we
find fibroblasts that form very long extensions and serve multiple functions. For one they are
responsible for the formation and maintenance of the fiber system. They also form elements
of myofibroblasts, mostly in the form of focal actomyosin bundles that span across the
septum from the basement membrane of one epithelial cell to that on the other side thus
serving as braces of the interstitial space (382). The support function of these interstitial

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsia et al.

Page 11

structures becomes accentuated at the free edge of the septum where a strong alveolar
entrance ring made of connective tissue fibers and some smooth muscle cells forms (Fig.
21B); the architectural importance of these structures will be discussed below. A special
interstitial cell type is the pericyte, a derivative of fibroblasts with myofibroblast
characteristics, that is closely associated with capillaries (Fig. 21B) (374).

Model of pulmonary gas-exchange capacity

Gas exchange between alveolar air and capillary blood depends on ventilation that maintains

alveolar P, at an adequate level and on perfusion of the capillary network with mixed
venous blood from the pulmonary arteries (Fig. 22); as blood flows along the surface of the
air-blood barrier, it receives O, that diffuses across the barrier and eventually leaves the gas
exchanger as oxygenated blood into pulmonary veins. The rate of O, uptake by diffusion is
described by the equation of Christian Bohr (26):

V02 :(PA02 — PEOQ) . DLO2 (1)

where PA,_ is the O, partial pressure in alveolar air (in mmHg), P<,,, the mean P, in
pulmonary capillary blood, and DL g5 the lung’s O, conductance or the pulmonary diffusing
capacity (in mL [min mmHg]™2). Bohr introduced this theoretical proposition (26) because

he found that the P, of capillary blood at the end of transit through the capillary bed, that

is, the arterial P, , was often larger than alveolar P, . Consequently, he rejected the theory
that O, was exchanged purely by diffusion and postulated that active secretion must in part
be invoked as a mechanism for O, transfer from air to blood, and he found support for this
view from J. S. Haldane (128). However, this postulate was soon disproved by Marie and
August Krogh (216) on the basis of greatly improved measurements, thus establishing the
basic validity of Eq. (1). But this equation is too much simplified with regards to the nature
of the term DL gy, which is related not only to physical diffusion alone but also depends on
the chemical reaction of O, with hemoglobin within erythrocytes, as worked out by
Roughton and Forster (305).

The mean capillary P, depends on blood flow and gas exchange and is obtained by
integration of the progression of O, loading onto hemoglobin in erythrocytes (Fig. 22):
erythrocytes enter the capillary network at low O, saturation corresponding to the P, of
mixed venous blood, Pv,_,, and leave the capillaries nearly saturated at arterial Pagy.
Alveolar P,_is generally taken to be a homogeneous parameter, but varies considerably
within the peripheral air spaces, in part because of the serial arrangement of alveoli and the
gas exchange units along the ventilation pathway. All parameters to the right of Eq. (1) are
significantly affected by anatomical features. DLq> is largely determined by the surface area
and the air-blood barrier thickness. The P, difference is established by ventilation and
perfusion of the gas-exchange units, which may be affected by the design of the airway and
vascular trees within the acinus.
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Structural determinants of pulmonary diffusing capacity—In Eq. (1), DLg is the
total conductance for O, diffusion from alveolar air into capillary erythrocytes until it is
bound to hemoglobin. The conductance of the system may be theoretically estimated from
the physical dimensions and material properties of the gas exchanger, considering the
geometry of the alveoli, tissue barrier, and capillary blood. As proposed by Roughton and
Forster (305), this conductance consists of two serial steps (Fig. 23): (i) diffusive O, flow
across the barrier, the so-called membrane conductance DMgp, and (ii) O, binding to
hemoglobin in the red blood cells or the conductance of capillary blood Deg;, (both in
mL-min~1-torr~1). Their overall effect on O, flow is obtained by adding their resistances or
the reciprocal of the conductance:

1/DLo,=1/DM,,+1/Deq, ()

DMpy is the conductance of a barrier that offers “passive” resistance to diffusion and
depends essentially on the material properties of the barrier, estimated by a diffusion
coefficient K, and on the dimensions of the barrier: the larger the surface area Sand the
thinner the barrier thickness #the greater the DMg_, according to the formula DMg, = K S/t
In contrast, Deg is related to the composite process of diffusion into erythrocytes and the
nonlinear binding of O, to hemoglobin (184,305).

Membrane conductance (DMg,)—The membrane barrier (Fig. 23) comprises a tissue
barrier and a layer of blood plasma. In addition, a lining fluid layer of varying thickness
spreads over the epithelial surface (Fig. 17). Even though these layers have distinct
characteristics, they act as a single diffusion barrier (388). The two bounding surfaces of the
tissue barrier are lined by independent cell layers, epithelium and endothelium, related to
two separate functional spaces, alveoli and capillaries. The two surfaces are not perfectly
matched and the thickness of the barrier varies considerably (Figs. 16, 21, and 23). Over
about half the surface, the tissue barrier shows minimal thickness compatible with an intact
structure: the thin cytoplasmic leaflets of type-1 epithelial cells are joined to the thin
extensions of endothelial cells by the fused basement membranes leaving no interstitial
space. In this region, the surface lining layer is very thin. Over the other half, the barrier is
thicker because of the presence of connective tissue fibers (see Fig. 21) and cell bodies of
epithelial and endothelial cells as well as fibroblasts.

The plasma layer shows even greater variation in thickness and distribution (Fig. 23). Since
erythrocytes are corpuscular and of similar dimension as the capillaries the plasma layer can
be vanishingly thin where the erythrocyte nearly touches the wall. But elsewhere there are
“plugs” of thick plasma of varying size (87, 163, 388). The distortable erythrocytes
contribute to the variable thicknesses of the plasma layer between erythrocyte and capillary
surface. Furthermore, occasional leukocytes can impede O, diffusion into erythrocytes. The
diffusion distance from capillary wall to erythrocyte membrane can vary from a few nm to
several micrometers.

Strictly speaking the two layers of the barrier, tissue and plasma, offer different O, diffusion
resistances (371). However, this distinction is unimportant under normal conditions (388).
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Indeed, flow velocity of the plasma layer is much lower than the diffusion of O, so that
plasma is quasistatic with respect to diffusion. Furthermore, under normal conditions the
surface areas of alveoli, capillaries, and erythrocytes do not differ much, and the diffusion
coefficients of tissue and plasma are also quite similar. We could therefore estimate the
membrane diffusing capacity by considering O, diffusion from the alveolar surface to the
interior of erythrocyte as:

DM, =Ky, - S (b) /mub =Ky - [S (A) +5(¢)] /2 -1 (3)

where Kj, is Krogh’s permeation coefficient which is the product of two material properties
of the barrier: the diffusion coefficient for O, in the tissue, Dg», and the O, solubility Soo,
and is estimated at 3.3 x-1078 cm2.min~1.mmHg1. §(4) is the surface area of the barrier,
estimated as the mean of the alveolar and capillary surface areas, S(A) and S(¢),
respectively, the two most robust measures of the area of air-blood contact. The harmonic
mean barrier thickness =, is the mean of the reciprocals of the distance from the alveolar
surface to the nearest erythrocyte membrane (Figs. 23 and 24). The harmonic mean is
chosen as parameter for the diffusion resistance because the local rate of O, diffusion is
inversely proportional to the diffusion distance; thus, summing or averaging the local
conductances that support O, diffusion in parallel implies averaging the reciprocal
thicknesses or obtaining their harmonic mean (388,392). The =y, can be estimated on
sections of properly sampled lung tissue using stereological methods (159,264,375,388,391).
One approach is to superimpose on electron micrographs a set of test lines made of a
sampling segment (solid line) followed by a guard extension (broken line) (Fig. 24): when
the solid sampling line segment hits the alveolar surface the distance to the nearest
erythrocyte membrane is measured as the barrier intercept length 4, preferably using a
logarithmic scale, resulting in a nearly log-normal distribution of intercept lengths. From the
data the harmonic mean total barrier thickness is obtained as:

2 n
Thb= (2/3) . lhbzg r

2L
i=1

(4)

where 4, is the harmonic mean of the intercept lengths 4 (388,392).

The presence of a surface lining layer in the living lung may modify the barrier geometry as
visualized on electron micrographs (9) with the consequence that both the barrier thickness
and the alveolar surface are reduced to a similar degree because some thicker parts of the
barrier become shifted beneath the surfactant pools (Fig. 17). The net effect on the estimate
of DLy is therefore not very large (398) (discussed later).

Erythrocyte conductance—Erythrocyte conductance for O, (Degy) involves three
coupled events: (i) O, diffusion across erythrocyte membrane, (ii) diffusion to hemoglobin
molecules within the erythrocyte interior, and (iii) nonlinear chemical reaction of O with
hemoglobin. To empirically account for this complexity Roughton and Forster (305)
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expressed Deg; as the product of the pulmonary capillary blood volume (Vc) and a
coefficient 6p, (in mL O, ‘min~1-torr™-mL(blood)™1) for the rate of O, binding to
hemoglobin per unit of pressure gradient and whole blood volume:

De,,=0,, - Vc (5)

The specific conductance 8q; is estimated /n vitro on whole blood by stop-flow procedures,
where a deoxygenated blood sample is rapidly mixed with a bolus of oxygenated plasma and
the oxygenation rate of hemoglobin is measured spectroscopically
(141,142,184,256,330,410). Because this is a difficult procedure, the reported estimates of
607 vary from 0.9 to 2.7 mL O, mL~1 min~ mmHg™. In addition, 6p, depends on the
hematocrit or hemoglobin concentration, and is reduced in anemia (214). Furthermore, 6o,
is affected by blood properties, as expressed by Holland et al. (1977):

0o =H'c - (0.0587 - ay,) - (1— S,,) - 0.01333 - [Hb] ()

where K cis the initial reaction velocity (mmol~1 s71) of erythrocytes exposed to O, in
solution; aqy is the Bunsen solubility coefficient of O,; So is the (fractional) O, saturation
of hemoglobin at the start of the stop-flow experiment; and [Hb] is hemoglobin content
(9/100 mL). Considerable uncertainty remains about the value of "¢, which is estimated by
the stopped flow method using rapid reaction devices. The main problem is the occurrence
of an unstirred layer of plasma that surrounds the erythrocytes in the measuring chamber,
which slows the reaction because it adds a diffusion barrier of unknown thickness. Holland
et al. (141) estimated this slowing factor to be about 2. Correcting for this effect, Yamaguchi
et al. (410) estimated 6o, at 3.9 mL O, mL~1 min™! mmHg~2 for human blood.
Heidelberger and Reeves (132) have avoided this problem by studying naked thin films of
whole blood directly exposed to air. Erythrocyte size also affects 8o,—reaction rate is faster
in small erythrocytes, for example, in goats. A key problem is that " ¢is measured on
desaturated blood, whereas pulmonary capillary blood saturation ranges from 30% in mixed
venous blood to 98% in the end-capillary blood, and that &’ ¢ falls rapidly above 75%
saturation; therefore, 6o, falls from about 4 to 1 mL O, mL™1 min~! mmHg™ (132) as
blood transits through the lung so that an “effective mean” value of 85, must be estimated
by Bohr integration (Fig. 22) (199,376).

For normal human lungs and a blood [Hb] of 15 g/100 mL, an estimated 65, = 1.8 mL O,
mL~1 min~! mmHg~! is reasonable (410), but if the actual [Hb] varies an adjusted value can
be approximated by multiplying this standard value by a proportionality factor: Adjusted
607 = unadjusted G, ([Hb]/15.0).

Morphometry of the human lung in relation to diffusing capacity

Estimating theoretical diffusing capacity of human lung—With the
aforementioned model in hand, we can attempt to estimate the diffusing capacity of the
human lung on the basis of morphometric data in Table 1. These data, obtained by electron
microscopy on seven young adults (average body mass 70 kg) (109, 388), reveal an alveolar
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surface area of ~130 m2 and a capillary surface ~10% smaller. These values are higher than
the older data most commonly quoted in textbooks that had been derived from light
microscopic studies, which did not adequately resolve the alveolar surface texture. The
harmonic mean thickness of the tissue barrier is ~0.6 um, whereas the harmonic mean total
barrier thickness, measured from alveolar epithelium to erythrocyte surface (Fig. 24), is

~1.11 pm. The capillary volume is ~200 mL. With these data we calculate D, ,, for the adult
human lung to be ~150 to 200 mL O,-min~t.mmHg™1, the variation essentially depending
on the choice of 8p). These data answer the question how the resistance to O, diffusion is
distributed. Table 1 shows that the diffusion conductance of the “membrane” and that of the
erythrocytes are similar, that is, resistance to O, uptake is nearly equally divided between
membrane and erythrocyte.

The validity of morphometric estimates of diffusing capacity, based on reasonable model
assumptions, must be established by comparison to physiological estimates. A typical
physiological value of DL, measured in a healthy adult at rest is ~30 mL Oy-min~1-torr™1,
considerably less than that based on morphometric estimates. This large difference arises
because (i) under resting conditions, O, flow required to support metabolism is only one-
tenth of what the lungs are capable of transporting under heavy exercise, and (ii)
physiological diffusing capacity increases in a linear relationship with respect to pulmonary
blood flow from rest to peak exercise (152). Thus, lung structure provides large O, transport
reserves that are not needed at rest but may be rapidly recruited upon exercise. Any
comparison of the pulmonary capacity for diffusive O, uptake must be gauged to the highest
achievable metabolic rate because the structural features determining DL, cannot be
increased at short notice when demand fluctuates. The estimates of DL > in exercising
humans are ~100 mL O,-min~L.mmHg~1 (129), that is, ~50% lower than the morphometric
estimate. The remaining difference likely reflects the deconditioned state of modern humans
where the “frue” structural diffusing capacity is not completely exploited even at heavy
exercise except perhaps in elite endurance athletes. Any inhomogeneity in the distribution of
ventilation-to-perfusion or perfusion-to-diffusion would also limit the degree to which “true”
diffusing capacity can be exploited (discussed later when considering the effect of acinus
design on gas exchange).

Is the theoretical value of DL, calculated from accurate morphometric data and the best
available physical coefficients trustworthy? As this question cannot easily be answered on
the human lung, we resort to experimental studies where physiological and morphometric
measurements can be done on the same lungs and under exercise conditions. In practice,
lung diffusing capacity is estimated physiologically using CO as a tracer gas that binds
avidly to hemoglobin, and the theoretical values of DL¢q are calculated with the same
morphometric approach as described earlier, except that physical coefficients for CO rather
than O, are used (124, 157). One such set of studies using hormal dogs and dogs following
the surgical removal of lung units by pneumonectomy (156, 160, 338) show a close
correspondence between DL estimated by physiological methods at heavy exercise and
that estimated by morphometry at postmortem. Because the dog is a highly athletic species
that can reach a maximal O, uptake (per kilogram of body weight) nearly twice that of an
elite human athlete, these findings suggest that (i) athletic animals recruit nearly all of their
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structural reserves for gas exchange under peak metabolic demand and (ii) we can accept the
theoretical estimate of DLy (and DL¢p) in general and for the human lung in particular as
reflecting the limit to O, uptake imposed by the structural parameters of the gas exchanger.

Critical review of the morphometric model of pulmonary diffusing capacity:
Ideal versus real diffusing capacity—The term *“capacity” signifies a maximum
amount that can be contained in a vessel, or the maximal output of an operation, thus
referring to the upper limit of a process, in this case, the diffusing capacity for O, uptake is
the upper limit of O, transfer from the air to blood. To use the term for estimates of O,
transfer rate (flux) measured under resting or basal conditions is, in fact, incorrect [“transfer
factor” is more appropriate (184)]. The approach followed here is to find an estimate of the
ideal pulmonary diffusing capacity on the basis of model calculations considering the
physical processes that occur within a structural apparatus whose relevant dimensions can be
estimated. This morphometric model must result in an estimate that is higher than what can
be measured functionally even under optimal conditions—just as the capacity of a wine
glass must be larger than the quantity of wine we can sip without spilling some on our shirt.

Considering the meaning and uncertainties of the morphometric estimation of DLg», we
note that it is based on a static global analysis of the physical properties of the alveolar-
capillary complex, under the condition of maximal expansion of the alveolar surface and
complete filling of the capillary network with blood whose hematocrit is close to that in
venous blood (371). The “ideal” value of DL thus obtained estimates the maximal
possible conductance for O, diffusion and binding. It is therefore not surprising that
physiological estimates of DLg> in humans at heavy exercise are around 100
mL-min~t:mmHg™1 (129) compared to 158 mL-min~1.-mmHg™1 as obtained by the
morphometric model (381). Thus, it appears that the pulmonary gas exchanger in humans
and sedentary animals possess “excess” DLy of which only about 2/3 is utilized at maximal

O, uptake (me‘w), In contrast, athletic mammals, such as dogs or horses, utilize their

entire DLg> at V02mam (55,199). The lack of excess DL in dogs explains why maximal
DLco measured physiologically in dogs before and after pneumonectomy is well predicted
by morphometric DL¢q estimated on the same animals (157). The structure-function
correspondence of DL¢g in athletic but not sedentary species suggests that the apparent
“excess” diffusing capacity in sedentary species is related to a lower capacity in the
nonpulmonary steps of the O, transport cascade, that is, cardiovascular and skeletal muscle

systems, that restrict Vozm,am before the reserves in pulmonary O, uptake are exhausted
(152).

The morphometric estimate of DLg is obtained on fully inflated, fluid-filled lungs where
the entire epithelial surface appears exposed to air. In air-filled lung, only part of this surface
is exposed because the alveolar tissue is molded under the effect of surface tension and
modulated by surfactant (7,114), resulting in a ~30% to 40% reduction of the free alveolar
surface exposed to alveolar air (7-9,114); the resulting reduction in DLg is, however, less
since the folding of the tissue barrier results in a thinner harmonic mean thickness because
thicker parts are shifted into the depth of the septum retaining the thinnest parts on the
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surface (398). The preparatory method may also cause uncertainties regarding the amount of
capillary erythrocytes (36,357).

A critique of the fundamental concept of the structural basis of gas exchange discussed
above was recently advanced (198). Instead of considering the entire lung and dissecting gas
transfer according to the series resistance model of Rougthon and Forster (305) into a
functional-structural hierarchy, this simulation (198) considers a “machine acinus” as the
structural unit for gas exchange. In this unit O, flux is globally driven by the partial pressure
difference between the inspired air entering the acinus and the mixed venous blood entering
the capillary network (98). Oxygen flux is determined by an “integrative permeability” term
(Q) that accounts for the entire complexity of O, diffusion across the membrane-plasma-
erythrocyte barrier and equilibration with hemoglobin, and is variable with time and place
within the acinus. In essence, Wis a black box that comprises, without differentiation, the
functional and structural factors here considered in a coherent fashion. The only input
structural parameters are the alveolar surface area and the number of acini. Even though
some of the calculations appear reasonable, this approach does not appear very helpful for
understanding the structural support of gas exchange. It is unclear whether the general
conclusion of this study, that O, capture by erythrocytes is the only process that matters and
the Roughton-Forster approach is incorrect, could be substantiated.

The problem of O, capture by the blood—The transfer of oxygen from the air phase
to the hemoglobin molecules is a complex process that is only poorly considered in the basic
model of pulmonary diffusing capacity. This has been assessed in some detailed simulation
studies on simplified capillary geometry to predict the distribution of gas tension and flux
into erythrocytes in a hypothetical alveolar capillary segment containing an arbitrary number
of erythrocytes with known anatomical dimensions of the capillary and assumed diffusion
and solubility coefficients. Results show that erythrocyte spacing is an important
determinant of O, (87) and CO (173, 174, 178) flux (Fig. 25). By integrating the individual
erythrocyte fluxes, total CO uptake (DL) and effective membrane conductance (DM) of the
capillary for CO may be calculated. DL¢q thus estimated at two O, tensions are then
introduced into the Roughton-Forster model [Eq. (2) and (4)] (305) to determine if the
anatomically defined DM and capillary blood volume (\Vc) could be recovered. The same
hypothetical capillary segment was subjected to morphometric analysis to obtain estimates
of DM and Vc. Comparison of Roughton-Forster, morphometric, and simulation approaches
has uncovered fundamental errors in the lumped parameter Roughton-Forster model (305)
when applied to a distributed process—the model assumes that DM and V¢ are independent
entities when in fact they are interrelated. Physiological maneuvers that promote close
interactions between alveolar septal endothelium and capillary hemoglobin, for example,
recruiting erythrocytes via increased perfusion (177), improving the uniformity of perfusion
(288) or increasing capillary hematocrit (407), are associated with a higher DM while
limiting alveolar-capillary erythrocyte recruitment impairs DM (161).

The comparison also clarifies the discrepancy where morphometric estimates of DM
(structural capacity) consistently exceeds physiological estimates (dynamic flux or load)
(173). Morphometric estimates of DM are sensitive to erythrocyte volume, surface area, and
distribution following postmortem lung fixation under conditions that differ from that /n vivo
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(388). In addition, deformation of erythrocyte under high blood flow shield parts of the
erythrocyte membrane from the endothelium, which impairs DM (174, 365) even as the
deformed shapes improve hydrodynamics. Nonuniform erythrocyte distribution (unequal
spacing) within and among capillary segments cause uneven matching of tissue-erythrocyte
membrane interface, which also reduces the efficiency of gas diffusion (178) (Fig. 25). At
any given hematocrit, uniform erythrocyte distribution yields the highest CO flux whereas
erythrocyte clustering yields the lowest value. Random nonuniform erythrocyte distribution
within a single capillary or among separate capillary segments reduces CO flux by 30% to
50%. Thus, alveolar microvascular recruitment to improve gas transfer depends not only on
the number or volume of patent capillaries or the hematocrit but also on the optimal
distribution of erythrocyte mass and flow. Future improvements in these models will be
needed to really understand what is happening in the dense alveolar capillary network,
where erythrocyte flow is not “single file” along a long straight tube but may be tumbling
from one capillary mesh to the next—characterized by what has been called sheet flow
through a flat sheet with posts (107).

Applying a similar analysis to alveolar O, diffusion (99), one finds that at a given hematocrit
the erythrocyte resistance to O, transfer increases as capillary O, saturation (SO5) rises in
transit: from 7% of total resistance at the capillary inlet (SO, = 75%) to 30% at the outlet
(SO, = 95%). Total diffusing capacities for O, or CO increase as hematocrit increases,
approaching a plateau near a hematocrit of ~40% while the corresponding diffusing
capacities per erythrocyte decline due to competition between the membrane surfaces of
adjacent erythrocyte for O, influx.

Recent advances in functional magnetic resonance imaging and spectroscopy allow
evaluation of the diffusion characteristics of inspired hyperpolarized 12°Xe across alveolar
tissue-plasma barrier and into erythrocytes in normal and diseased lungs (200, 201). By
quantitatively mapping regional diffusion gradients /n vivo, these techniques provide both
structural and functional data and may yield new insight into the mechanisms of diffusion-
perfusion mismatch.

Comparing morphometric and physiological estimates of lung diffusing
capacity—A critical comparison between the morphometric and the physiological
approach to estimate pulmonary diffusing capacity is important to appreciate the validity of
these estimates and to understand the reasons for discrepancies in the results. The basic
approach is to attempt tightly correlated estimates of diffusing capacity by morphometric
and physiological methods. Oxygen conductance across alveolar tissue-plasma-erythrocyte
barrier and its binding to hemoglobin may be noninvasively estimated /7 vivo from the
uptake of an inspired tracer gas such as CO (DL¢g) or NO (DLy). According to the
Roughton-Forster model (305) the measured DL may be partitioned into the membrane
(DM) and blood (6.VVc) components:

1/DL=1/DM+1/ (6 - Ve) (7)
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This serial resistance model is also the basis of the morphometric approach (Egs. 2 and 5).
In the classical physiological approach, the partition is done by measuring DL at two
alveolar O, tensions taking advantage of the competitive binding of O, and CO to
hemoglobin (305). Another method of partition takes advantage of the extremely high
hemoglobin binding affinity of NO by assuming that DLyg is proportional to DM¢g (DLno
~ kDMcp) (28, 340). This latter approach implies that peri- and intraerythrocyte resistance
to NO uptake is negligible and the resistance to NO uptake across the lung resides mainly in
the tissue membrane. Although DLyo has been used to empirically assess “membrane”
diffusing capacity in normal and abnormal lungs (282, 340), it has become apparent that the
erythrocyte in fact offers significant resistance to NO diffusion (27,29). Therefore, a
mechanistic interpretation of DLyo measurement and its relationship to DL¢g remains to be
fully understood.

Correlated physiological and morphometric studies of DL o were undertaken by Crapo and
co-workers (59,60). The physiological estimates were obtained in anesthetized dogs by a
rebreathing technique at different inspired O, concentrations and partly on isolated perfused
lungs. For morphometric studies, the lungs were fixed either by airway instillation or
vascular perfusion. The results showed that physiological DLcg was about half that obtained
by morphometry with considerable differences between the estimates of DM¢cg and Vc.
Similar results were obtained in a combined physiological and morphometric study of four
species of canids (397). Some of the differences may have been due to the use of the original
morphometric model where the thickness of tissue and plasma barriers were considered as
two barriers in series (371) which results in higher estimates of DM as compared to a later
method where the tissue and plasma layers are considered as an integral barrier (388). The
major reason for the observed discrepancy lies in the fact that the physiological estimates
were obtained in resting or anesthetized animals where the true diffusing “capacity” is not
exploited. Indeed, when the study is done on exercising foxhounds the physiological DLco
varies in proportion to blood flow and increase with exercise intensity (48) reaching a value

in close agreement with the morphometric estimate near maximal O, uptake meax (Fig.
26). This is true for intact lungs as well as for lungs after left pneumonectomy (156) and
after compensatory growth of the left lung following right pneumonectomy in immature
dogs (338) (Fig. 26).

It thus appears that in well-trained dog’s morphometric DL closely characterizes the
functional capacity for CO or O, uptake by the lung and that the full exploitation of this
capacity depends on pulmonary blood flow, which determines capillary transit time, the
period available for gas exchange. This was found to be about 0.3 s in dogs running at their

meax; calculation of the profile of capillary PO, along the capillary transit by Bohr
integration showed that at least 75% of the capillary path was needed to reach arterial PO, in
these athletic animals, whereas less athletic goats achieved saturation after 40% of transit
time (199), suggesting that athletic species nearly fully exploit their morphometric diffusing
capacity whereas more sedentary species would have some reserve capacity. This conclusion

was supported by the observation that goats can maintain their Vozma;z: if inspired O,
concentration was reduced to 16% whereas dogs could not tolerate any reduction in inspired
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O, concentration (199). As discussed earlier, nonathletic humans also have a reserve
diffusing capacity of about 30%.

Architecture of lung parenchyma and its effect on gas-exchange function

Connectivity as architectural principle ensuring that all parts work in concert
—To maintain a complex alveolar surface area of 130 m? expanded in an air space of a few
liters with only about 300 g of tissue requires a structural support system that gives all gas-
exchange units an equal chance to be exposed to air flow through the airways. The air
volume must be variable according to ventilatory demands so that the support structures
must be made of soft flexible tissue. The architectural solution is to build an integral
connective tissue fiber continuum that spans the entire lung from the main stem bronchus at
the hilum along the airways to the pleura and traversing all alveolar septa and capillaries
(383,384,386,402) (Fig. 27A). This fiber system is built of a hierarchy in three categories:
(a) Axial fibers form a sleeve of the airways, first the connective tissue sheet of the bronchi
and bronchioles which continues into the alveolar ducts of the acinus; (b) peripheral fibers
that form the shell of the pleural bag from which it penetrates into the lung parenchyma as
interlobular septa; (c) septal fibers that weave through the interalveolar septa with their
capillaries with which they are interlaced (Fig. 20), connecting to both the peripheral and the
axial fibers (375). As a result, the fiber support structures concentrate mainly on one side of
the capillary so as to minimize the alveolocapillary barrier on the opposite side of the
capillary where the epithelial and endothelial basement membranes are fused, and thicker on
the side where fibers and fibroblasts, including myofibroblasts, are intercalated between the
two basement membranes (Fig. 21). This system adheres to the principle of connectivity in
which there are no loose ends. This allows inspiratory movements of the chest wall to be
transmitted from the peripheral fiber system to the septal fibers that become extended as
they pull on the axial fibers as cantilever, thus spreading the capillary network on the
alveolar surface. In architectural terms the lung is a “tensegrity structure” (106, 189) with
the complex fiber system spanning from the thoracic cage to the hilum as the stiff elements.
The structure is stable as long as all fibers are connected at both ends to the system and
tensed, but can partially collapse if some fibers are snapped, such as in emphysema.

It is noteworthy that the axial fiber system extends into the acinus as the network of fibers
that form alveolar entrance rings and thus appear as a “virtual” wall of the alveolar duct; by
this the alveolar spaces are widely connected with the air ducts (Fig. 27B). This fiber
network is primarily responsible for alveolar formation during development (40).

The axial fiber network also plays an important role in keeping alveoli open against surface
forces (402). Under static conditions, the surface force is determined by surface tension and
the local surface curvature (Fig. 28): in the hollow of the alveoli the surface tension is
negative tending to shrink the alveolus, on the free edge of alveolar septa the surface tension
is positive tending to push the alveolar wall outward. Since on the edge the radius of
curvature is very small the surface force is particularly high, but it is supported by strong
fibers and some smooth muscle cells (Gig. 21B). For the alveolar septum attached to this
free edge to be stable the surface tension must be low (6). Therefore, the actual configuration
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of the lung’s fibrous backbone depends on the molding effect of surface forces modulated by
surface tension.

Dynamic modulation of gas exchanger with respiratory cycle—In air-filled lungs
the alveolar surface forces are modulated by surfactant (6,7) resulting in functionally
relevant modification of the configuration of the alveolar septum and capillaries (Fig. 29):
the capillaries do not protrude on the alveolar surface as much and the exposed tissue surface
is smoother and more homogeneous in thickness with bulky components such as cell bodies
or fibers shifted into deeper parts of the septum (Fig. 29B) (398). In addition, this
configuration is subject to changes with lung inflation (Fig. 30). The free alveolar surface
increases strongly when inflation gradually increases from a collapsed state up to total lung
capacity (TLC) by opening up collapsed alveoli; upon deflation surface area falls on a flatter
slope when the lung is deflated to 40% TLC (114); when reinflated back to 80% TLC the
surface expands to the same value as upon deflation from TLC (7). Consequently, in the
range of physiological respiration, that is, between 40% and 80% TLC, variation of air
volume by a factor of 2 due to the ventilatory cycle causes a change in alveolar surface area
by only ~1.2-fold, that is, the major increase in volume occurs in the alveolar ducts while
alveolar walls are only slightly stretched (Fig. 31). This is the result of a high surface tension
that acts on the free edge of the alveolar septum, the network-like “wall” of the alveolar
ducts, because of the high curvature of the saddle-shaped edge (Fig. 28) (386, 402). The
distinct enlargement of alveolar ducts versus sacs is physiologically important. It is
sometimes claimed that alveoli pop open upon lung inflation, and collapse upon deflation
(127). That claim is correct when starting with a deflated lung, but that is not how we
breathe. The normal breathing cycle operates on the deflation slope of the pressure-volume
curve (Fig. 30) with small hysteresis, a state that is maintained by periodically taking a deep
sigh. In this condition, surface tension is kept low because the surfactant lining is spread out
and alveoli do not collapse.

Surface tension also affects alveolar capillary configuration, depending on the balance
between capillary distending pressure and the counterpressure exerted by surface tension at
the alveolar surface (Fig. 32). At low inflation, surface tension is nearly zero and capillaries
bulge toward the alveolar surface (Fig. 17). As surface tension increases with inflation, the
surface pressure can flatten the surface and reduce their cross-section on the flat parts of the
septum, whereas capillaries can remain larger in the “corners” where three septa meet (Fig.
33A) (9, 398). This means that blood flow pattern depends crucially on capillary
configuration as a three-dimensional network of dense meshes (Fig. 14B): these capillary
“sheets” (107) extend from one alveolar wall into the next where three septa meet at triple
lines forming a honeycomb-like structure (Fig. 28); here “corner” capillaries are subjected to
three surface tension vectors as compared to two in the flat part of the septum. Corner
capillaries can be wide even when surface tension is high because each of the three surface
tension vectors acts against an opposed septum to “pull” the corner capillary open (Fig. 28).
Capillary configuration and volume are also affected by perfusion. In Figure 33, rabbit lungs
fixed by vascular perfusion at 60% TLC under (A) zone Il and (B) zone I11 conditions (400)
show partial capillary flattening in the mid-region of the septum with wider corner
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capillaries in zone Il compared to rounded profiles of well-filled capillaries in the entire
septum in zone 111 (9).

Dynamic modulations of septal configuration have consequences on the estimate of DLq
from morphometric data. In Table 2 the dynamic variation of morphometric parameters with
respiratory cycle, obtained on perfusion-fixed rabbit lungs (6, 7, 398), have been applied to
the human lung data of Gehr et al. (109). The free alveolar surface varies between 68 and 88
m?2, which means that a significant part of the anatomical alveolar surface area (130 m?2) is
hidden beneath the surface lining layer (Fig. 29B). Capillary surface is also reduced but to a
lesser extent, so that the effective surface, as defined earlier, varies between 80 and 91 m? as
the lung is inflated from 40% to 80% TLC, and capillary volume is only mildly reduced. A
significant difference is observed in the barrier thickness because the modulatory effect of
surfactant preferentially retains thin parts of the tissue barrier on the surface whereas thicker
parts (cell bodies or fibers) shift deeper (398) (Fig. 29B). Since erythrocytes are not
preserved in perfusion-fixed lungs the total barrier thickness cannot be measured; in first
approximation we have reduced, in Table 2, the total barrier thickness by the amount of
tissue barrier reduction.

Introducing these modified morphometric data pertaining to an air-filled lung into the model
for diffusing capacity we find that DLg, in air-filled lungs is reduced by no more than 10%
to 15% with respect to the theoretical value obtained above, and in the range of dynamic
respiration it varies by only about 5% (Table 2).

Disposition of erythrocytes in alveolar capillaries—Human erythrocytes are of a
similar size as the diameter of alveolar capillaries so they pass, in principle, single file
through the capillary network; they take tortuous paths through the narrow-meshed capillary
network of interalveolar walls but travel in packets along preferred tracks (267). Figure 34
shows such an alveolar wall in a rabbit lung where blood plasma was labeled with colloidal
gold 2 min before interrupting blood flow to the lung (212): the black stain shows gold-
labeled plasma in which erythrocytes stand out as greyish rings or bars depending on their
orientation. Red stains are nuclei of the various cell types, including leukocytes. The
erythrocytes are irregularly spaced and missing in some capillary segments; in Figure 35 the
center-to-center distance between erythrocytes is measured along the capillary path showing
that many erythrocytes are closely packed but ~10% to 15% of capillary segments are devoid
of erythrocytes. This irregular distribution can also be observed in human lung (Fig. 15B).
The dense erythrocyte arrangement is not surprising since they normally occupy nearly half
the capillary space (capillary hematocrit is ~0.43) (388). The arrangement of erythrocytes
has functional significance in that local O, flux is highest over the center of an erythrocyte
and falls off in adjacent plasma regions. Theoretically, this effect is small if hematocrit is in
the physiological range due to the dense stacking of erythrocytes, but becomes significant at
low hematocrit values.

Architecture of ventilation and perfusion system: Correlated complexities

The major functional challenge to the ventilation and perfusion structures is how to
efficiently distribute the gases and blood to the millions of gas-exchange units so that all

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsia et al.

Page 23

units function under similar conditions. On inspiration, a relatively small bolus of fresh air
flows through a branched system of tubes toward the gas-exchange units, thus imperfectly
replenishing the residual air. There will be some inhomogeneity of gas composition
(concentration) between and along the airways. Of particular functional significance is what
is called stratified inhomogeneity in the most peripheral airways; this topic is dealt with by
Verbanck and Paiva (356) emphasizing mainly the physical processes involved; here we will
discuss those aspects that are caused or related to the design feature of airways and
vasculature, as well as their interaction in the gas exchange units. A further challenge results
from the fact that the matched bronchovascular trees are constrained by the irregular thoracic
cavity into which they develop to generate a scaffold with gas exchange units evenly
occupying all parts of the available space. The pathways from the entrance— trachea and
pulmonary artery—to the pleura vary in space and may also cause inherent inhomogeneities
in ventilation and perfusion. The intrinsic challenge to structural design is to minimize the ill
effects of such irregularities on the efficiency of gas exchange.

Architecture of the airway tree

Design and morphometry of the human airway tree: Human airway branching goes on
for on average 23 generations, and because of the doubling of branches with each
generation, there are on average 223 or ~8 million end-branches, called alveolar sacs (369,
389). In reality, the number of branching generations needed to reach the alveolar sacs is
quite variable, ranging from ~18 to 30; variability results from the fact that the endings of an
airway tree (Fig. 12) must be homogeneously distributed in space and reach every corner
and gap in the chest cavity where the lung develops. Some spaces are filled rapidly and the
airways cannot continue to divide, whereas elsewhere more branches are needed to fill the
space.

This branching process is accompanied by growth in total length and cross-sectional
diameter of the airway segments between the branching nodes. The length of each segment
is adjusted to cover the distances needed to fill the space homogeneously with endings,
whereas the diameter is grossly proportional to the volume of peripheral lung that is supplied
with air by a given branch. As airways bifurcate from central to peripheral branches, the
lengths and diameters of each generation become gradually reduced. Bifurcation is
asymmetric in that the two daughter branches differ in length and diameter; asymmetry is
more pronounced in animal lungs than human lungs. Figure 36 shows a human airway tree
cast used to measure the diameters and lengths of the first 10 generations of branches
(369,389); Figure 37 shows a portion of an airway cast that extends to peripheral generations
such as that in Figure 12.

Despite asymmetric branching some general rules govern the progression of dimensions
along the tree. The diameter of daughter branches is smaller than that of the parent in that
the diameter reflects the volume of peripheral lung it supplies with air (369); so when one
daughter branch serves a smaller lung region than the other its diameter will be smaller. It
has long been suggested that the progression of airway diameters follows a law formulated
by Hess (136) and Murray (259) that predicts optimization of convective flow, providing the
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lowest resistance for the lowest dead space. This law predicts, that, in a dichotomous tree,
the diameters of the daughter branches, d; and d, are related to the parent branch dg as:

dp=d}+d3. (8)

For a simple symmetric tree in which d; = d, this becomes:

di=do- 277 (9)

which means that the airway diameter becomes reduced with each generation by an average
factor of cube root of 1/2 (~0.79). This law should apply to all successive airway generations
so that we predict the average diameter in generation zto be:

d,=do-27%* (10

Do human airways follow this theoretical prediction? This was examined on a plastic cast of
a human airway tree (Fig. 36), by measuring the length and diameter of airway segments
from the trachea all the way out to generation 10 keeping track of the location of each
segment in a pedigree chart of a dichotomous tree (369). Figure 38 shows the distributions
of diameters and lengths for the first seven generations. While the diameters show a
symmetric distribution the segment lengths is highly skewed ranging from 1 to 30 mm even
in generation 7. The irregularity in branching is most visible in the variation of segment
lengths as a consequence of distributing the gas-exchange units in an irregularly shaped
organ (Fig. 36). This cast study was complemented by estimating the number and dimension
of alveolar ducts and sacs on fixed specimens using morphometric methods leading to the
conclusion that the total number of generations to reach the alveolar sacs is ~23 of which the
first 15 generations are conducting airways (369,389). To test the theoretical prediction of
optimized design according to the Hess-Murray law, we first simplify the system to a
symmetric tree taking the mean diameter per generation as the characteristic. The mean
diameters of the first 10 generations are plotted as circles semilogarithmically against
generations (Fig. 39); the regression line d, = dy-2 %3 represents the sequence of these
diameters quite well (389) so that conducting airways appear sized to optimize ventilation.
Acinar airways do not fit this regression line. In a later study, the dimensions of acinar
airways were measured accurately and in relation to the branching tree on silicon rubber
casts that extended all the way out to the alveolar sacs also filling alveoli (126). This study
showed that the transitional bronchiole marking the transition between conduction and gas-
exchange regions falls close to the theoretical regression line, while the acinar airways
indeed follow another much shallower course (Fig. 40), leading to the conclusion that, in the
human lung, the dimensions of conducting airways abide by the Hess-Murray law of
optimization. The same conclusion was reached by Wilson (401) regarding the dimensions
that would allow adequate ventilation with minimal entropy production.
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However, a closer look at these data shows that the aforementioned conclusion is only
approximately correct (248). It appears that the airway design follows the Hess-Murray law
with a certain safety factor. the diameter of conducting airways is reduced by a factor of
0.83 rather than the physically optimal 0.79, which means that the smaller bronchioles are a
bit larger than predicted. This is functionally important as it allows regulation of airway
cross-section by contraction of the bronchiolar muscle sleeve without unduly increasing the
flow resistance in small airways (Fig. 41) (278). Structural optimization is adjusted or
slightly relaxed to ensure physiological robustness, another aspect of good design.

These considerations were based on meticulous study of a single lung preparation, with
measurements verified by /n vivo bronchograms (369, 389). In the meantime, better casts
were prepared and analyzed in great detail with more parameters and more generations
assessed (281); the results in general confirmed the original data but allowed a more detailed
description of the branching pattern. Recently, it has also become possible to derive the basic
architecture of the major airways from /n vivo computed tomography (341,342), and
sophisticated 3D computer models of the entire human airway tree have been generated (Fig.
42) (341). All the models were based on the principle of dichotomous branching through
generations from the trachea as a stem, and allowing for irregularities or asymmetric
branching.

An alternative approach is to regard the airway system as tubes converging from the
periphery, the acinus, toward the center, the trachea (Fig. 43C) (149). By using an ascending
ordering system that is employed in analyzing rivers (Strahler system), branches are grouped
into orders according to the sequence of convergence, beginning with the smallest most
peripheral branches, designated as order 1. This ordering pattern is particularly well adapted
to formally describe an irregular dichotomy system because the size of branches in any one
order varies less than with the generations-down model. This approach does not really
account for the asymmetry of branching; rather it represents an attempt at extracting average
data with less variability in each order. The degree of asymmetric branching is reflected in
the branching ratio determined as the ratio of the number of branches in order #to that in
order ¢+ 1 which is estimated at ~2.8 (149), as compared to ~2 in the generations-down
model. Remarkably, the progression of diameters through the various orders is again roughly
proportional to the cube root of the branching ratio. Hence, both models yield functionally
comparable results.

The general conclusion drawn from this analysis is that the diameters of the conducting
airways ensure optimal airflow, but physical optimality conditions are relaxed in the interest
of physiological robustness. For the larger airways, optimization for flow and its distribution
to peripheral units are essential features of good design. The total volume of the conducting
airways down to generation 14 (the anatomic dead space) is about 150 mL; it is rapidly
flushed by simple gas flow in the course of inhaling 500 mL of fresh air during quiet
inspiration.

This airway design ends upon reaching the complex of alveoli arranged around peripheral
airways (Fig. 44). The airway tree is thus subdivided into two major functional zones (Fig.
45): the first ~14 to 16 generations, on average, are designed to conduct air flow by
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convection; these are followed by about eight generations of acinar airways where an axial
channel (alveolar duct) is enwrapped by a sleeve of alveoli with gas exchange tissue on their
surface (Fig. 44) (126). In human lung this transition is gradual. At some point the smooth
bronchiolar wall becomes interrupted by one or two alveoli. This “transitional bronchiole”
marks the entrance into an acinus. It is followed by some three generations of respiratory
bronchioles where an increasing fraction of the wall surface is occupied by alveoli, until the
alveolar ducts are reached where the central air duct is completely surrounded by alveoli
(Fig. 45). These acinar airways continue to branch by dichotomy. Their length and diameter
decrease with each generation, but the diameters of respiratory bronchioles and alveolar
ducts change very little with each generation (Fig. 40). This arrangement does not imply less
than an optimal design. On the contrary, the cube-root-of-1/2 law relates to optimizing mass
flow of a liquid or air. In the most peripheral airways, mass airflow is only part of the means
of transporting O, toward the air-blood barrier: Since the airways are blind-ending tubes and
a sizable amount of residual air remains in the lung periphery after exhalation, O, molecules
move into the residual air by diffusion (Fig. 46). Diffusion of O in the gas phase is best
served by establishing as large an interface as possible between residual air and the fresh air
that flows in from the trachea. In fact, since the airway diameter remains nearly unchanged,
the total airway cross section nearly doubles with each generation beyond generation 14.

The dimensions of the airway tree influence ventilatory airflow in several ways. Airflow
velocity falls along the tree because the total cross-sectional area of the airways increases
with every generation (Fig. 47); whereas the cross-sectional area of the trachea is ~2.5 cm?,
that of the 1024 airways in the tenth generation taken together is 13 cm?2, and as we
approach the acinar airways, the total cross section reaches 300 cm2. And since the same air
volume flows through all generations, flow velocity falls by more than 100-fold from the
trachea to the acinar airways: at rest, the mean flow velocity on inspiration is about 1 m s™1
in the trachea and less than 1 cm s~1 in the first-order respiratory bronchioles. In exercise,
flow velocities are up to ten times greater, in proportion to the increased ventilation. This is
discussed below when considering the relative importance of convection and diffusion in
bringing O, to the alveolar surface.

The size of airways also determines the resistance to airflow, given by the reciprocal of the
ratio of ventilatory airflow to the pressure difference between the mouth and alveoli, which
is normally no greater than ~1 cmH,0O (mbar) or less than 1 mmHg. It is large enough,
however, to potentially affect the distribution of ventilation to the many gas-exchange units
attached to the end of the conducting airways because, in laminar flow, the resistance is
inversely proportional to d* the distribution of air flow depends on a delicate balance of the
size of parallel airway tracts. Even a slight narrowing of one of the two daughter branches at
a branch-point will cause disproportionate airflow to the other branch and thus result in
ventilation inhomogeneity.

Even though airway diameter decreases with branching (Fig. 39), their resistance does not
increase toward the periphery as the major pressure drop along the airways occurs in
medium-sized bronchi. Because airway diameter decreases by a factor larger than the
optimal 0.79, resistance becomes very low in the small bronchioles (Fig. 41) (278). Flow
resistance is further minimized by the widening of thin-walled bronchioles as the lung
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expands on inspiration because they are tethered open by tissue tensions in the coarse fiber
system. Therefore, airway resistance falls as lung volume increases. When tissue tension is
disturbed, as in emphysema, small bronchioles may collapse, causing uneven ventilation of
the peripheral lung units.

This biophysical examination of airway dimensions has recently been complemented by the
alternative notion that bronchovascular trees are determined by the laws of fractal geometry
(235). Fractal trees are formed by repetitive branching from one generation to the next (Fig.
8): If the proportion between parent and daughter branches remains the same it is called self-
similarity. In a dichotomous tree, the diameter is ideally reduced by a factor of 271/Df where
Dx is the fractal dimension. Since the airway tree is nearly space-filling Of ~ 3, which means
that the Hess-Murray law [Egs. (8) and (9)] also follows from fractal geometry as a rule of
optimal design, but because the reduction factor is somewhat larger than 2713, it follows that
the actual fractal dimension of the airway tree is a bit larger than 3; this is possible because
the tree is “cut off” at the entrance to the acini and the “space” becomes filled with alveoli.

Typical path models of the human airway tree: To make observations useful for
biophysical considerations on ventilation or particle deposition, morphometric data of the
airway tree can be abstracted into two types of models that extend from the trachea to the
terminal alveolar sacs (370, 379): model A stresses the basic properties of airway branching
by assuming regular dichotomy and thus defining a symmetric typical path model of the
human lung; model B defines the irregularities of tree architecture as a consequence of
asymmetric branching and defines the properties of a variable path model.

Model A: In the symmetric model, the airway branches in one generation zare assumed to
all have the same diameter and length, corresponding to the mean dimensions estimated
empirically from the original data set (Fig. 48). The model is bounded by the average total
number of generations over which the airways must branch to reach the alveolar sacs; we
estimate this number to be 23 so that the airways terminate in about 8 million alveolar sacs.
Table 3 presents the number and characteristic dimensions of airway segments of the
“typical path” human airway tree (369,379). Yeh and Schum (413) derived an identical
model based on detailed analysis of silicon rubber casts (281). In their model, the lengths of
airway segments are similar to Table 3 but the diameters are 20% to 30% larger. This is
primarily due to standardization of Yeh’s model to TLC, whereas the cast on which the data
in Table 3 are based was prepared at ~75% TLC (369). Even though the differences are
small it is uncertain which of the two data sets comes closer to the /n vivosituation. The
model of Table 3 is given as per generation number and the mean diameters are plotted
against generations in Figure 40. But it may be more informative to represent the data along
a geometric parameter such as the typical path length Lp(2) that is the distance from the
entrance (carina or larynx) to the end of generation z obtained by sequential addition of the
segment lengths from generation 0 to z (Table 3). This is an important aspect because the
segment lengths decrease drastically from a few centimeters in the major airways to <1 mm
in the acinus. Accordingly, the total path length from the carina to the terminal alveolar sacs
is ~15 cm, but only 0.93 cm of which are of acinar airways. In Figure 47 the total cross-
sectional area, A(2), of all airways in each generation is plotted against path length L,(2). It
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is apparent that the total cross-sectional area increases dramatically toward the periphery
mainly in the last few millimeters; for this feature, this airway model has been called
“trumpet model” The total airway cross-section determines airflow velocity, which is the
ratio of ventilation divided by A(2); this velocity falls rapidly in the peripheral generations to
very low values in the acinus.

The trumpet model shows the limitations of a symmetric tree, which suggests that all gas-
exchange units are found at equal distance to the entrance airway. This is evidently a gross
simplification because a brief look at Figures 12 and 37 reveals that some terminations of
conducting airways end after a shorter distance than others. So the typical path model A
must be complemented by a variable path model that considers asymmetric branching.

Model B: In developing a varying path model of the human airway tree, the solution is not to
revert to the inverse description of orders in a confluent tree from the acinus to the carina
(149) because this approach masks asymmetry rather than showing it. A further problem is
that the inverse order model lacks connectivity so that pathways are difficult to construct.
Fredberg and Moore (101) modified the approach to define a “self-consistent tree” which
has an ascending “principal patf’ with groups of lower orders attached to it. The gas-
exchange units are located at distances between 7 and 25 cm with a maximum ~15 cm, a
value that coincides with the total typical path length of model A. This model is not trumpet-
but pear-shaped (100).

A similar result is obtained with an asymmetric dichotomous tree model derived from the
same data set as used for model A. The raw data on the first seven generations (Fig. 38)
reveal considerable asymmetry by the distribution of the diameters and lengths, as discussed
earlier (369). This is even more evident in the scatter plot of the diameter versus length of
segments in generations 5 to 10 (Fig. 48). The starting point for defining the asymmetric
model B is the finding that airways of a certain diameter ¢* occur in several generations and
at different distances from the origin (Fig. 49). Thus airways of 2 mm diameter are found in
generations 4 to 14, with a maximum in generation 8. Alternatively we can estimate the
distance from the origin of the trachea to 2 mm bronchi by adding the lengths of the
segments intervening from the origin, and this shows that these bronchi are located at 18 to
31 cm from the origin of the trachea with a maximum at 24 cm. Note that in the symmetric
model A, 2 mm bronchi were located in generation 8 and at 23.6 cm, in agreement with the
maxima of the variable path-length model. Their real locations are shown on the trimmed
cast in Figure 50. With this type of information one can calculate, for example, the
distribution of airway cross-sections for all size classes. This is possible because in the
dichotomous tree model the connectivity between branches and generations is well defined
and because the original data were recorded in a pedigree chart that represents the correct
order and connectivity of all branches.

The incomplete data on small airways do not allow estimation of the variation of bronchial
path length all the way out to the acinar airways with a diameter of ~0.5 mm for the
transitional bronchiole (126). An approximation can be attempted by extrapolating from the
sufficiently complete data set (Fig. 51) of bronchial path length from 4 to 2 mm bronchi by
halving the diameter to yield a normal distribution with a coefficient of variation of 20%
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(369). A similar distribution was found for the path length within acinus, from the
transitional bronchiole to alveolar sacs (126). On this basis, we calculated a putative path
length distribution to the transitional bronchioles by convolution of the distribution shown in
Figure 51 (for 2 mm bronchi) and reducing airway diameter (al) from 2 to 0.5 mm (369).
The resulting frequency distribution (Fig. 52) shows that transitional bronchioles are located
between 20 and 35 cm from the tracheal origin, with a maximum at 27 cm and a standard
deviation of 2.67 cm. If we accept this to represent the path length distribution to the
entrance of acini, this function can be used to distribute the 30,000 acini on the total airway
tree. Each acinus has a volume of 187 mm3 and contains ~4500 mm? of alveolar surface
(126). We can add the intra-acinar path length to the end of alveolar sacs (0.82 £+ 0.14 cm) to
the airway path length to complete the picture (open circles in Fig. 52). Note that this model
is similar to that of Fredberg (100, 101) for a self-consistent confluent model in which the
respiratory bronchioles were located between 6 and 25 cm from the carina (or 18-37 cm
from the tracheal origin) with a maximal frequency around 15 and 27 cm, respectively. Thus,
it does not really matter whether one arranges airways by “orders up” or “generations down”
when constructing an asymmetric path model because in either case the longest path
measures the extent of the distribution functions. In the confluent model this longest path,
called the “principal patfi’ (100), is indeed much larger than the “typical pat/i’ that
characterizes the location of highest density of gas exchange structures. In fact, the
difference between “principal’ and “typical’ path length is a measure of the irregularity of
branching, just as is the distribution of path lengths.

Florens and co-workers (93) developed a geometrical model of the human airway tree that
reproduces the irregular dichotomy of airway branching observed in various studies (150,
281, 369) and is particularly adapted to analytical studies of air flow and particle
distributions, and has allowed the development of a model for surfactant replacement
therapy (92).

Architecture of pulmonary arteries and veins—Pulmonary vascular architecture
resembles that of the airways in their course and the pattern of dimensional changes. This is
particularly true for pulmonary arteries that closely follow the airways to the smallest
branches (Figs. 12 and 53) as a result of bronchovascular pairing during development.
Together, the bronchoarterial bundle forms the axis of parenchymal units of varying order:
acinus, lobule, segment, and lobe. Figure 54 shows that arteries continue branching right into
the acinus. The pulmonary veins are differently disposed, lying in the boundary between two
or three adjacent units (Figs. 53 and 55). Thus blood flows into the acinus along a central
route, fans out through the capillary networks to be collected in the veins at the periphery of
the acini, whereby the veins collect blood from several acini.

The diameter of each pulmonary artery branch approximates closely that of the
accompanying bronchus, becoming slightly thinner in association with peripheral
bronchioles (Fig. 54). Therefore, the diameter law presented for airways (Fig. 39) must also
hold at least for the first ten generations of pulmonary arteries. However, pulmonary arteries
divide more frequently than airways in the peripheral regions where small supernumerary
branches leave the artery at right angles to supply parenchymal units adjacent to the
bronchus (Fig. 53). These supernumerary arteries occur from about generation 9 on, that is,
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when the main tract vessel diameter is less than 1.5 mm, and explain why the main tract
arteries are smaller in diameter than the accompanying bronchus or bronchiole. This also
explains why the arteries and veins branch over more generations than the airways. The
number of terminal precapillaries that lead into the capillary network is about 300-x 10° so
that the pulmonary arteries divide, on the average, over some 28 generations, as compared
with 23 for the airways (369, 389). The diameter of terminal vessels is about 20 to 50 pm; if
this range is plotted onto an extension of the graph of Figure 39 to generation 28, it falls on
the curve extrapolated from the major branches so that d,(2) = dy-27%/3. Thus, the pulmonary
arteries abide to the cube-root-of-1/2 law from beginning to end, that is, blood is transported
to the capillary bed by mass flow only. By adhering to this fundamental law of optimal
design, the arteries allow blood flow with minimum entropy production.

In a recent thorough fractal analysis of the pulmonary vascular trees of animals and humans,
the fractal dimension of both arteries and veins is estimated at 2.71, somewhat less than 3
(183); interestingly, Mandelbrot had predicted the fractal dimension of arteries to be 2.7
(235). The diameter reduction factor is therefore slightly smaller than cube-root-of-1/2 [Egs.
(2)-(8)], and the diameters follow the regression:

d, (Z) —d.q - 27z/2.71 (11)

In contrast to the airways, blood flow resistance increases along the pulmonary arteries and
is highest in the most peripheral branches or arterioles, a pattern similar to that in the
systemic circulation. This allows fine-tuned regulation of capillary perfusion at a local level.

Architecture of the acinus: Converging ventilation and perfusion for gas
exchange—The model for structure-function correlation of the pulmonary gas exchanger
so far discussed considered the whole lung: a gas-exchanging surface the size of a tennis
court in humans with a capillary network containing ~200 mL of blood. The concept of
diffusing capacity is based on the assumption that O, flow is driven by the partial pressure
difference in alveolar air and capillary blood, both pressures assumed to be either equal in all
parts of the lung or averages of some sort. Considering that the human lung is made of ~400
million gas exchange units—alveoli and their associated capillary networks—these
assumptions must be critically assessed. It is of central importance to know how these gas-
exchange units are connected to the airway tree and to the terminal branches of the
pulmonary artery and vein. Because the architectural solutions are very different on the
airway and the vascular side the effect of these structural arrangements on functional
performance warrants a detailed discussion (394).

How airways lead air to the gas exchanger: In the human airway model (Fig. 45), there
are two main functional zones: (i) the conductive airways constitute the first 15 generations
and mediate convective air flow with minimal energy loss and dead space volume, thus
distributing ventilation into all lung units as evenly as possible (149, 369, 376, 379, 389) and
(ii) the acinar airways constitute generations 15 to 23 and continue their branching while
adding alveoli that form a sleeve of air chambers around the duct (Fig. 44).
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The pulmonary acinus is the “gas-exchange unit” (334, 408), defined as the branched
complex of alveolated airways connected to the same first-order respiratory or transitional
bronchiole, the point where the first alveolus appears on the airway wall to permit gas
exchange (Fig. 45). This definition identifies the transitional bronchiole as the stem (126,
301). The use of the traditional “terminal bronchiole” as the stem of the acinus should be
abandoned because some transitional bronchioles branch off before the conducting
bronchiole ends (Fig. 44), particularly in animal lungs that, in general, show a higher degree
of asymmetry than human lung (301,394). From the measured mean acinar volume, we
estimate that there must be ~30,000 acini in an adult human lung (126) which, on a
dichotomous tree, would locate their stem at generation 14 to 15 on average for a typical
path model airway system of symmetric dichotomous branching, In the real tree with some
degree of asymmetry, the acinar stem would be located in the range of generations 12 to 19
with a peak around generation 14 (394).

The geometry of pulmonary acini can be quantified on silicone rubber casts that reach the
peripheral air space (315). After polymerization the tissue is removed by digestion and the
preparation is dissected all the way out to the acini that appear as little “berries” (Fig. 56)
where the transitional bronchiole is identified by the appearance of the first alveolar pocket.
The human pulmonary acinus is on the order of a few millimeters in diameter. Microscopic
dissection allows the different internal tracts to be separated (Fig. 57) and the airway system
measured (126,301,315).

In a systematic study of three human lungs prepared by this method (126), the mean volume
of acini was 187 + 79 mm3 (SD) (Fig. 58). In small mammals, the mean volume of acini
range from 3.46 mm? (rabbit) and 1.9 mm3 (rat) (301) to 0.15 mm?3 (mouse) (353). The
human acinus is, however, not strictly comparable to that of rat and rabbit because at least
three generations of acinar airways, the respiratory bronchioles, have very few alveoli in
their wall and contribute little to gas exchange (Figs. 45 and 57). The “true acinus” where
the air ducts are enwrapped by a complete alveolar sleeve occurs after the three generations
of respiratory bronchioles in what is called a 1/8-subacinus (310, 394) whose averaged
volume is about 23 mm? (see later).

The airway branching pattern for an average human acinus is shown in Figure 59. The
segment lengths have been drawn to scale and the terminal clusters of alveoli of the alveolar
sacs are marked by a dot. This acinus has been subdivided into its 8 subacini whose entrance
airways are located in the third generation of acinar airways (126). The acinus shown in
Figure 57 is comparable in size and structure. The transitional bronchiole and the two
subsequent generations of respiratory bronchioles are clearly visible. By dissecting off part
of the acinar cast a 1/8-subacinus is exposed.

The diameter of an average human transitional bronchiole measures 0.49 mm. For the very
much smaller acini of rat and rabbit lungs, this diameter is ~0.24 mm, and in the mouse 0.15
mm; one finds that it is proportional to the size of the acinus it serves.

Figure 59 shows that the intra-acinar airways branch by irregular dichotomy; the number of
segments doubles out to six acinar generations and then begins to drop off as the terminal
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sacs are reached. The terminal sacs are located in acinar generations 6 to 11 so that the intra-
acinar airways branch over an average of eight to nine generations.

The human intra-acinar airways shows a number of characteristic traits (126) (Fig. 60). The
length of alveolar ducts gradually decreases from 1330 um (generation 1) to 640 pm
(generation 10). The length of alveolar sacs is greater than that of ducts located in the same
generation; this is because the duct length comprises the depth of the terminal cluster of
alveoli, which amounts to ~250 um. Two values are estimated for the diameter of intra-
acinar airways: The inner diameter, which characterizes the cross-section of the duct tube,
and the outer diameter, which comprises the entire sleeve of alveoli enwrapping the duct.
The inner diameter of human acinar airways decreases from ~500 pm (transitional
bronchiole) to 270 um (in generation 10), but the diameter of alveolar sacs (250 pm) is
constant irrespective of the generation in which they occur. The outer diameter is nearly
constant (~700 um) for all intra-acinar airways. The difference between outer and inner
diameters reflects the mean depth of the alveolar sleeve, which increases somewhat toward
the periphery.

The total longitudinal path length for O, diffusion from the transitional bronchiole entrance
to the terminal cluster of alveolar sacs (Fig. 61) averages 8.3 £ 1.4 mm (SD). Of this total
path length 3.4 mm are for the first three generations of respiratory bronchioles whereas the
path length of alveolar ducts and sacs comprised in the 1/8 subacinus (Fig. 59) averages 4.7
+ 0.88 mm (126). In the smaller acini of rat and rabbit, the respective mean longitudinal path
lengths are 1.95 + 0.36 mm and 1.46 + 0.32 mm (301).

With these data in hand, we can put acinar airway dimensions into the perspective of the
human airway tree, and define an idealized model acinus. We first estimate that the human
lung contains 26,000 to 32,000 acini (126,394). With dichotomous branching this would
locate the transitional bronchiole at generations 14 to 15. The average number of eight to
nine intra-acinar branching generations would bring the terminal alveolar sacs into
generations 23 to 24, the number of total generations originally estimated for the human
lung (389). The average inner diameters of these airways can be plotted relating the average
airway diameter to generation number (Fig. 40). The average diameter of transitional
bronchiole falls onto the theoretical regression line predicted for conducting airways by the
Hess-Murray law (126,136,259,369) and plotted through the estimated mean diameters of
the bronchial tree. The inner diameter of acinar airways does not decrease with the same
slope as that for conducting airways; the diameter reduction from the transitional bronchiole
to the terminal sac over nine generations is only by a factor of 1/2. This confirms the original
observation that the intra-acinar airway diameter falls less steeply than that of conducting
airways and is thus larger than that predicted from the cube root of 1/2 rule (389).

How the pulmonary arteries and veins connect to the gas exchanger: Figures 53 to 55
show the relation between pulmonary vascular and airways trees. Pulmonary arteries closely
follow the airway tree and branch according to the same pattern forming the bronchoarterial
bundles at all levels from the segments to the lobules; the pulmonary veins take an
intermediary course between these bronchoarterial bundles and are associated with
interlobular septa (Fig. 55). This pattern changes toward the periphery as seen in Figure 54,
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a higher magnification showing the central parts of an acinus where airways are decorated
with alveoli. It is remarkable how the artery continues to branch into the acinus, still
following the main tracts of alveolar ducts but also sending off supernumerary branches into
the parenchyma, as seen in Figure 14 where the terminal branches of an artery and vein
connect to the dense capillary network in alveolar walls. This arrangement ensures that the
gas-exchange unit is an area of the capillary network that spans from a terminal pulmonary
arteriole to a terminal pulmonary venule (Fig. 62). The diameter of such a roughly disk-
shaped or polygonal unit is on the order of 500 um with a surface area that corresponds to
that of an alveolus even though alveoli and capillary unit are not congruent: the latter spans
over several alveoli, and each alveolus is in contact with more than one capillary unit. Such
“capillary units” are not well delineated and not even flat areas; they are simply a small
domain in the 3D capillary network continuum that extends even beyond the bounds of an
acinus. Their size is defined by the number of arterioles and venules that connect to the
network.

How airway units and capillary units are joined in the acinus: Total surface of the gas
exchanger is subdivided differently for the airways and for the blood vessels: whereas the
conducting airway tree supplies some 30,000 acini as ventilatory units (Fig. 44), the blood
vessels serve some 400,000,000 microvascular perfusion units, which are the actual gas-
exchange sites individually supplied with blood (Fig. 14). Each acinus therefore
accommodates some 12,000 microvascular gas-exchange units distributed along several
peripheral airway generations that form the pulmonary acinus from the transitional to the
last generation as a space-filling system (Fig. 63B). Note that the common representation of
the alveolar-capillary unit as a terminal “bubble” of the airway tree (Fig. 63A) does not
represent reality even if several bubbles are aligned in parallel each with an individual
capillary. The correct model is represented in Figure 63B: the microvascular units are
serially arranged along the branched airways, so they are ventilated serially but perfused in
parallel (310,395).

This spatial arrangement has functional consequences because alveolar ventilation occurs in
two steps: (i) bulk flow of inspiratory air carrying O, into acinus; 2) in peripheral airways
flow velocity falls because the alveolar duct cross-section Aq(2) increases as the number of
branches doubles with each generation z, and O, moves toward the periphery by gas phase
diffusion driven by the PO, gradient that becomes established as O, is absorbed at the
alveolar surface (Fig. 64). Thus, in the most peripheral airways O, diffuses fongitudinally
along the alveolar ducts and radially into the alveoli to cross the tissue-blood barrier.
Whereas all capillary units are individually perfused with venous blood the alveoli are not
independently ventilated as their O, supply depends on their location along the airway tree
(Fig. 63B). Both longitudinal and radial O, diffusion are driven by O, absorption at the
alveolar surface at all levels out to the alveolar sacs (Fig. 64). The possibility that O, uptake
in central alveoli could result in an O, concentration gradient along these peripheral airways
depends on the competition between lateral and longitudinal diffusion, discussed later
(120,310).
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Typical path model of human acinus: To assess the effect of structural features on
function, we attempt to develop a “typical path model” for an average human acinus (394).
This model acinus has a volume of 0.187 cm?3 and an airway pattern as in Figure 59; its
airways branch over 7 to 11 generations to reach terminal alveolar sacs. For simplicity, we
assume the model acinar airways branch by regular symmetric dichotomy over eight
generations (Fig. 45) so that, with each generation, the number of branches doubles to end
with some 256 terminal alveolar sacs. Locating the transitional bronchiole (Z = 0) in
generation 15 (Fig. 45), the terminal air sacs are in generation 23. From the estimates of the
lengths and inner diameters of the airway segments, we derive overall parameters of
functional significance (Table 4), such as the total airway cross-section per generation, Ag(z
"), a determinant of air flow velocity. Finally, we estimate the distribution of alveolar surface
area to the different generations, Sy(2), and of the associated capillary volume \/Cap(z’).
For an estimated alveolar surface of 130 m? in human lung (Table 1), there would be ~54
cm? of gas exchange surface and 7 pL of capillary blood per average acinus. Figure 65
shows the distribution of alveolar surface area and capillary volume to sequential
generations; half of the gas exchange surface and half of the capillary blood volume are in
the last generation— and % are in the last two generations. A final check of this model is
that the path length from the entrance transitional bronchiole to the end of the alveolar sacs
is 8.4 mm, which agrees well with the mean path length estimated in the human acini
(126,394).

Implications of acinar design for gas exchange: diffusion screening: In the acinar
geometry described earlier O is transported toward the alveolar surface by both convection
and molecular diffusion; when absorbed at the alveolar surface it diffuses through the tissue
membrane into blood to be bound by hemoglobin that serves as O, sink. Several physical
parameters govern this process, such as airflow velocity, diffusion coefficient of O, in air,
alveolar membrane permeability, blood hemoglobin content and its reaction rate with Oo.
Conversely, CO, diffuses across the membrane from blood into alveolar gas and outward in
the alveolar gas phase to the conducting zone to be expelled from the lung.

Since it is not possible to measure the distribution of O, or CO, concentration in different
parts of the acini, several mathematical models have been developed. In an early model,
incomplete intrapulmonary gas mixing, called stratification, was assigned to the finite
diffusivity of Oy, preventing it from spreading evenly in the acinus during inspiration (314).
Later, the respective roles of convection and diffusion in gas mixing were examined through
numerical simulation (83,271,272,343) showing that concentration gradients may exist as a
consequence of efficient capture of O, by hemoglobin; in these studies permeability of the
alveolar membrane was considered as infinite but located at the end of the pathway.

Recent models consider the effect of the complex acinar hierarchy where alveolocapillary
gas-exchange units are arranged laterally along the acinar air ducts from the first to the last
generation (Fig. 63B). O, molecules entering the acinus from the conductive airways will
diffuse both along the axis of acinar air ducts and radially into the alveoli and toward the
membrane. They first encounter the surface of the alveolar membrane in the first generation:
if membrane permeability is high, O, molecules are avidly absorbed in this early part of the
acinar pathway so that distal generations may receive less O, for gas exchange, that is, they
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are screened (89,310). In contrast, if membrane permeability is low, less O is absorbed
allowing enough O» to reach the deeper regions. The possibility of screening causing O,
concentration gradients in the acinus, due to the serial arrangement of alveoli along the
pathways, has been repeatedly discussed particularly with respect to comparative physiology
(309,376,395). More complete studies (89-91,120,310) have shown that screening is
determined by both physical parameters of molecular diffusion and morphological
parameters of acinar geometry and size.

Determining the “diffusion cell” in human acinus at rest and in exercise: The effect of
screening—that is, sequential absorption of O, from inspired air—begins, in principle, with
the first gas exchange unit on the surface of transitional bronchiole, but it becomes
quantitatively significant when convective air flow is slowed sufficiently for O, diffusion
along the duct to become the major means of O, transport, a feature determined by the
progressive increase of acinar airway cross-section (Table 3). In this concept, we define a
“diffusion cell” as that part of the acinus where convection can be reasonably neglected so
that O, moves by diffusion in the gas phase. The transition between convection and diffusion
is quantified by the “acinus Peclet number’ P, which compares the air drift velocity U with
the mean diffusion velocity to reach the deeper regions of the acinus. At any branching
generation Z, the distance to cross to the end of the sacs is of order (Znax — 2 A, where A is
the mean length of an acinar duct (Table 4). Following (310) we define P, as:

Ba=U(Z) - (Zmaz = Z) - A Doy e (12)

where flow velocity ({2) at stage Zis found from the progressive increase of total airway
cross-section (Table 4). The velocity ({2) depends on the breathing regime. For exercising
humans, air velocity increases by a factor of 10 above rest at all levels of the airway tree due
to increased tidal volume and respiratory frequency. The resulting 2, values are shown in
Figure 66. The logarithmic scale of the ordinate indicates that the 2, and thus the
convection velocity, falls rapidly from one generation to the next because of the rapid
increase in cross-sectional area (Table 4 and Fig. 47). Consequently, the size of the part of
the acinus considered as working in a purely diffusive manner remains approximately
constant during inspiration or expiration. The convection-diffusion transition (2, = 1) occurs
for (Znax — 2) of order 5 at rest and 2 at exercise. Thus, the diffusion cell is approximately a
1/8 subacinus at rest and a (much smaller) 1/64 subacinus at exercise (Fig. 66).

Predicting the effect of screening in human acinus on the basis of physical

principles: In relating acinar structure to function, the process of O transfer from the
entrance into the acinar diffusion cell to the capillary erythrocytes is a balance between two
conductances: a diffusion conductance Ygqss for O, to crosstissue-blood barrier, and a
diffusion conductance Y;each for O to cross the air spaces and react the tissue surface. Both
conductances are determined by the product of (i) a physical parameter (the permeability
coefficient Wg, for O, in tissue, and the diffusion coefficient Do, for Oy, in air, respectively)
and (ii) a morphometric parameter (gas-exchange surface S,c, and a measure of the size of
the diffusion cell: the diameter L of the smallest sphere enwrapping the acinus) (310):
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Here Dq; is the diffusion coefficient in air and Wq; is the diffusion capacity per unit surface
area Woy = DLo/ Sp depending on the thickness of tissue barrier and the capillary blood
volume per alveolar surface, factors that vary little between species (373). On the other
hand, acinus size and surface area vary considerably between large and small mammals and
thus determine the efficiency of acinar gas exchange that appears best if Yzross and Yreach
are about equal. If Ygposs Were much smaller than Yieach the low permeability of the gas
exchanger would need to be compensated by a larger gas exchange surface, and this would
inevitably entail a larger volume of the acinus to accommodate the surface and by that a
longer diffusion distance. When the acinar size of different species is compared It appears
that the condition Yross ~ Yreach iS satisfied (310). The acinar size appears adjusted to
ensure that the last generation of acinar airways is adequately supplied with O,. This is
important because the last generation contains half the gas-exchange surface of the acinus as
a result of dichotomous branching (Table 4).

Once the diffusion cell is defined as discussed earlier, one can predict the quantitative effect
of diffusional screening on gas exchange by modeling the alveolar PO, in each generation.
Based on real acinar topology Felici et al. (90,91) computed the gas flux in the eight real 1/8
subacini shown in Figure 59, under the hypothesis that blood is an O, sink at constant partial
pressure along the capillary path assumed to be mixed venous PO, all along the capillary.
This was a problematic assumption that led to the conclusion that the acinus performs with
an efficiency of ~33% at rest, which means that only about 1/3 of the alveolar surface was
required for gas exchange; as will be discussed this resulted from the assumption of a much
too large driving force for O, diffusion into the capillary. In exercise, the convection-
diffusion transition occurs in the region (Zmax — 2 of order 2 (Fig. 66). The part of the
exchanger where O, moves purely by diffusion has a volume of the order of V/64 ~ 1.4 x
1073 cm? and the L, of such a subregion of the acinus is of order 2.3 cm, now much smaller
than the length Lo, ~ 25 cm for O, (Table 4). Thus, upon exercise the region beyond 2= 21
behaves as an optimized (i.e., unscreened) diffusion cell with an efficiency of about 90%
(92).

Limitations of the screening model: The discussion so far relates only to inspiration when
fresh O,-rich air moves into the acinus. The reverse happens during expiration: CO»
diffusing from the blood into the acinar air dilutes O, and the convection-diffusion front
moves toward the bronchi. This was considered in a subsequent study by Sapoval’s group
(98). Figure 67 shows the variation of alveolar PO, along eight acinar generations for two
ventilatory cycles during heavy exercise where PAg; falls to ~110 mmHg at end-inspiration
and ~80 mmHg at end-expiration. Note that this was still based on the assumption that
capillary PO, equals mixed venous PO», and disregards the fact that capillary PO, increases
along the capillary path due to O, binding to hemoglobin (Fig. 22) so that the driving force
for O, diffusion decreases rapidly and on average is less than 1/3 that of assuming mixed
venous PO».
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More realistic conditions were considered by Swan and Tawhai (336) in a modeling study
using the same geometric acinar model but allowing capillary PO, to increase along the
capillary path length. While the pattern of alveolar PO, variation along the acinus was
similar to that in the study of Foucqier et al. (98) the reduction of PAg, was now much less
reaching ~110 mmHg at end-expiration (Fig. 68). The effect of screening was thus much
attenuated. Considering that half the gas-exchange surface is in the last acinar airway
generation this means that most of the surface is exposed to an alveolar PO, that allows
adequate oxygenation of the blood.

Implication of acinar path length—stratified inhomogeneity: The depth of the
convective-diffusive interface moves peripherally as the inspiratory rate and tidal volume
increase. The convection-diffusion transition can be detected from phase Il of a single-breath
nitrogen washout curve (50) as well as the axial nitric oxide “back-diffusion” from the
airway tree into the alveolar region (325,326). The effects of diffusion limitation within
alveolar airspace, termed gas-phase resistance or stratified inhomogeneity, on gas transfer
have been simulated (139, 272, 313) and summarized recently (356). Because axial or gas
phase conductance is at least 17.5 times higher than conductance across alveolar tissue-
blood barrier, the relatively small magnitude of stratified inhomogeneity does not normally
limit alveolar O, transfer (133, 270, 316). Stratified inhomogeneity becomes detectable
when distal airways and acinar air spaces become elongated and dilated such as that in the
expanded remaining lung following pneumonectomy (158, 167). Because the rate of gas
diffusion within alveolar air spaces depends on molecular weight, stratified inhomogeneity
may be detected by intravenously infusing dissolved inert gases of different molecular
weights that equilibrate across the blood-gas barrier and are eliminated in the exhaled breath.
A high molecular-weight inert gas (e.g., enflurane) is preferentially retained in the air space
relative to a low molecular-weight inert gas (e.g., acetone); their differential retention and
excretion profiles provide an indication of the presence of gas phase diffusion resistance
(143,158). Density of the inspired gas mixture also affects alveolar gas diffusion; these
effects are more pronounced for NO than CO uptake. Although NO and CO have
comparable molecular weights, when breathing room air (containing 78% nitrogen), NO
conductance across the lung (DLyg) is approximately four to five times that of CO (DL¢p)
due to much faster NO binding to capillary hemoglobin. When gas-phase resistance is
increased by breathing a high-density gas mixture, for example, one containing sulfur
hexafluoride, compared to that breathing a low density mixture, for example, helium, the
reduction in DLy is significantly greater than that in DL especially during exercise or in
the presence of airspace enlargement (116, 167). However, the minimal gas phase resistance
in normal lungs with an only modest elevation during heavy exercise and in the presence of
gross airspace enlargement suggests that the normal size of the acinus is near-optimal.

The functional importance of acinar architecture

What is the virtue of a lung where the gas exchange surface is preferentially distributed
along the last few generations of the branched airway tree? The first point is that the surface
is partitioned into ~30,000 small acini in the human lung; this allows maximal packing of
the alveolar surface into a limited space and to spread it along the air ducts thus optimizing
the conditions for “ventilation of the surface by O, diffusion.” With respect to the acinus the
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rule is that “smaller is better—but not too small” (310); large acini are not efficient because
the effects of stratified inhomogeneity and screening could become limiting, but too small
acini would be wasteful with space. Second, to limit the size of the acini to only the few
most peripheral of the 23 generations of the airway tree allows optimization of “ventilation
by air convectior’” by designing a well-proportioned branched bronchial system whose tube
diameters approach the conditions for minimal resistance and minimal dead space, whereas
the acinar air ducts can follow a different rule. Third, the conducting airways can have a
smooth surface lined by mucus or surfactant to efficiently capture the load of inspired
nanoparticles and pollutants that should be prevented from reaching the vulnerable alveoli.
Finally, to divide the gas exchanger into small ventilator units, the acini, allows the orderly
convergence of the pulmonary arterial and venous systems on a sequence of even smaller gas
exchange units, the alveolocapillary complexes, where the limitation of acinar size assumes
additional importance because of the serial arrangement of the gas exchange units along the
acinar ducts. The complex architecture of the lung is determined by the need to optimize
various functional conditions that serve efficient gas exchange.

Matching the Components of Pulmonary Gas Transport and the

Consequences of Mismatch

The heterogeneity of ventilation and blood flow result from combined factors including
bronchovascular geometry and smooth muscle tone, hydrostatic and pleural pressure
gradients, and regional differences in lung compliance. Efficient pulmonary gas exchange
depends on the ability to dynamically adjust the magnitude as well as the distribution of
disparate processes—alveolar ventilation, perfusion, diffusion, and capillary erythrocyte
hemoglobin mass—relative to one another in all parts of the lung and in relation to systemic
metabolic demand. Here, we briefly discuss the functional interactions of ventilation to

perfusion (VA/ Q) perfusion to diffusion (DL/ Q) and tissue barrier to capillary
erythrocyte or hemoglobin.

Ventilation-perfusion matching

In the normal lung, the closely correlated airway and vascular branching pattern creates

well-matched v, / @ distributions while active mechanisms of matching v,/ @ are invoked
mostly under perturbed conditions. The ideal gas-exchange unit receiving equal ventilation

and perfusion has a VA/ Q ratio of 1.0 (Fig. 69). Gas-exchange units that receive ventilation

without perfusion (V 4l Q@ :iﬂﬁmty>, for example, caused by vascular occlusion or
maldistribution, contribute to overall dead space or wasted ventilation. Release of
vasoconstrictors and inflammatory mediators in these regions further impedes microvascular
flow. In the hypoperfused regions, reflex hypocapnic bronchoconstriction (51, 115) normally

develops to redistribute ventilation, minimize dead space, and maintain VA/ Q matching.

Conversely, gas exchange units that receive perfusion without ventilation (VA/ Q :0>
represent shunt, for example, caused by airway obstruction, atelectasis, inflammation, or

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsia et al.

Page 39

consolidation. In these hypoventilated regions reflex hypoxic vasoconstriction (239, 257,

286) normally develops to redistribute perfusion, minimize shunt and maintain VA/ Q
matching. Between shunt and dead space are gas exchange units of varying degrees of

v,/ @ mismatch. Units with high V. Q (>1.0) reduce the efficiency of ventilation,
leading to increased minute ventilation and elevated metabolic cost of breathing required to

maintain a given level of alveolar ventilation. Units with low v/, / Q (<1.0) reduce the
efficiency of oxygenation and increases the alveolar-arterial O, tension gradient (A-aPO»),
which can be seen even in normal subjects at rest (a modest 5-10 mmHg) and peak exercise

(~25 mmHg) (312). The magnitude of VA/ Q mismatch is directly related to the increase in
pulmonary arterial pressure and minute ventilation during exercise at sea level, and inversely
related to lung size (144,312,331).

Uneven VA/ Q distribution among lung units is exaggerated in all types of airway,
parenchyma, and vascular lung disease except pure alveolar hypoventilation, and constitutes
the major cause of arterial hypoxemia (302). Anatomically, uneven ventilation can develop
due to regional accumulation of airway secretion, peribronchiolar and interstitial fluid (53),
and/or bronchoconstriction. In addition, changes in lung volume, regional compliance or
airway wall stiffness differentially influence mechanical airway-parenchyma
interdependence that opposes airway smooth muscle contraction, and can contribute to
uneven bronchial tone, premature airway closure, and heterogeneous distribution of
ventilation (16,75,125,207). Uneven regional perfusion can result from regional vascular
obstruction, perivascular edema (311) and/or vasoconstriction. Bronchovascular tone is
mediated via smooth muscle or myofibroblast-like cells that contain alpha-smooth muscle
actin and are present in the pleura, airways, blood vessels, the entrance rings to alveolar
sacs, alveolar ductal tissue as well as the septal interstitium (265,268). Even in normal lungs,

VA / Q mismatch with increased spatial y» 4 and Q heterogeneity may be accentuated by
exposure to severe hypoxia and following prolonged high-intensity exercise (38,144,145),
associated with a reduced DL (113) and a long resolution time, suggesting the
development of structural lesions such as interstitial edema similar to that seen during high
altitude exposure and caused largely by inhomogeneous hypoxic pulmonary vasoconstriction
(84) leading to uneven regional microvascular resistance, increased tissue permeability,
perivascular edema, and possible disruption of alveolar capillaries. Figure 70 shows an

example of anatomical lesions causing VA/ Q mismatch. For detailed discussions on this
topic, see separate reviews (117,287,333,360,418).

Perfusion-diffusion matching

Owing to the large air-tissue-blood interfaces, a dense capillary network and a thin tissue-
blood barrier, alveolar diffusion does not normally limit O, uptake or contribute to an
increasing A-aPO, from rest to exercise, except in elite athletes at maximal O, uptake or in
the presence of reduced alveolar O, tension, for example, at high altitude. In diseased lungs,
alveolar-capillary diffusion limitation may arise as a result of (i) a loss of alveolar-capillary
surface areas, for example, due to alveolar consolidation or collapse, pneumonectomy, or
pulmonary embolism, (ii) thickened tissue-plasma-erythrocyte diffusion barrier, for example,
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interstitial edema or fibrosis, (iii) reduced capillary hemoglobin “sink” for O,, for example,
anemia or abnormal hemoglobins, and (iv) mismatch between diffusion and perfusion

surfaces ( DI/ Q mismatch due to either impaired alveolar-capillary recruitment or the
uneven distribution of capillary hemoglobin in flowing blood.

Alveolar-capillary recruitment, an essential process that matches pulmonary O, uptake to
metabolic O, demand, is evidenced by a linear increase in DL (~40% in average humans and

up to 100% in dogs) with respect to lung expansion (303) and pulmonary perfusion <Q>
from rest up to peak exercise (48, 152, 338) (Fig. 71). Increasing microvascular perfusion or
pressure opens and distends capillaries, expands capillary volume, hemoglobin mass, and
gas-exchange surface area, and improves the uniformity of capillary erythrocyte distribution

with respect to tissue surfaces, that is, improving DI/ Q matching, reviewed in (152). In
addition, lung inflation unfolds alveolar epithelial surfaces (7, 54), which accounts for about
20% of the overall increase in DL from rest to peak exercise (167, 177, 255). Alveolar-

capillary recruitment prevents a fall in capillary DL/ Q ratio and erythrocyte transit time
(At) during exercise, thereby maintaining adequate arterial blood oxygenation (Fig. 72). The
flow and distribution of plasma and erythrocytes are separately regulated; recruitment of
either increases the perfused surface area but only erythrocyte recruitment enhances DL (46,
196). Discordant patterns of alveolar membrane-plasma-erythrocyte recruitment can cause

DL/ Q mismatch, impair diffusive equilibration across the blood-gas barrier, and increase
A-aP0O, in a manner analogous to that seen with VA/ Q inequality.
The equilibration of hemoglobin O, saturation (Sc) from mixed venous (Sv) to alveolar end-

capillary (Sc”) along a partial pressure gradient between alveolar air (Pa) and capillary
blood (Pc) is described by the Bohr integral [Eq. (14)]:

’

DL s¢ 9Se
2 (0,C __ 90
g~ (0 |55 (14)

where O,Cap = blood O, carrying capacity. The time course of oxygenation can be
estimated if the relationship between Pc and erythrocyte O, saturation (Sc), that is, P5g (PO,
at 50% saturation of heme-binding sites) of the oxyhemoglobin dissociation curve (ODC), is

known. At a given Pa, g, and Psp, the DI/ Q ratio determines the Sc’O, due to diffusion
equilibration. In hypoxia, the slope of the linear portion of the ODC between mixed venous

oS
and end-capillary blood is given by ﬂzozcap@ in [mL O, (mL blood mmHg)™1] (284):

(PA - PC) _-ousa
(PA — Pv) (15)
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The exponent DL /3 Q describes the effect of O, capacity or P5p on O, transfer (285).
Equation (15) also applies to alveolar CO, exchange under conditions where the CO,

dissociation curve is nearly linear (195). As Q increases from rest to exercise, DL/ Q ratio
normally decreases. In average healthy subjects, DI/ Q declines without affecting Sc’ O,

even at maximal exercise. In elite athletes who achieve a higher maximal (), the DL/ Q ratio
may decline sufficiently that Sc’ O, falls upon exercise. Nonuniform distribution of DL with

respect to Q either resulting from alveolar-capillary inflammation and fibrosis, or uneven

capillary erythrocyte flow, further reduces Sc’O, at a given DL/ Q ratio leading to arterial
hypoxemia (Fig. 72).

Tissue-erythrocyte interactions

Free capillary hemoglobin is more efficient than erythrocyte-encapsulated hemoglobin in O,
transport (218) but induces avid vasoconstriction as a result of NO scavenging (71).
Encapsulating hemoglobin within discrete erythrocytes prevents vasoconstriction but
significantly increases the resistance to gas uptake, i.e., an example of evolutionary
compromise (29, 352, 354, 355). The physical properties of erythrocytes, for example, size,
shape, mass, concentration, distribution, and deformability, influence gas exchange in
important ways. Their biconcave shape minimizes intraerythrocyte O, tension gradients,
facilitates uniform O, binding to hemoglobin, and optimizes deformability and flow
dynamics compared to spherical shape. Erythrocytes undergo dynamic deformation during
capillary transit, which improves microvascular hydrodynamics but may reduce the effective
erythrocyte-endothelial membrane interface for diffusion (174). Loss of erythrocyte
deformability, for example, spherocytes, can cause nonuniform erythrocyte distribution,
which impairs DL (21). Moderate isovolemic anemia or hemodilution reduces DL (57, 238)
as well as ventilation-perfusion mismatch and pulmonary vascular resistance (72), resulting
in improved convective transport (324) at the expense of lower diffusive transport, i.e.,
another example of evolutionary compromise. Polycythemia has the opposite effects (236).

Far from being a passive O carrier, erythrocytes serve multiple regulatory functions: (i)
erythrocytes retain hemoglobin within the circulation without causing vasoconstriction. Free
hemoglobin has a half-life of several hours while human erythrocytes circulate on average
for 120 days. (ii) Erythrocytes act as metabolic sensors (168) via the shifting binding affinity
(P5p) of ODC (Fig. 73). At any given mean alveolar O, tension (PAgp) the pressure gradient
(AP from alveoli to blood drives O, loading onto hemoglobin. The AP from blood to tissue
mitochondria drives O, unloading from hemoglobin. Shifting the Psg alters the balance
between O loading and unloading in accordance with metabolic demands. For example,
under stress of hypoxia or tissue acidosis the erythrocytes produce more 2,3-
bisphosphoglycerate (225), an intermediate glycolytic product that binds to
deoxyhemoglobin and stabilizes the “Tense” (deoxygenated) molecular conformation,
thereby increasing Psg and improving O, unloading to tissue. Therefore, the transport
function of erythrocytes is intrinsically coupled to its metabolism, making the erythrocyte an
effective sensor of oxygenation. (iii) Erythrocytes enable O,-CO, coupling via their
allosteric interactions with hemoglobin as well as interactions with modulators such as
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carbonic anhydrase (95) and membrane ion transporters, for example, anion exchanger-1
(AE-1) (253) and sodium-proton exchanger (NHE) (277), to optimize O,-CO, exchange
while preserving acid-base balance (Fig. 74). (iv) Erythrocytesenable O,-NO coupling via
separate oxygenation-dependent reactions with hemoglobin—NO scavenging by heme iron,
and reacting with a sulfhydryl group of the cysteine residue (Cysf93) to form S-nitrosothiol
(SNO) and S-nitrosohemoglobin (SNO-Hb) (119,193). These allosteric interactions
operating reciprocally in the lung and the periphery determine the local availability of NO to
reach the endothelium and modulate regional vasomotor tone. (Fig. 75). In peripheral
capillaries, preferential release of NO from SNO-Hb mediates hypoxic vasodilation. In
alveolar capillaries, preferential NO scavenge by heme iron mediates hypoxic pulmonary

vasoconstriction (78) and hence VA / Q and DL/ Q matching. (v) Erythrocytes synthesize
NO under shear stress using L-arginine as substrate (209,351). In addition, glycolytic ATP
produced and exported by erythrocytes stimulates endothelial production of NO and other
vasodilators, thereby regulating peripheral perfusion to match O, demand (192).

The above evolutionarily conserved erythrocyte-based mechanisms permit extremely rapid
coordination of local perfusion, gas exchange and metabolic waste elimination, with precise
gradation of vasodilation or vasoconstriction linked to PO, (77,329). Decreased SNO-Hb
concentration or erythrocyte-derived NO bioactivity is associated with pathological
conditions characterized by pulmonary hypertension or tissue hypoxemia (78,252), while
restoration of erythrocyte NO bioactivity benefit tissue oxygenation and recovery from
injury (5,258,299). Thus, respiration is a three-gas exchange system (O,, CO5, and NO)
where the lung, the cardiovascular circuit, and the peripheral tissue respond interdependently
with the erythrocytes as mobile orchestrators (78).

Thoracopulmonary interactions

The relatively rigid thorax influences the fractal geometry of bronchovascular branching,
resulting in parallel fractal behavior in physiological parameters such as ventilation,
perfusion, and diffusion (3, 300, 363). The confined thoracic space can also be expected to
influence the growth of lung parenchyma. Postnatal lung development is marked by (i)
progressive increases in alveolar air, tissue, and microvascular volumes as well as alveolar-
capillary surface areas, (ii) remodeling of gas exchange tissue leading to thinning of the air-
blood barrier, and (iii) elongation and dilatation of conducting airways and blood vessels.
The distending pressure generated by the outward recoil of a growing rib cage imposes
mechanical stress on alveolar septa, resulting in tissue tension and deformation that opens
ion channels, activate genes, and signals molecular regulatory pathways to initiate and
sustain cellular growth (Fig. 76). Increasing pulmonary perfusion due to cardiovascular
development also imposes mechanical strain and shear stress on alveolar microvascular
endothelial cells and constitutes another stimulus for capillary growth. Additional stimuli
(e.g., alveolar hypoxia and supplementing growth factors) imposed during this period could
further augment lung growth (179). Lung growth relieves tissue tension and allows the rib
cage to expand further in a feedback loop that continues until somatic maturity when bony
epiphyseal union occurs (171). Thereafter, mechanical interactions between the lung and
thorax diminish and both the lung and the thorax stop growing. Extending the age at which
epiphyseal union occurs may explain the enhancement of lung growth observed during
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chronic residence at high altitude by allowing a longer period of thoracic growth (317).
Following epiphyseal union in adulthood, lung growth may be reinitiated if sufficiently
intense intrathoracic mechanical stimuli are reimposed and space is available for expansion,
for example, following pneumonectomy. Conversely, the inability to restore normal
intrathoracic mechanical signals has hampered numerous attempts to reinitiate lung growth
in emphysema.

Interference with mechanical thoracopulmonary interdependence during maturation could
alter lung development. The best known example is congenital diaphragmatic hernia where
the restricted intrathoracic space leads to lung hypoplasia (260). After surgical repair of the
diaphragmatic defect, normal thoracopulmonary mechanical interactions are restored leading
to “catch-up” lung growth that reverses pulmonary arterial hypertension (17) and nearly
normalizes long-term lung function (188, 241). Severe childhood kyphoscoliosis is also
associated with alveolar underdevelopment (20, 25, 67, 269) with fewer alveoli and larger
distal airspaces. Conversely, inhibition of lung growth may deform the growing rib cage
(233).

Thoracopulmonary interactions along with cyclic respiratory efforts and pulsatile pulmonary
perfusion generate mechanical stresses that play a major role in lung development (179,
405). /n vitro mechanical stretch of lung tissue stimulates epithelial proliferation (52, 230),
apoptosis (308), signal transduction (52,229), ion transport (231,409), protein turnover of
matrix (31, 409), and cytoskeleton (327), as well as gene and protein expression of cytokine
growth factors (228,367) and surfactant-associated proteins (307). Increased airway pressure
in utero accelerates fetal lung growth (273) associated with growth factor accumulation in
the lung. Fetal chest expansion and respiratory movements are critical for lung development
(130). Postnatal imposition of continuous positive airway pressure increases TLC, weight,
protein and DNA content (425). Sustained segmental lung distension with perfluorocarbon
accelerates lung growth in an age-dependent manner (262). Growth occurs preferentially at
the lung periphery (97, 243) where bronchovascular support is lacking and septal
mechanical stress is exaggerated compared to the central lung regions (417).

Much debate concerns whether postnatal lung growth occurs via alveolar hyperplasia
(increased number) or hypertrophy (enlargement of existing alveoli). Human alveolar septal
subdivisions are thought to increase only during early childhood even though lung volume,
surface area and diffusing capacity continue to increase throughout somatic maturation
(82,420,421). It should be noted that the structural parameters most relevant to gas exchange
are alveolar-capillary surface area and the resistance of tissue-plasma-erythrocyte diffusion
barrier (estimated from the harmonic mean barrier thickness) rather than the absolute
number of alveoli. Surface complexity of the alveolar wall can be altered in various ways,
for example, by tissue unfolding or the presence of a fluid lining layer—that influence gas
exchange efficiency without altering the number of alveolar subdivisions. Experimental
perturbation that increases the apparent number of alveoli does not necessarily increase gas
exchange surface area or diffusing capacity (244,345). In addition, the 3D hierarchy of
alveolar subdivision is complex and cannot always be accurately measured on random 2D
sections. The definition of whether a tissue protrusion on a 2D image constitutes an alveolar
septum could be arbitrary. In addition, earlier techniques for counting alveolar number are
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prone to stereological bias; the disector, developed later, is the only unbiased technique
currently available for estimating the number of alveoli through the Euler number of alveolar
entrance rings, the network forming the wall of alveolar ducts (159).

Lung structure in relation to body size

Lungs from animals of different body sizes differ in various aspects of anatomy,
development, and maturation. Rodents are born with the lung in the saccular stage;
alveolization occurs from postnatal 4 to 14 days followed by alveolar wall thinning between
14 and 21 days (39). Because rodent epiphyses do not fully close (69), thoracic growth and
alveolization can persist throughout life albeit at lower rates with age (346, 347). In
comparison, guinea pigs are born with already formed alveoli (222, 304) containing more
septal connective tissue (94) and less pulmonary vascular smooth muscle (350) than in
mature lung. Their bony epiphyses begin to close at ~5 months of age (426) and the upper
limit of thoracic and lung dimensions is reached by about 1 year of age. The alveoli of
rabbits continue to form after birth up to 36 weeks but septal thinning occurs mostly before
birth (213), resulting in a thinner alveolar blood-gas barrier and a higher capillary wall stress
than in the dog or horse (23,246); septal thickness and capillary wall strength increase with
postnatal maturation (105). Sheep are born with well-formed alveoli; postnatal growth only
modestly increases alveolar number and complexity (68). Canine thoracopulmonary
development and maturation is more similar to that in humans (247) except for a narrower
elongated chest, which dictates the shape of the lobes and the partly monopodial airways.
Pigs are born with well-developed lungs (404). Airspace expansion and septal thinning
during the first postnatal week is associated with increased elastic recoil followed by
vigorous septal subdivision and thickening (237,403). Quadruped primates (monkeys and
baboons) possess a barrel-shaped thorax and an infracardiac lobe separating the heart from
the diaphragm (337). This lobe is absent in bipedal animals. In monkeys, postnatal lung
growth is associated with increasing alveolar size while the number of alveoli remains
unchanged (138). However, later data using appropriate stereological techniques showed that
alveoli increase in number, but not size during postnatal development in rhesus monkeys
(187). As rhesus monkeys age, there is a significant loss of alveoli that is 30% greater in
postmenopausal females than males (134). The great apes that assume an upright position
exhibit anatomical relationships among lungs, thorax, heart, and diaphragm that closely
resemble those in humans. Recent data in humans using appropriate stereological methods
shows that alveoli are added in an exponential pattern during the first three years of postnatal
growth with a rather shallow further increase until 15 years (135).

Compared to large animals, airway and vascular stratification is simpler in rodents.
Respiratory bronchioles are few and short, or often absent, in rabbit, guinea pig, hamster,
gerbil, rat and mice (11, 190, 197, 301). In human and large animal lungs, acinar airways
bifurcate through several generations of respiratory bronchioles and alveolar ducts and
eventually alveolar sacs. Airway stratification modulates not only ventilatory distribution but
also the penetration and deposition of inhaled microparticles. Relative to rodent lungs, the
highly stratified large lungs need more and stronger connective tissue fibers for support,
which in turn mandates a more rigid rib cage to maintain stability without restricting truncal
flexibility in locomotion. The longer mean acinar path length also requires more smooth
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muscle and contractile elements along each generation to fine-tune VA/ Q and DL/ Q
matching. In contrast to the more symmetric dichotomous human airway tree, most
quadrupeds including the mouse, rat, hamster, dog, pig, donkey, and horse, exhibit a
monopodial branching pattern for the major airways of the slim and elongated lobes; the
branches arising laterally from the central trunk then assume a fractal pattern as they reach
the gas-exchange units (366). At a given diameter, the airway branches are shorter in
animals than in humans (283).

In mammals, body size is an important determinant of O, needs and, in consequence, of
pulmonary gas exchange and the sequential O, transfer functions from the lung to the
mitochondria (see Fig. 2). The body’s total O, needs vary with body mass in a nonlinear

fashion: resting or basal V02 increases with the % power of body mass (208) because, for
one, small animals need more energy to keep warm. When an animal engages in physical

activity \'702 increases steadily until VOQmax is reached when the locomotor muscle mass is
active at a level where aerobic metabolism can no longer satisfy the muscles’ energy needs.

In a human of 70 kg body mass Vm is thus increased by over tenfold from rest to maximal
exercise; this so-called aerobic scope is larger in larger mammals and less in small
mammals; indeed, the smallest mammal, the Etruscan shrew of 2 g, is so active even at rest

that exercise can increase V02 by not much more than a factor 2. As a consequence, maximal

VOZ, measured in heavy exercise, increases more steeply than basal VOQ, with body mass to
the power 0.86 (Fig. 77) (396).

Considering the cascade of transfer steps from the lung through the circulation of blood to
the mitochondria we must ask whether one or the other of these steps sets the limit reflected

in this scaling. Figure 77 shows that Vozmax scales strictly in parallel with the
mitochondrial volume in locomotor muscle; this suggests that the limit of aerobic work is set
by the capacity of mitochondria for oxidative phosphorylation with the result that 1 ml of

mitochondria consumes 5 mL O, per min at V02max in all species (147,387,390).
Considering the supply of O, from the muscle capillaries to the mitochondria, it is found
that the volume of capillary erythrocytes scales with the same exponent as the mitochondrial
volume. And the transfer of O, by the circulation of blood follows the same scaling rule,
though not in a simple fashion as the heart rate is a determinant functional parameter of
blood flow (396). So in all these internal steps of the O, cascade, we note concordant scaling

between the transfer steps and Vozmam.

In a “perfectly designed” respiratory system (Fig. 2), one would expect the lung’s capacity

to transfer O, to the blood to be also proportional to Vozmam, but this is not so: DLg is
found to scale linearly with body mass (Fig. 77), a case of discordant scaling. It appears that
in large mammals the diffusing capacity is significantly greater than what is needed to
satisfy the body’s O, needs in the lower parts of the cascade. What could be the reasons for
this discordant scaling at the first step in the cascade? First, we have noted above that DLg»
has variable reserves that are only exploited in athletes and athletic animals; it can well be
that this reserve is larger in large than small mammals. Second, one reason for designing the
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lung with some reserve in DLg, may be that the lung cannot enlarge by morphogenesis the
structural elements of its functional capacity when the demands increase, for example, by
training in athletes, in contrast to muscle mitochondria and capillaries as well as the heart,
and this may be more important in large species. Third, we must consider that the diffusing
capacity is not really the first step in the O, flow cascade: it is preceded by the ventilation of
the peripheral gas exchange units through the system of airways that determine the reduction
of PO, from inspired to alveolar values, particularly in the most peripheral acinar airways. It
is well possible that the higher respiratory frequency of small animals improves acinar
ventilation. But then there are significant size differences of the gas exchange units, the acini
(Fig. 78A); this means that the longitudinal O, diffusion path length is much shorter in small
lungs. For both these reasons, the reduction in alveolar PO, toward the most distant
generation—which contains half the gas exchange surface of the acinus—(Fig. 68) could be
less in small and greater in large animals (Fig. 78B) leading to a lower average PO, at the
alveolar surface in the latter (310, 395, 396). A lower alveolar PO, means a lower driving
force for O, diffusion so that larger lungs may need a larger alveolar surface to allow for the
required transfer of O,, whereas small animals could achieve the required transfer with a
relatively smaller diffusing capacity. Whether this is a plausible explanation for the
discordant scaling of pulmonary diffusing capacity needs further study.

Splenic reserves for gas exchange

There are reasonably tight allometric relationships in maximal O, uptake, alveolar surface
area, capillary density, resting lung volume, and lung diffusing capacity across a wide range
of species (377, 415). As structure-function capacities adapt in accordance with metabolic
needs (380), species with a high aerobic capacity possess larger alveolar surface areas and
higher membrane and blood conductance for O, per kg body weight than sedentary species
of a similar size (393). Because lung size is constrained by the thorax, enhanced lung growth
and remodeling alone is not sufficient to meet the O, transfer needs of highly athletic
species (dogs, horses, and diving mammals); the hemoglobin pool must be correspondingly
enlarged. Therefore, athletic species also possess larger circulating blood volume and total
erythrocyte mass as well as a larger spleen compared to sedentary species (10, 43, 186).
Contraction of their large spleen (~3% of body weight sequestering up to ~50% of total
erythrocytes or ~13% of total blood volume at a hematocrit of 80%—90%) in response to
exercise or sympathetic stimulation reversibly releases packed erythrocytes into the
circulation to enhance both convective as well as diffusive O, transport in the lung (62, 161)
and the peripheral tissue (361) by ~30%. Upon cessation of sympathetic stimulation, the
erythrocytes are resequestered in the spleen. Demand-driven autologous blood-doping
allows athletic animals to achieve an extremely high aerobic capacity without the adverse
risks associated with chronic polycythemia. Splenectomy eliminates demand-driven
polycythemia leading to significant reductions in maximal O, uptake, lung and membrane
diffusing capacities, and alveolar microvascular recruitment (62, 161, 361). The same
mechanisms are operative in human athletes, although the splenic reservoir is smaller
(containing ~200 ml of blood) and the effect of splenic contraction is modest (3-5% increase
in total circulating erythrocyte volume) (290,332). In small animals, for example, the guinea
pig, the spleen comprises only ~0.3% of body weight (293) so its contribution to
hematological O, carrying capacity and gas exchange is also limited.

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsia et al. Page 47

The aforementioned structural variations contribute to interspecies differences in the
functional capacity as well as physiological reserves for gas exchange, which in turn direct
the utilization of adaptive mechanisms. In response to pathophysiological challenge, large
athletic species compensate readily via recruitment of reserves, which mitigates the need for
structural adaptation as the latter incurs higher metabolic costs. In contrast, small animals
with limited physiological reserves rely heavily on structural sources of adaptation (see next
section, Induced Structural Adaptation and its Functional Consequences).

Induced Structural Adaptation and its Functional Consequences

Normal pulmonary capacities for gas exchange are so vast they far exceed the capacities for
other O, transport steps such as cardiovascular delivery and tissue extraction and utilization
(Fig. 79). In the average healthy subject, a fraction of alveolar microvascular reserves for
pulmonary gas exchange remain unexploited even at peak exercise. This is because in
contrast to the muscular capacities that determine cardiovascular O, delivery and tissue O,
extraction, the structural determinants of alveolar diffusion are not significantly altered by
physical training or detraining; a training-induced increase in ventilatory capacity results
mainly from adaptation of the respiratory muscles (151, 306). Only elite athletes, for
example, human (74), thoroughbred horses (362) and foxhounds (158), that reach
exceedingly high levels of alveolar ventilation and perfusion completely exhaust their
pulmonary microvascular reserves at peak exercise where the efficiency of alveolar O,

diffusion (indexed by the DL/ Q ratio) becomes limiting leading to the development of
exercise-induced arterial hypoxemia. Experimental manipulation to increase O, flux across
the normal lung by physical training (13, 146, 304), increasing metabolic O, demand (13,
108, 110, 146, 242), or cold exposure (110, 146) have not significantly altered the structural
or functional capacities of the pulmonary gas exchanger, leading to the conclusion that
manipulating alveolar-capillary O flux along a concentration gradient is not an effective
way of augmenting lung growth or function.

Alveolar-capillary gas exchange becomes the primary factor limiting O, transport under 2
specific conditions: (i) in alveolar hypoxia, for example, high-altitude residence or
hypoventilation, where O, flux across the lung becomes the main bottleneck in O, transport,
and (ii) in primary lung pathology, for example, parenchyma disease that causes
inflammation, thickening and obliteration of alveolar-capillary units or bronchovascular
disease that compromises convective O, transport. In each case, adaptation to the non-
physiological conditions or to the loss of functioning lung units occurs via a combination of
three general mechanisms to augment O, transfer: (i) recruitment of physiological reserves,
(i) remodeling of existing structure, for example, luminal dilatation, hypertrophy of airway
or vascular wall, or thinning of alveolar septa, and (iii) regrowth of new gas exchange tissue
capillaries.

While the general mechanisms of compensation are similar across species, their initiation
thresholds differ with respect to body size and maturation. Owing to their limited
microvascular and hematological reserves, rodents rely heavily on structural remodeling and
new alveolar tissue-capillary growth to restore lost capacity caused by injury or resection. In
contrast, large mammals such as dogs rely heavily on the recruitment of their extensive
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physiological reserves; regeneration of new alveolar-capillary tissue, a metabolically costly
option, is invoked only when existing reserves are exhausted. In both small and large
species, compensatory lung growth is more easily invoked and more vigorous in young
actively growing animals than in mature adults (274, 297, 338); the difference reflects the
small microvascular reserves in immature lungs as well as the greater plasticity of the
immature thorax as the enlarging ribcage creates space to permit lung growth without
causing distortion. Another factor that influences the ease of growth reinitiation is the age at
which epiphyseal union of the ribs occurs. In rodents, epiphyseal union is delayed and
incomplete, with continuous epiphyseal remodeling (69, 85, 240, 323) that permit a
prolonged duration of thoracic enlargement; the mechanical signals for lung growth
diminish with age but do not cease. In contrast, in large mammals including humans the rib
cage reaches its final dimensions upon complete epiphyseal closure at somatic maturation;
thereafter lung growth is possible only when space is made available to accommodate the
new structures without causing distortion. As a result of these fundamental differences,
reinitiation of lung growth in response to injury and destruction is easily triggered in the
rodent and young animals but much more difficult to trigger in adult large animals.

To date there are two well-characterized experimental models, pneumonectomy and alveolar
hypoxia, that restrict pulmonary diffusive gas exchange and allow quantification of the
adaptive response in otherwise “normal” lungs. These two models illustrate the signals,
mechanisms, functional consequences, and limitations of structural plasticity in the lung,
discussed in the following subsections: adaptation to pneumonectomy, adaptation to alveolar
hypoxia at high altitude, comparison of response to pneumonectomy and alveolar hypoxia,
and the limitations imposed by dysanaptic lung growth.

Adaptation to the loss of lung units—pneumonectomy

Pneumonectomy is a robust model that mimics the consequences of losing functioning lung
units due to chronic restrictive disease regardless of specific etiology. Extensive literature
has documented the physiologic, structural, cellular, and molecular events in this model.
Unilateral pneumonectomy initiates rapid growth of the remaining lung in rodents, mice,
rats, rabbits, ferrets and dogs (44, 169, 171, 292). Following pneumonectomy, various
transcription factors are transiently upregulated, followed by increased synthesis of DNA
and matrix protein, collagen and elastin as well as all major alveolar septal cell populations,
leading to normalization of alveolar tissue volume and architecture, summarized in (171). In
rodents, the rapid time course (1-2 weeks) and the accelerated proliferative activities
promote tumorigenesis and tumor metastasis in the remaining lung (33-35).

Physical forces acting on the remaining lung are the major signals that trigger
postpneumonectomy adaptation while alveolar hypoxia, cytokine growth factors, and
hormones modulate the response. Following pneumonectomy, ventilation and perfusion shift
to the remaining lung units, causing recruitment of alveolar surfaces, capillary volume, and
erythrocytes. Alveolar endothelial permeability is acutely elevated (364) with influx of
circulatory cells and proteins (249) including vital cytokines for growth and remodeling but
it may also precipitate pulmonary edema if vascular reserves are inadequate. As long as the
remaining lung units are normal, more than 60% of total lung mass must be resected before
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pulmonary vascular resistance and capillary pressure increase at rest (348); neither vascular
congestion nor extravasated protein and water contributes significantly to the gain in tissue
weight or volume in the remaining lung (79,224).

In adult dogs following left pneumonectomy (42%-45% lung resection) the remaining lung
volume quickly increases 80% to 90% due to air space enlargement. The remaining alveolar
microvascular reserves are utilized resulting in an apparent increase in diffusing capacity of
the remaining lung above that in a normal lung (152,172,181). Cellular response is selective
and nonuniform. Alveolar type-2 epithelial cells, the resident epithelial progenitor cell,
respond first by nearly doubling in volume before a significant response is seen in other
resident alveolar cell types (160, 169). Alveolar tissue volume increases significantly only in
the most caudal remaining lobe but not in other lobes (Fig. 80), so that overall alveolar tissue
growth was slightly but not significantly higher than that in the control right lung
(160,169,175).

After right pneumonectomy (55%-58% lung resection), microvascular reserves are
exhausted and new alveolar tissue growth stimulated in all remaining lobes (176,182,412).
Compensatory growth only partially normalizes lung diffusing capacity in adult canines
(158,177) in contrast to the complete normalization in the growing lung of young canines
(338), a fact that signifies the additive effects of developmental and postpneumonectomy
stimuli and suggests the possibility of manipulating compensatory lung growth via
amplification of the endogenous stimuli or via imposition of additional stimuli. In young
canines early following right pneumonectomy, the volumes of interstitial cells and matrix
increase disproportionately more than threefold while epithelial and endothelial cells
increase less, associated with thickened remaining alveolar septa. Initial cellular
proliferation is most prominent in the peripheral subpleural region (96). The early changes
are followed by remodeling, which gradually restores the normal septal architecture and
cell-matrix fractions, resulting in up to 2.5-fold increases in all tissue components relative to
matched control lungs (Fig. 81). The volume and number of intra-acinar airways also
increase (182). As the harmonic mean septal barrier thickness returns to normal lung
diffusing capacity gradually improves. Alveolar endothelial cell volume and capillary blood
volume increase proportionately with a significantly higher prevalence of double-capillary
profiles reminiscent of the morphology of the immature lung (153, 412); this probably
represent attempted neocapillary formation by the process of intussusception (76). These
adaptive events progress over several months in dogs (176) in contrast to 2 to 3 weeks in
rodents (358). Preventing postpneumonectomy mechanical lung stress using a space-
occupying prosthesis impairs but does not completely eliminate compensatory growth or
functional compensation (65, 164, 166, 296, 406, 422), suggesting a role for additional
growth signals such as microvascular distention and shear or alveolar hypoxia.

In adult dogs following 65% to 70% lung resection, the remaining lobes expand up to three-
fold (155, 416); alveolar growth per unit of remaining lung is even more vigorous than that
following 58% resection (294); long-term lung diffusing capacity per unit of lung at a given
pulmonary blood flow remains well preserved (155). Mechanical deformation of the
parenchyma during passive inflation is nonuniform within and among the remaining lobes
with indications that a limit of compensation may be approached (Fig. 80) (297). The
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remaining acinar units outstrip their mechanical support, necessitating the deposition of new
septal connective tissue in a patchy distribution that likely reflects the distribution of greater
mechanical septal stress (416). In these patchy areas of thickened interstitium, alveolar
capillaries and septal morphology are intact but resistance to O, transfer is likely increased.
Acinar growth and compensation also outstrips that of conducting airways and blood vessels
because the latter structures adapt exclusively by elongation and dilatation (63) to partially
mitigate the increases in airflow and pulmonary vascular resistance (155,339). As a result of
the discordant or dysanaptic adaptation between gas exchange tissue and conducting
structures, postresection lung function is ultimately limited by pulmonary mechanical and
hemodynamic impairment and not by diffusion impairment (Fig. 82).

The administration of supplemental growth factors augments selective features of
compensatory lung growth (202—205, 412) but has not significantly improved function (64,
345). This is not surprising given that several hundred genes (220, 275) and multiple major
homeostatic pathways (19,96,97,140,211,226,227,249,335,419,422,423) are activated
following pneumonectomy. While broad gene activation is essential for achieving balanced
growth of all gas-exchange components, it also means that the endogenous adaptive pattern
is unlikely to be replicated by supplementation of any single factor. Nonetheless, targeted
investigation of selected growth factors remains an important approach, not only for defining
the contribution of individual factors to the overall response or the interactions among
growth factors and with mechanical signals, but also because of the recognition that
postpneumonectomy signaling is not simply a recapitulation of developmental events.
Postpneumonectomy transcriptomic activation pattern differs from that during postnatal lung
development (275), and at least one distinct nondevelopmental pathway involving anti-sense
transcriptional upregulation of paracrine erythropoietin receptor signaling has been
identified in the adult lung following pneumonectomy (424). Additional nondevelopmental
pathways are likely recruited to modify a mature structural scaffold. This is a nascent area of
active investigation.

Another emerging area is the role of stem cells in compensatory lung growth. Alveolar
type-2 cells along with stem-like cells at the bronchoalveolar junction are thought to supply
resident progenitor cells for the growth, maintenance, and repair of the alveolar epithelium
(263, 385). Circulating bone marrow derived vascular progenitor cells have not been shown
to contribute significantly to postpneumonectomy lung growth (359). Resident lung
endothelial progenitor cells contribute to lung development (12) but the extent and
mechanisms of their recruitment during compensatory lung growth remains unclear. It is
also unclear whether compensatory lung growth involves the differentiation of stem or
progenitor cells into a wide variety of structural cells of the alveolar wall or there is limited
division of fully differentiated resident cells, or both.

Alveolar hypoxia or high-altitude exposure

Chronic alveolar hypoxia of high altitude is an established model of accelerated
compensatory alveolar growth in actively growing animals (42, 171, 194, 221, 321). Native
highlanders possess larger vital capacities and thoracic volumes than lowlanders (32, 73, 80,
102, 103, 131, 219). Native Tibetan infants born at high altitude show higher arterial O,
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saturation than infants whose mothers had migrated to high altitude two years previously
(261). DL¢g is also higher in native highlanders and in adults born at sea level who
subsequently acclimatize to high altitude (73, 298). Since altitude exposure induces
reversible increases in respiratory compliance, microvascular pressures, blood volume, and
hematocrit, an apparent increase in lung volume and DL¢q in highlanders may result from
physiological or structural enhancement or both.

Hypoxia is associated with hypertrophy of gas exchange organs across animal phyla from
the gills of fish and salamander (86), the skin folds of bullfrogs (37) to the placenta (70) and
lung (276) in mammals; hypertrophy is independent of rhythmic stretch of the organ. This
effect represents evolutionary adaptation to cope with oxygen-poor environments. Whereas
severe hypoxia inhibits somatic growth (104, 317), postnatal exposure to a moderate altitude
(<4000 m) has been shown to accelerate lung growth (discussed below). Space for the
expanding lung is provided by passive rib cage expansion and caudal displacement of the
diaphragm (194). As the altitude of exposure increases, inhibition of somatic (rib cage)
growth becomes predominant so that although lung growth is initially stimulated, the effect
diminishes with exposure duration as lung size becomes limited by the size of rib cage
(221). Extreme hypoxia simulating an high altitude greater than 5000 m so retards rib cage
growth as to prevent an absolute increase in lung volume, even though volume with respect
to body weight is larger than in controls exposed to normoxia (291).

The mechanisms of adaptation to high-altitude residence differ among species. In rodents,
chronic hypoxia accelerates alveolar growth (14, 15, 42, 61, 185, 320, 321, 347) in a
maturity-dependent manner (24,245). Up to postnatal 14 days of age, hypoxia impairs
alveolar septation. Between ages 14 and 40 days, hypoxia is associated with an increase in
alveolar number consistent with stimulated septation. Older rats (23 d) raised in normoxia
and then exposed to hypoxia show increased alveolar surface area and volume but
unchanged alveolar number, consistent with airspace enlargement and surface unfolding
(24). Hypoxia also enhances postpneumonectomy compensatory lung growth in rodents
(318), indicating additive effects of separate stimuli. In addition, normoxic hypobaria can
also accelerate cell proliferation and modify lung structure (319-322). Unlike humans,
pulmonary gas exchange efficiency does not significantly limit O, transport in rats
regardless of altitude (118). After rats exposed to chronic hypoxia return to normoxia, their
lungs stop growing while the lungs of control animals residing in normoxia continue to
grow; eventually lung size in the two groups become similar (291). The finding suggests
reversibility of hypoxia-induced lung growth and highlights the plasticity of the rodent lung-
thorax system where somatic as well as lung growth continues throughout life and the bony
epiphyses do not fully close.

Compared to rodents, the bony epiphyses in guinea pigs begin to close at age ~20 wk (426).
Weanling guinea pigs raised at simulated extreme high altitude (5100 m) initially show
accelerated gain in lung volume and alveolar surface area (221) independent of
hyperventilation (223), but the effect diminishes with age. When raised at a more tolerable
altitude (3800 m), somatic growth is unaffected while alveolar structural dimensions and
DL are persistently enhanced throughout 6 to 11 months of exposure (180, 414). (Fig. 83)
When weanling guinea pigs born at sea level are raised at 3800 m for 4 months followed by
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return to an intermediate altitude (1200 m) for 7 to 8 months, some aspects of the high
altitude-induced structural changes are no longer present whereas others persist (293).
Results indicate at least partial reversibility structural adaptation following withdrawal of the
high-altitude stimuli.

In large mammals, alveolar remodeling and hematological adaptation play a prominent role.
Untrained young beagles born at sea level and raised to maturity at a moderate high altitude
(3100 m) exhibit larger lung air and tissue volumes and higher DLco compared to matched
controls raised at sea level, a finding consistent with hypoxia-enhanced lung growth (194).
Following return to sea level, pulmonary vascular reactivity normalizes but right ventricular
hypertrophy persists (123). Adult beagles raised at 3100 m for up to 3 years exhibit no
evidence of structural or functional enhancement (194). The highly athletic foxhounds born
at sea level and raised for 5 months during maturation at 3800 m altitude also exhibit
enhancement of lung volume and diffusing capacity that persist following reacclimatization
to sea level (162, 251). However, lung structure shows distal airspace enlargement and a
lower harmonic mean thickness of the diffusion barrier without the addition of alveolar
tissue or surface area (295). Instead, altitude-enhancement of alveolar-capillary conductance
is due to a combination of thinning of alveolar septa, acinar airway enlargement, increased
erythrocyte production, elevated circulating blood volumes, and splenic autotransfusion. A
separate cohort of foxhounds that had been born at sea level and raised at 3800 m of altitude
for 12 months until adulthood also fails to demonstrate enhanced lung growth compared to
control animals simultaneously raised at sea level (P Ravikumar, DM Dane and CC Hsia,
unpublished observations). The differences between sedentary and athletic canine breeds and
between large and small species cannot be explained by the differences in altitude or
duration of exposure. It appears that athletic animals preferentially utilize metabolically
economical mechanisms—physiological recruitment, structural remodeling, and
hematological augmentation—to compensate for the restricted O transport at high altitude
without resorting to the energetically costly process of generating new gas exchange tissue
whereas rodents and guinea pigs readily reinitiate structural lung growth as the major
mechanism of compensation.

Comparison of adaptation to pneumonectomy and hypoxia

These two models illustrate the range of stimulus-response relationships in the lung.
Increasing mechanical stresses following incremental lung resection elicits progressively
greater structural adaptation in the remaining lung up to a limit imposed by the extent of
bronchovascular adaptation and by the need for additional mechanical support of the distal
parenchyma. The /n vivo adaptive limit is reached when postpneumonectomy lung
expansion and hyperperfusion approach 2.5 to three-fold (155,416). In the high-altitude
model, increasing hypoxia severity also increases the intensity of alveolar structural growth
and remodeling up to a limit imposed by pulmonary arterial hypertension as well as by
global suppression of somatic growth and metabolism; this limit is reached at about 5000 m
of altitude (inspired O, tension ~80 Torr) (180,221). Alveolar hypoxia primarily amplifies
preexisting active stimuli such as those in developing young animals or in the
postpneumonectomy remaining lung. In the absence of active developmental growth signals,
high-altitude exposure induces alveolar remodeling without new tissue growth. In contrast,
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postpneumonectomy suprathreshold mechanical stresses induce alveolar-capillary growth de
novo even in the adult lung. The magnitude of accelerated lung growth and remodeling
during high altitude exposure is less than that seen postpneumonectomy, suggesting that
mechanical stress elicits a stronger response than hypoxia. This may be because mechanical
stress, in addition to altering cell and nuclear membrane permeability, cytoskeletal tension,
and recruitment of chemoactive cells, also exaggerates PO, gradients within and among cells
causing relative hypoxia in some cells. This notion is supported by the observation that
pneumonectomy and hypoxia activate certain shared signaling pathways, for example,
hypoxia-inducible factor-1a-erythropoietin-vascular endothelial growth factor (HIF-1a-
EPO-VEGF) (96, 423); yet there are also important differences. For example, in hypoxia
cellular HIF-1a protein level is typically elevated and its action enhanced via protein
stabilization and nuclear translocation (30). Following pneumonectomy, HIF-1a mRNA and
protein levels in the remaining lung are concordantly elevated indicating enhanced
transcriptional activity (422, 423) typical of a mechanosensitive response (49). Hypoxia
preferentially stimulates endocrine EPO signaling via its receptor (EPOR) on bone marrow
erythroblasts leading to augmentation of circulating erythrocyte mass and blood volume
(191) whereas pneumonectomy preferentially stimulates paracrine EPO signaling via EPOR
localized to the remaining lung cells (96,423) with only minor transient increases in
circulating erythrocyte and blood volumes.

Both pneumonectomy and alveolar hypoxia induce long-term acinar remodeling including
(i) variable changes in the volume fractions of alveolar ducts and sacs, which at least partly
reflect changes in airway smooth muscle tone, and (ii) reduction in the harmonic mean
tissue-plasma-erythrocyte barrier which minimizes the resistance to O, transfer
(175,180,295,411). Because the harmonic mean barrier thickness is proportional to the
reciprocal of local absolute thicknesses, gas flux normally occurs predominantly through the
“thin side” of the septum. At any given total septal tissue volume and absolute septal
thickness, even minor redistribution of cells or matrix from the “thin” to the “thick” side of
the septum significantly reduces the harmonic mean barrier thickness, and constitutes a
metabolically efficient way of minimizing barrier resistance to diffusion. Pneumonectomy
but not hypoxia induces a significant compensatory increase in the volume and branch points
of respiratory bronchioles (182). Pulmonary vascular remodeling, medial hypertrophy, and
resting pulmonary arterial hypertension are more prominent during chronic hypoxia
exposure than following up to 58% lung resection. While hypoxic pulmonary
vasoconstriction preserves ventilation-perfusion matching and protects distal
microvasculature from flow-related mechanical stress and injury, it also prevents the
prominent compensatory increase in capillary blood volume that augments gas exchange
following pneumonectomy. It is unknown whether ambient hypoxia adds to the
postpneumonectomy structural response in the lungs of adult large mammals.

Limitations imposed by mismatched (dysanaptic) lung growth

Developmental lung growth enlarges all compartments: alveolar cells, matrix, blood, and
conducting structures as well as bony and muscular thorax; matched growth leads to
proportional enhancement of gas exchange, mechanics, and hemodynamic function. In
contrast, compensatory lung growth is less well matched as a result of the limited adaptive
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potential of conducting bronchovasculature compared to that of the acini, resulting in
dysanaptic (unequal) growth following pneumonectomy and hypoxia exposure. Dysanaptic
lung growth originally refers to the variations in maximal expiratory flow rate relative to
lung volume in normal subjects (121, 137, 148) and later to the smaller airway dimensions
and lower maximal flow rates with respect to lung volume observed in native highlanders
(32) and postpneumonectomy (122, 250). Airway-parenchyma mismatch could also occur as
a long-term sequelae of bronchopulmonary dysplasia or chronic lung disease of prematurity
where small airway obstruction persists despite normalization of lung volume and
mechanics (22, 206). Dysanaptic growth leads to disproportionate impairment of pulmonary
hemodynamics and airway mechanics relative to alveolar diffusion (Fig. 82).

Another type of dysanaptic growth results from the opposing effects of high-altitude
exposure on the growth of lung and thorax where retardation of rib cage growth at extreme
high altitude effectively limits the final dimension and functional capacity that could be
achieved via stimulation of alveolar growth. A third type of dysanaptic growth results from
the nonuniform stimulation of alveolar septal growth that leads to distortion of the blood-gas
barrier. For example, selective pharmacological stimulation of alveolar cellular proliferation
without corresponding stimulation of capillary blood supply could increase alveolar tissue
volume without improving gas exchange. In fetal lambs with congenital diaphragmatic
hernia, tracheal occlusion accelerates the generation of mesenchyme tissue but with fewer
alveolar type-2 cells, leading to surfactant deficit (18) and distorted alveolar morphology
that are incompatible with efficient gas exchange (289). Exogenous a// trans-retinoic acid
given to adult dogs following right pneumonectomy nonuniformly stimulates alveolar septal
cell growth, which is accompanied by distortion of alveolar architecture and capillary
morphology without significant enhancement of lung diffusing capacity or maximal O,
uptake (64, 412). More double-capillary profiles typical of the immature lung are observed
in retinoic acid-treated animals, consistent with an attempt at new capillary formation by
intussusceptive growth of a tissue pillar into an existing capillary (76, 217). However, to be
efficient in gas exchange, these newly stimulated double capillaries need to remodel into the
single capillary morphology that are typical of the normal mature lung (Fig. 84). Exogenous
all trans-retinoic acid given to emphysematous rats stimulates alveolar septation but the
resulting smaller and more numerous alveoli are not accompanied by increases in surface
area or lung diffusing capacity (244,345). The occurrence and consequences of structural
distortion cannot be predicted from molecular or cellular studies alone but must be tested in
the intact animal under appropriate physiological conditions.

Summary and Perspective—Intrinsic Challenges of Pulmonary Gas

Exchange to Lung Structure

The mammalian lung has enabled aerobic life to thrive over a six-magnitude span in body
size and survive a nearly 40% reduction in ambient O, tensions in diverse habitats from sea
level to high altitude, in addition to accommodating a tenfold change in energetic needs as
well as a fivefold change in blood flow from rest to maximal exercise. At its essence the
lung is an assembly of conduits that evolved to meet a fundamental challenge—how to bring
variable flows of air and blood, generated by two separately regulated pumps inside the
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thoracic container, into close proximity with each other without actually mixing. Following
pressure gradients and the fractal principle of self-similarity, branching morphogenesis
meets this challenge by generating, during lung development, a hierarchical airway tree to
which a vascular network is associated out of which two vascular trees, the pulmonary
arteries and veins, form in close association with the airways. This allows a systematic
approximation of the airways and the vessels in the gas-exchanging alveolar-capillary units
in the acinus that comprises the last few generations of the branching trees. The result is a
stratified scaffold ending in a blood-gas barrier composed of an extremely attenuated layer
of cells and matrix establishing an extensive surface area across which gas transfer from air
to blood occurs by simple diffusion and ending in a hemoglobin “sink” from where it is
transported to the end-organ cells. All along these hierarchical lead structures a system of
cells and connective tissue elements join to maintain the physical integrity of the scaffold—
for example, binding airways and blood vessels together at all levels, optimally distributing
the mechanical forces of ventilation to all parts, providing strength and elastic recoil,
reducing surface tension, clearing foreign particles and mounting immune defenses against
infection and inflammation.

The next major challenge, how to manage the dynamic interface of air, tissue and blood to
maximize gas-exchange efficiency, requires local sensing and feedback mechanisms to
coordinate the delivery of air and blood and to minimize wasted ventilation or perfusion.
This is accomplished via contractile elements and smooth muscle cells that reflexively
control airway and vascular tone in response to local changes in gas tensions, thereby
matching the distributions of air and blood flows across the inflated perfused alveoli while
diverting ventilation away from poorly perfused alveoli and blood flow away from poorly
ventilated alveoli.

A third challenge is how to adjust pulmonary gas exchange in accordance with variable
systemic metabolic demands so that the lung admits an O, flow sufficient to satisfy the
highest energy needs, such as occur in heavy exercise, but not allow excessive amount of O,
a potent cytotoxin, to enter the organism. This requires systemic feedback mechanisms that
sense and report the needs of distant organs to the heart and lung. The functionally effective
diffusion surface is a composite of epithelial-endothelial-erythrocyte interfaces; thus, the
hemoglobin “sink™ is an integral component of the gas exchanger. The physicochemical
properties of erythrocytes— volume, size, shape, deformability, membrane area, flow,
distribution, metabolism, hemoglobin content, and allosterism— critically determine gas
exchange efficiency in the lung and the periphery. More than just a passive gas carrier,
hemoglobin acts as a circulating metabolic sensor to regulate the on-and off-loading of O,.
Via allosteric coupling of O,-CO,, hemoglobin matches O, delivery to local metabolic CO,
production. Via allosteric coupling of O»-NO, hemoglobin controls NO scavenging and
release to modulate local vasomotor tone and consequently O, uptake and delivery. In effect,
erythrocytes function as mobile gas exchange regulators to meet the challenge of matching
central O, supply to distant “consumer” demand.

A fourth challenge is to provide mechanisms for enhancing the animal’s survival as predator
or prey. The complexity of extensive alveolar surface folding, the surfactant lining layer, and
a low-pressure pulmonary microvasculature offer high capacitance for accommodating large
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rapid increases in ventilation and perfusion from rest to peak exercise, allowing recruitment
of lung diffusing capacity and preventing the development of arterial hypoxemia. In athletic
species where alveolar-capillary recruitment alone may not be sufficient in meeting the high
oxygen demand, a large splenic reservoir of sequestered erythrocytes is available for
reversible autotransfusion and further augmentation of O, transport as needed.

A fifth challenge lies in providing versatile adaptive mechanisms to compensate for the loss
of gas exchange capacity caused by environmental perturbation, organ injury or disease. In
response to the destruction of lung units or to hypoxic environment, pulmonary
physiological reserves are utilized as initial defense to maintain O, uptake, and
erythropoiesis may be stimulated to enlarge the circulating O, reservoir. When these sources
of compensation are nearly exhausted, the lung scaffold can undergo remodeling and
redistribution of its constituents to optimize barrier conductance, but this offers limited
potential for adaptation in adult lungs. In the presence of appropriate stimuli, growth of
alveolar tissue-capillaries may be accelerated in developing lungs following loss of tissue,
leading to long-term near-complete normalization of lung diffusing capacity. Limited
alveolar-capillary growth may also be reinitiated in mature lungs leading to significant
though incomplete functional compensation. For respiratory biologists, the ultimate
challenges are to comprehend the mechanisms underlying plasticity of the lung, and find
ways of fully exploiting the plasticity for the purpose of augmenting structural and
functional capacities. These challenges remain to be met and understood.
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Figure 1.
(A) Electron micrograph of muscle mitochondrion shows the packing of inner membrane

cristae where oxidative phosphorylation takes place, separated by matrix where the Krebs
cycle is located. Note glycogen granules as fuel reserves on the surface. (B) Scheme of
functional organization of mitochondria. A from (390) with permission; B from (376) with
permission.
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Figure 2.

Model of the mammalian pathway for oxygen in form of a cascade from the lung through
the circulation of blood to the mitochondria. The oxygen flow rate through each step is the
product of a conductance with a pressure difference, which decreases stepwise from inspired
PO, (PI) to near O at the level of mitochondria that serve as oxygen sink. Subscripts for
partial pressures P: | inspired and E expired air, A alveolar air, b capillary blood, a arterial
and v mixed venous blood, ¢ cytoplasm. Taken, with permission, from (376).

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hsia et al.

Anterior™, J

| air sac -

\\-

13

J

-

Page 79

Variation in vertebrate lung structure and function
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Figure 3.

Variation in vertebrate lung structure and function. In alveolar lungs as occur in mammals,
gas exchange occurs by air flowing in through the airways and mixing with air contained in
the alveolar pool and blood flowing by in the pulmonary capillaries. In bird lungs, air flows
through parabronchi in a caudal to cranial direction using the air sacs as bellows. Gas
exchange occurs in a cross-current fashion between air capillaries of the parabronchi and the
blood capillaries. With this type of arrangement, arterial PO, may be higher than expired air
PO,. Modified, with permission, from Weibel, 1984 (376).
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Allometric plot of the alveolar surface area and the harmonic mean thickness of the air-
blood barrier in mammals from the smallest species (Suncus Etruscus) to horse and cow.

Taken from (111) by permission.
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Figure 5.
Structure of the gas exchanger in the smallest mammal, an Etruscan shrew (2 g), (A) ina

scanning electron micrograph that reveals the small size of alveoli (a) and alveolar ducts (d)
as well as erythrocytes in a small vessel (v), resulting in a six times higher density of
alveolar surface compared with a human lung (compare Fig. 13). (B) On thin sections, the
alveolar capillaries are seen to form an exceptionally dense network that occupies about
20% of the parenchymal volume.

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hsia et al.

Page 82

Figure 6.
Comparing fine structure of the alveolar-capillary tissue barrier in the lung of a monkey (A)

and of an Etruscan shrew (B) reveals extreme attenuation of the air-blood barrier in the
shrew (circle). In the monkey lung, the type-1 epithelial cell (AEp1) forms cytoplasmic
leaflets on both sides of the septum (arrows). In the shrew lung, the thinning of the barrier is
achieved by minimization of the epithelial cytoplasmic leaflets by highly complex branching
of the type-1 epithelial cell extensions (multiple arrows), combined with similar thinning of
the endothelial cell extensions of capillaries (C).
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Figure 7.
Histological section of the subpleural region of human fetal lung (about 12th week of

gestation, pseudoglandular stage) shows the branching pattern by dichotomy in the terminal
branches ending in spherical buds (*) from where branching will continue. These terminal
buds are enwrapped by loose, cell-rich mesenchyme. More central branches (b) that do not
further divide have a thicker epithelium and are enwrapped by dense mesenchyme and
develop smooth muscle sleeves characteristic of bronchi. Pulmonary artery branches (pa),
provided by a sheath of smooth muscle, are close to the bronchi and follow their course
peripherally whereas pulmonary veins (pv) are located in the wider mesenchymal septa.
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Figure 8.

Fractal tree model of Benoit Mandelbrot simulates a space-filling airway tree. Taken from
(235) by permission.
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Figure 9.
(A) Rat lung at birth is made of wide saccules (S) separated by septa containing two

capillary networks (paired arrows). (B) Thin section of rat lung on day 13 of postnatal
development. Alveoli have formed by pulling up septa into the alveolar duct (D)
corresponding to the saccule in (A); the septa contain a single capillary network. Panel A,
with permission, from (39); panel B, with permission, from (376).
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Figure 10.
As lung volume increases in the rat lung during early postnatal growth the alveolar surface is

enlarged in three stages, with a prominent increase by a factor of 3 between days 4 and 21
due to the formation of alveoli. Taken, with permission, from (376).
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Figure 11.
Scanning electron micrographs of dog lung. (A) Longitudinal cut of a branching distal

bronchiolus (bl) giving rise to transitional bronchioles (arrows) as origin of acini; the tip of
the arrows points to the first alveoli occurring in the airway wall. (B) Origin of acinar
airways (arrow) at transitional bronchiole (tbl) leading to a respiratory bronchiole (rbl) and
several alveolar ducts (ad); the latter change very little in diameter with each generation so
that total airway cross-section nearly doubles with each generation. Scale bars = 500 pum.
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Figure 12.
Cast of human bronchial tree with airways (yellow), pulmonary arteries (red), and

pulmonary veins (blue).
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Figure 13.
Scanning electron micrograph of human lung parenchyma. Alveolar ducts (d) are

surrounded by alveoli (a), which are separated by thin septa.
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Figure 14.
Microvascular network of the lung shown in (A) by colloidal gold labeling of the plasma in a

rabbit lung (212), and in (B) in a Mercox cast of a rat lung. Note relations to alveolar ducts
(d) and alveoli (a). B courtesy of P.H. Burri.
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Figure 15.
Architecture of interalveolar septa in the human lung reveals that each wall contains a single

capillary network with a thin tissue barrier separating the blood from the alveolar air. (A)
This panel is a scanning electron micrograph from a human lung that shows the capillary
network in 3D and (B) this panel is an electron micrograph of a thin section showing the
capillary blood and the thin tissue barrier. Scale markers 10 pm.
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Figure 16.
The alveolar capillary is lined by endothelial cells (End) that form thin cytoplasmic leaflets

in the thin barrier portions. The alveoli are lined by epithelial cells, here a type-1 cell (Epl)
is shown to also form thin cytoplasmic leaflets, which are separated from the endothelial cell
by a single fused basement membrane in the upper part (circle), whereas in the lower part
the two basement membranes are separated to allow the formation of a slim interstitial space
with processes of a fibroblast (f) and some connective tissue fibers for mechanical support
(arrow).
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Figure 17.
Capillaries (c) in alveolar septum of perfusion-fixed rabbit lung shows preserved alveolar

surface lining layer (sl) with surfactant film (arrowheads) smoothing the epithelial surface.
Fibroblast (f) occurs in the thicker part of the barrier.
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Figure 18.
Surface of the alveolar wall in the human lung seen by scanning electron microscopy reveals

a mosaic of alveolar epithelium made of type-1 (Epl) and type-2 (EP2) cells. Arrows
indicate boundary of the cytoplasmic leaflet of the type-1 cell which extends over many
capillaries.
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Figure 19.
A type-2 epithelial cell from a dog lung forms junctions (J) with type-1 epithelial cells

(EP1). Its cytoplasm contains osmiophilic lamellar bodies (LB) as storage granules for
surfactant phospholipids, and a rich complement of organelles, such as mitochondria and
endoplasmic reticulum surrounding the nucleus (N). Arrowhead marks point at which a
lamellar body is in the process of secretion onto the alveolar surface.
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Figure 20.
Model of alveolar septum shows capillary network (red) interlaced with the network of

connective tissue fibers (green) that extends from the free edge of the septum (alveolar
entrance ring) at the right to the triple line on the left where three septa are joined (compare
Fig. 13).
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Figure 21.
Electron micrographs of alveolar septa in human lung show the relative arrangement of

capillaries (C), type-1 alveolar epithelium (Epl) and elements of the interstitium such as
collagen (cf) and elastic (ef) fibers and fibroblast (fb) that focally can form myofibrils (myo)
and serve as myofibroblasts bracing the interstitial space. The top panel (A) is from the mid-
part of a septum, the bottom panel (B) shows the strong fibers at the free edge of the septum
forming the alveolar entrance ring that may contain some smooth muscle cells (sm). A
pericyte (pc) is associated with the capillary.
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Figure 22.
Model of gas exchange showing gradual rise of capillary P, ( Pc,) as blood flows through

capillary until it approaches alveolar P, (PA,,). Taken from Weibel (376) with permission.
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Figure 23.
Morphometric model for calculating diffusion capacity, DL. Its two components are (A) the

membrane conductance DM, which extends from the alveolar surface (SA) to the nearest
erythrocyte membrane traversing the tissue barrier, the capillary surface Sc, and the plasma
layer over the distance z,; and (B) the conductance of the erythrocyte interior, De, that
depends on the capillary and the erythrocyte volume, Vc and Ve, respectively. (See text.)
Taken, with permission, from Ochs and Weibel (266).
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Figure 24.
Electron micrograph of human lung showing the method for measuring total barrier

thickness from the intercept length /, with random line probes. A set of test lines made of a
sampling test line (solid line) followed by a guard extension (broken line) is randomly
placed, when the sampling line hits the alveolar surface the distance to the nearest
erythrocyte membrane is measured as the barrier intercept length /,, preferably using a
logarithmic scale. Taken, with permission, from (388).
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Figure 25.
The CO flux across tissue-erythrocyte barrier to binding with hemoglobin is simulated by

placing different distributions of the same number of erythrocytes inside a hypothetical
capillary segment. Compared to uniform erythrocyte distribution, the nonuniform clustered
and random distributions show more heterogeneity in CO flux with respect to the tissue-
erythrocyte membrane. Total CO flux progressively increases from clustered to random and
to uniform erythrocyte distributions. Taken, with permission, from (178).

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hsia et al.

DL, by rebreathing
(mL=1 min-" torr-1 kg~")

31 3
L ]
L ]
(] #. b:
1
"5!:!1
24 ?%. 9 e o4
o0 ST
a8 [=]
0 g;
c
é o.s E‘E
14 o 87, 14
3 oE
; . R-PNX (n =5)
0 L SHAM (n = 6)
0 200 400 600 800 1000

Cardiac output (mL-! min-1 kg~7)

Figure 26.

R-PNX

*

Sham left Sham total

Page 102

100

-~
[&)]
1

Morphometric DL, at 40°C
(mL-1 min-1 torr-1)
[ [
[&2] (=]
L 1

0= Y

0 2

5 50 75

100

Rebreathing DL, at peak exercise

(mL=1 min-1 torr-1)

Lung diffusing capacity (DLcp) measured by physiological and morphometric methods.
Left. DLco and pulmonary blood flow were measured by a rebreathing technique at rest and
during exercise in dogs following right pneumonectomy (R-PNX) or in control (Sham)
animals. Midd/e: DL estimated by a morphometric model in the remaining left lung of
animals after R-PNX compared with that in left lung and both lungs of control (Sham)
animals. Symbols represent individual animals; bars represent group means. *£ < 0.0001 vs.
Sham left lung. Right. Correlation between DLco measured by a rebreathing method at peak
exercise and by morphometry in different groups subjected to PNX or Sham PNX either as
puppies (Sham, open circles; right PNX, closed circles) or as adults (Sham, open squares;
right PNX, closed squares; left PNX, asterisks). Solid line, regression line through all data
points. DLcomorphometry) = 0-90 DLco(rebreathing) + 1.62, 7= 0.803. Dashed line = identity.

Taken, with permission, from (338).
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Figure 27.
Integral connectivity throughout the lung is established by (A) a fiber continuum made of

axial (a, red), septal (s, green), and peripheral (p, black) fibers. (B) Scanning electron
micrograph of an alveolar duct outlined by a network of axial fibers (arrow) that are seen in
section (C) to be reinforced by strong fiber bundles (arrows) (compare Fig. 21). Modified,
with permission, from (384).
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Periperial

Figure 28.
Model of the disposition of axial, septal, and peripheral fibers in the acinar airway, with the

effect of surface forces indicated by arrows: negative in alveoli and strongly positive on the
free edge of the alveolar septum. Reprinted by permission from (376).
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Figure 29.
(A) Scanning electron micrograph of alveoli (a) related to alveolar duct (d) in rabbit lung

perfusion-fixed at an inflation level of 60% TLC. Note smooth alveolar surface. (B) Thin
section of similarly prepared rat lung with empty capillaries (c) shows the pleating of the
tissue barrier beneath the surface lining layer with surfactant (arrows) with the result that
thick barrier portions, such as type-2 cells (Ep2) are shifted away from the surface so that
thin barrier portions predominate at the free surface, resulting in a thinner diffusion barrier
(398).
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Alveolar surface vs. air volume
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Variation of alveolar surface area in perfusion-fixed rabbit lungs. Steep increase when
starting from deflated lung up to TLC (broken green lines) but reduced reduction when the
lung is deflated to 80% and 40% TLC (80D and 40D); reinflation (RI) from 40% to 80%
TLC occurs on the deflation slope. Data taken, with permission, from (7).
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Figure 31.

Representative micrographs from the rabbit lungs deflated to 40% TLC (D40) or to 80%
TLC (D80). At 80% TLC, a more or less homogeneous enlargement of air spaces was found,
but predominantly involving the alveolar ducts (d) (arrows). Modified, with permission,
from (210).
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Figure 32.
Model showing the micromechanical forces of surface tension, tissue tension, and capillary

distending pressure that shape the alveolar septum. Taken, with permission, from (376).
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Figure 33.
Scanning electron micrographs of alveolar walls of rabbit lungs fixed under (A) zone 2 and

(B) zone 3 conditions of perfusion. Note that capillaries are wide in zone 3 and slit-like in
zone 2, except for “corner capillaries” at the junction of three septa, which are wide in either
case. Taken, with permission, from (9).
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Figure 34.
Flat view of alveolar septum of rabbit lung showing the perfused capillary network with

plasma marked by colloidal gold (black) and erythrocytes (EC) appearing as unstained
“rings” or “bars” depending on orientation. Note that all segments have been perfused in the
2 min prior to stop of blood flow and fixation. At the bottom a strong alveolar entrance ring
(AE) marks the free edge of the septum.
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Distribution of center-to-center distance between erythrocytes along the capillary path
(inset) in flat views of alveolar septa in rabbit lungs fixed under controlled blood flow
conditions (compare Fig. 34). Taken, with permission, from (388).
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Figure 36.
Anterior view of the original plastic cast of an adult human bronchial tree used for

measurements of airway dimensions in the first 10 to 15 generations. Taken, with
permission, from (369,389).
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Figure 37.
Peripheral branches of airways in a contemporary human cast show a similar branching

pattern as that of the more central branches shown in Figures 36 or 12.
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Figure 38.

Frequency distribution of the diameters (left column) and lengths (right column) of airways
of the first seven generations of branching in the human lung shown in Figure 36. Taken,
with permission, from (369).
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Figure 39.
Average diameter of conducting airways, respiratory bronchioles and precapillary blood

vessels in the adult human lung plotted semilogarithmically as a function of the order of
generation of dichotomous branching. Taken, with permission, from (389).
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Figure 40.

Semilogarithmic plot of airway dimensions in human lung with improved dimensions of the
peripheral acinar airways with transitional bronchiole in generation 14. This shows that the
diameter of conducting airways is reduced by the cube root of %2 with each generation,
whereas the intra-acinar airways are reduced to a lesser degree. Taken, with permission,
from (126).
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Airway resistance to mass air flow is located mostly in the conducting airways and falls
rapidly toward the periphery. Redrawn, with permission, after (278).
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Figure 42.
Model of human airway tree derived from finite element analysis of computer-tomographic

reconstructions of airways compares well with anatomical lung casts such as in Figures 12
and 37. Taken, with permission, from (342).
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Figure 43.
Patterns of airway branching by (A) regular (symmetric) dichotomy, (B) irregular dichotomy

numbered by “generations down,” (C) irregular dichotomy numbered by “orders up.”
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Figure 44.
Scanning electron micrograph of vascular perfusion-fixed rabbit lung shows branching of

small peripheral bronchiole (B) into transitional bronchioles (T), from where the airways
continue into respiratory bronchioles and alveolar ducts (arrows). Note the location of the
pulmonary artery (a) and vein (v). Modified, with permission, after (376).
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Figure 45.

Hierarchical model of the human airway tree from conducting to acinar airways. The
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transition from conducting to acinar airways occurs at generation Z= 15, on average, with

the occurrence of the first alveoli. Z”is the generation of acinar airways.
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Figure 46.
Gradual transition of mass air flow to oxygen diffusion in the peripheral airways.
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1 1000

- 100

Total cross-sectional area of all airways in each generation of the human lung is plotted
against path length from trachea to acinar airways, showing the progressive increase of total
airway cross-sectional area per generation and the resulting airflow velocity at rest and in

Exercise.
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Figure 48.
Dispersion diagram of diameter and length of airway segments in the generations 5 to 10 in

the human lung. Slope of diagonal corresponds to average diameter-to-length ratio in each
generation which is similar in all generations. Taken, with permission, from (369).
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Figure 49.

Distribution of airways of diameter d* per generations (left column) and at distance A from
the origin of the trachea (right column). Curves for 2 mm airways are a binomial distribution
with respect to generations and a normal distribution with respect to distance. Taken, with

permission, from (369).
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Figure 50.
View of the cast in Figure 36 showing termination at branches with diameters 3 and 2 mm,

respectively. Taken, with permission, from (369).
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Figure 51.
Distribution of distances D" of branches of diameter ¢*= 2 mm from their parent branches

of diameter d*=4 mm. Taken, with permission, from (369).
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Figure 52.

Frequency distribution of airways of diameters (al1) 0.2 and 0.05 cm with respect to
bronchial path length from the tracheal origin. Open circles mark the position of the terminal
airways, the alveolar sacs of the acinar airways. Modified, with permission, after (376).
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Figure 53.
Detail view of the spatial relations of airways (yellow), pulmonary arteries (red), and

pulmonary veins (blue) in a cast of a human lung similar to that in Figure 12. The main tract
of the arteries follow closely the airway both in terms of branching pattern and diameter;
they thus determine the lung architecture in terms of bronchoarterial units. In contrast, the
pulmonary veins take an intermediary position between the bronchoarterial units thus
collecting blood from several adjacent units. Toward the periphery pulmonary arteries
branch more frequently than the airways and thus form “supernumerary” branches (arrows)
that lead blood into gas-exchange units. Scale bar 5 mm.
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Figure 54.
Periphery of plastic cast of human airways and arteries where the airway cast extends into

the first few generations of the acinus also filling alveoli. The green arrow marks the
transitional bronchiole. Note that the pulmonary artery branches (red) branch along with the
airways even into the acinus with many “supernumerary” to feed alveolar capillary networks
(compare Fig. 14). Scale bar 1 mm.
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Figure 55.
Plastic cast of human lung airways and vasculature seen from the pleura with

bronchoarterial units (circle) surrounded by tufts of pulmonary veins showing the mosaic
architecture of peripheral respiratory units. Scale bar 5 mm.
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Figure 56.
Silicon rubber cast of human acinus beginning with the transitional bronchiole (tb) where

the first alveoli appear (arrows). Taken, with permission, from (126).
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Figure 57.
Scanning electron micrograph of an acinus of a human lung where some of the alveolar

ducts and sacs were trimmed off to show the internal organization with respiratory
bronchioles (R) following on the transitional bronchiole (T) leading to alveolar ducts (AD)
and sacs (AS). The two straight lines delimit a 1/8 subacinus. Modified taken, with
permission, from (126).
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Figure 58.
Frequency distribution of acinar volume in human lungs. Taken, with permission, from

(126).
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Figure 59.
Branching pattern of acinar airways in average size human acinus. The first three

generations are respiratory bronchioles with incomplete alveolar sleeve. The 1/8 subacini
that follow on these respiratory bronchioles represent parts of the acinus where the entire
airway surface is occupied by alveoli. Taken, with permission, from (126).
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Figure 60.
Change of length and diameters of airway segments with progressive generations of

branching. Taken, with permission, from (126).
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Figure 61.

Distribution of longitudinal path length from transitional bronchiole to terminal sacs. Taken,

with permission, from (126).
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Figure 62.
Alveolar capillary network unit corresponding to an alveolar wall segment with connecting

arteriole (PA) and venule (PV) extending to alveolar entrance ring (AER).
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(A) (8)

Figure 63.
Models of ventilation-perfusion relationship in the mammalian pulmonary gas exchanger.

(A) Parallel ventilation-parallel perfusion. (B) Serial ventilation-parallel perfusion. Taken,
with permission, from (310).

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hsia et al. Page 140

Figure 64.
Central part of the acinar airways beginning with transitional bronchiole (T) and leading into

the branched alveolar ducts. On inspiration air flows in by convection (straight arrows), but
as flow velocity falls diffusion of O, (wiggly arrows) becomes the dominant mechanism for
bringing O, to the gas-exchange surface. All along acinar airways O is absorbed by the
capillary blood in the septa (inset, arrowheads). Taken, with permission, from (266).
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Figure 65.
Typical path model of human pulmonary acinus showing the distribution of capillary volume

per acinar airway generations of a symmetric branching pattern. Gas-exchange surface
shows the same distribution pattern due to doubling the number of segments with each
generation.
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Figure 66.
Variation of the human acinus Peclet number at exercise and at rest as a function of the

depth in the acinar pathway. One observes a large shift between rest and exercise. The
transition from convection to diffusion is moved from generation 18 to 21. Taken, with
permission, from (310).
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Figure 67.
Spatiotemporal distribution of the local partial pressure of oxygen A(x,5, as a function of the

generation (the integrative permeability is taken equal to 3.5 m/s). The time t=0
corresponds to the beginning of inspiration. Note that the pressure increases to reach the
value P10, only after a delay corresponding to the time of flight of air from the mouth to the
acinus entrance (located at the rear of the figure). Taken, with permission, from (98).
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Spatial variation in alveolar PO, down the acinar airway tree at end inspiration (A) and end
expiration (B) for rest and moderate exercise conditions. Error bars show maximum and

minimum values at different acinar path lengths. Taken, with permission, from (336).
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Figure 69.

Normal ventilation/perfusion (VA/ Q) ratio distribution in a healthy subject at sea level
(uppen), and abnormal distribution in a subject who developed pulmonary edema at
simulated high altitude (middle and lower). In the latter subject at rest, there is a 15% shunt

and an additional 10% of cardiac output perfusing areas of low VA / Q (middle). Upon

exercise, shunt increased to 29%, with 17% of the cardiac output perfusing low VA / Q areas
(lower). Taken, with permission, from (170,195).
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Figure 70.
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Ventilation/perfusion (V A/ Q) maps and distribution of ventilation and perfusion to

different VA / Q compartments as derived from electrical impedance tomography. On the

color scale red indicates shunt, green indicates VA/ Q =1.0, and white indicate dead space
ventilation. (A—C) From a mechanically ventilated pig with normal lungs; (D-F) from the
same animal after induction of atelectasis of the left lung. Taken, with permission, from
Peterssen and Glenny (280) based on data of Costa et al. (56).
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Figure 71.
Anatomical and functional microvascular recruitment of subpleural alveolar capillaries.

Upper. Anatomical recruitment in canine lung is observed by /n vivo videomicroscopy. The
number of subpleural alveolar capillaries perfused by erythrocytes increases progressively
with increasing pulmonary perfusion or vascular pressure (267). Lower. Functional
recruitment of DL with respect to cardiac output in healthy human subjects from rest to
peak exercise indicates the utilization of microvascular reserves for gas exchange. Adapted,
with permission, from (170).
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Figure 72.

Diffusion-perfusion (DL / Q) ratio. Left. The DL/ Q ratio normally declines as cardiac
output increases from rest to exercise. Middle: Relationship between end-capillary blood O,

saturation (Sc’O,) and DL/ Q The exercise-related decline in DL/ Q does not alter Sc’ O,
in average subjects but may fall below a critical threshold in athletes who reach a higher
maximal cardiac output, causing end Sc’ O, to fall. Right: The magnitude and distribution of

DL/ Q determine the average alveolar-capillary transit time and Sc’O,, shown for a normal
subject and a subject with pulmonary fibrosis. Intersections of the vertical dashed lines with
the curves indicate the predicted Sc”O, at rest and maximal exercise. In pulmonary fibrosis,
alveolar capillary obliteration causes Sc”O, to be lower at any given exercise intensity. In

addition, Sc”O; is lower at a given mean transit time due to uneven distribution of DL/ Q
ratio among the remaining capillaries. Adapted, with permission, from (152) and (170).
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Schematic diagram illustrates active regulation of O, loading and unloading in the lung and

the periphery via the Psq of the ODC. Adapted, with permission, from (168).
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Red blood cell

Page 150

Tissue

co,

Figure 74.
Coupled O, and CO, exchange by erythrocytes. In peripheral capillaries,

CO», diffuses from

tissue into erythrocytes and is converted by carbonic anhydrase (CA) to bicarbonate
(HCO3") and proton (H™). Proton binds to a histidine residue on globin to stabilize the

deoxyhemoglobin conformation, thereby facilitating O, release to tissue.

COy, also binds

directly to oxyhemoglobin to form carbaminohemoglobin, which facilitates O, release.
Bicarbonate is shuttled out of the cell via the membrane transporter anion exchanger (AE)-1.
Any excess H+ ions are shuttled out of the cell via the NHE. In pulmonary capillaries, these

reactions run in reverse.
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Figure 75.
Allosteric O-CO,-NO interactions with hemoglobin (Hb) inside erythrocytes. CO, binds to

terminal amine groups of the globin chain to form carbamino (NCO,) hemoglobin. NO can
bind to sulfhydryl groups at a cysteine residue (Cysf93) to form S-nitrosohemoglobin
(SNO-Hb) or be scavenged by the ferrous (Fe) binding site. In the pulmonary capillary,
inspired O, reacts with Fe to form oxyhemoglobin (HbO,), causing conformational changes
that facilitate unloading of CO, from NCO, and NO from Fe-binding sites while facilitating
the formation of SNO-Hb. The exact opposite process occurs in peripheral capillaries where
05 is unloaded from HbO,. Conformational changes associated with the formation of
deoxyhemoglobin (Hb) facilitates CO, loading to form NCO, as well as NO dissociation
from SNO-Hb. The released free NO may be scavenged by the Fe binding sites or bind other
thiol carriers and exit the erythrocyte to modulate local vasodilation. These coupled
interactions optimize gas exchange in the lung and the periphery.
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Figure 76.
Mechanical interactions between the lung and the thorax during lung growth. Adapted, with

permission, from (154).
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Figure 77.

Allometric scaling of maximal O, consumption (Vozmax), muscle mitochondrial volume
[V(mt)], and morphometric pulmonary diffusing capacity (DLgp) in mammals weighing
from 20 g to 500 kg. Taken, with permission, from (396).
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Effect of the size of acinar pathway on the PO, profile at the alveolar surface. (A)
Micrographs of mouse, rat, and human acini at same magnification; arrows indicate path
length. (B) Model acini of different length showing parallel perfusion and serial ventilation
with hypothetical PO, profiles. Taken, with permission, from (376).
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Figure 79.

Matching the capacities of O, transport components. Maximal O, uptake and the capacities
of the transport steps are shown in untrained college students at baseline, and after bed rest
and physical training, compared to elite Olympic athletes. The capacities of cardiac output
and peripheral tissue O, extraction are much more malleable to physical training than that of
ventilation or lung diffusion. In Olympic athletes, all capacities are well matched. Data are

from Saltin et al. (306). Adapted, with permission, from (151).
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Figure 80.
Stimulus-response relationships in canine compensatory lung growth. Average fold changes

in air space volume (fgp) and extravascular alveolar tissue volume (bottorm) are shown in
individual adult canine lobes that remain following different degrees of lung resection. Data
are expressed as ratios with respect to the same lobe in control animals following sham lung
resection. Left: 42% resection by left pneumonectomy; middle. 58% resection by right
pneumonectomy; right: 70% resection by bilateral removal of four or five of the seven lobes.
Mean + SD. P< 0.05, * versus control (1.0); T versus 42%; a, versus right middle (RM)
lobe; b, versus right infracardiac (RI) lobe; ¢, versus left cranial (LCr) lobe. Other lobes are
RCr: right cranial, RCa: right caudal, LM: left middle (also known as inferior segment of
LCr lobe), LCa: left caudal. Taken, with permission, from (297).

Compr Physiol. Author manuscript; available in PMC 2016 September 16.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hsia et al.

thettd

Type-| epithelium
Type-ll epithelium
Noncollagen interstitium
Collagen

Endothelium

Capillary blood

K

Fold increase in cell volume
PNX/SHAM
M
w

0 10 20 30
Weeks after PNX

Figure 81.

Page 157

Relative increases in the volume of septal tissue and blood components in the remaining
lung of young canines (~3 months old) 3 weeks (Hsia, original data) or ~43 weeks (338)

after undergoing right pneumonectomy. Data are expressed as ratios to that in the
corresponding lung of control animals following sham pneumonectomy.
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Figure 82.
Functional consequences of dysanaptic lung growth. Pulmonary vascular resistance at a

given O, uptake (/ef?) and ventilatory power requirement at a given minute ventilation
(middle) increase with increasing lung resection (removing 58% or ~70% of total lung units)
and with mediastinal distortion (U: unbalanced resection, removing ~55% and ~15% of total
lung units from right and left sides respectively. B: Balanced resection, removing ~35% of
total units from each side) while DL per unit of remaining lung continues to increase
along a similar relationship with respect to pulmonary blood flow (righf), indicating more
vigorous compensation in alveolar function compared to that in bronchovascular function.
Values are mean £ SD. *P< 0.05 versus Sham. T £< 0.05 versus 58%. § £< 0.05 versus
70% balanced. Adapted, with permission, from (155).
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Structural and functional compensation in guinea pig lungs during high altitude (HA, 3800
m) residence compared to control animals raised at a lower altitude (LA, 1200 m) or sea
level (SL). (A) Alveolar septal tissue volume. (B) Alveolar surface area. (C) Harmonic mean
thickness of the diffusion barrier. Adapted from (180). (D) Lung diffusing capacity for
carbon monoxide (DL¢g) with respect to pulmonary blood flow measured after 4 months of
exposure. *P< 0.05 versus SL, § £< 0.05 versus LA by comparison of regression lines.

Adapted, with permission, from (414).

Compr Physiol. Author manuscript; available in PMC 2016 September 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hsia et al.

0.12 4

0.10 1

0.08 |

0.06 4

0.04 -+

Double capillaries
(fraction of total capillaries)

0.02 4

0.00-

SHAM

L-PNX

Page 160

Double

L-PNX RA
R-PNX
R-PNX RA
SHAM
R-PNX

Figure 84.

Adult dog Puppy

An increased prevalence of “double capillary” profiles reflects an attempt at new alveolar
capillary formation but also distorts alveolar septal architecture. Electron micrographs
illustrate typical double and single alveolar capillary profiles. Bar graph shows the
prevalence of double capillary profiles in the lung of adult dogs and puppies under different
experimental conditions. Mean + SD. Sham: normal; L-PNX: left pneumonectomy; R-PNX:
right pneumonectomy; RA: pneumonectomy followed by all-trans-retinoic acid
supplementation. * < 0.05 versus adult Sham; #£< 0.05 versus puppy Sham. Adapted, with

permission, from (169).
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Morphometric Estimate of D, ,, for Young, Healthy Adults (70-kg Body Weight, 175 cm Height)?

Morphometric data (mean + 1 SE)

Total lung volume (60% TLC)
Alveolar surface area
Capillary surface area

Capillary volume

4340
130
115
194

Air-blood tissue barrier thickness

Arithmetic mean
Harmonic mean
Total barrier thickness

Harmonic mean

2.2
0.62

111

+0.1

mL

m2

mL

pm

pm

pm

Table 1

Conductances

6o, (ML O,:min~L-torr-1:mL(blood)™)

(mL/min/mmHg) 15b 3.0¢ 1.8d

Membrane 332 332 332
DMO2

Erythrocytes 319 639 383
DE()2

Total 163 219 178
DLOQ

aFrom Gehr et al. (109) and Weibel et al. (388).

bHoIIand etal. (142).

clntroducing “slowing factor” of Holland et al. (141, 142).

d“Effective" mean 602 considering fall along capillaries.
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