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Preface

It is my great pleasure to dedicate this fabulous book to the memory of two presti-
gious scientists in the field of pulmonology and their adorable wives. One is
Professor Dr. Johannes Piiper and Mrs. Ilse Piiper in Gottingen, Germany. The other
is Professor Dr. Ewald Rudolf Weibel and Mrs. Anna Verena Weibel in Bern,
Switzerland. Johannes and Ewald inspired me, with enthusiasm, about the impor-
tance of always recognizing the structure and functional relationships in the lung.
Johannes guided me from the physiological (functional) perspectives, while Ewald
from the morphological (anatomical) perspectives. Thus, their instructions have laid
my clinical basis today.

Johannes Piiper was born in 1924 in Tartu, Estonia, and deceased in 2012.
Although he spent a peaceful time in his adolescence, this abruptly came to an end
due to the annexation of Estonia by the Soviet Union in the summer of 1940. At the
end of 1946, he went to Géttingen because a large camp for Baltic refugees was set
up there. Fortunately, the University of Gottingen accepted him as a student of med-
ical course. In 1958, he visited the United States to work with Prof. Hermann Rahn
at the University of Buffalo. In 1960, he finalized the habilitation for physiology at
the University of Gottingen. In 1973, he was appointed as the Director of the
Department of Physiology of the Max Planck Institute for Experimental Medicine
in Gottingen. In 1992, he retired from the institute. The research field of Piiper’s
group was very wide, including special gas exchange mechanisms in many animals,
including humans, dogs, small mammalians, high-altitude mammalians, birds,
fishes, and so forth. Of them, the diffusion limitation in alveolar gas phase and
alveolar septa in the human lung is the most appreciated work of Piiper. He devel-
oped the well-known concept of simultaneous distribution of ventilation-perfusion
(VA/Q) and diffusion capacity-perfusion (D/Q) in the lung.

Ewald R. Weibel was born in 1929 in Buchs AG, Switzerland, and died in the
spring of 2019. He started his academic career at the Medical School of Ziirich,
Gottingen, and Paris. He studied under Prof. Averill A. Liebow at Yale University,
Profs. Andre F. Cournand and Dickinson W. Richards at the University of Columbia,
and Prof. George E. Palade at the Rockefeller University of New York. In 1966, he
was promoted to the Professor and Chairman, Institute of Anatomy, University of
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Bern, in Switzerland. In 1994, he stepped down from the position. He acted as the
Editor-in-Chief of Journal of Microscopy and that of American Journal of
Physiology: Lung Cellular and Molecular Physiology. The most prominent achieve-
ment of Weibel would be the publication of the book entitled Morphometry of the
Human Lung (Springer Verlag and Academic Press, Berlin, New York, 1963). This
book still plays a biblical role in the field of pulmonary anatomy even today. In
2010, Weibel and colleagues published an official research policy statement of ATS/
ERS concerning standards for quantitative assessment of lung structure. The mor-
phometric estimate of pulmonary diffusing capacity determined by Weibel’s group
is the monument in this field.

This book is prepared for the young physicians and researchers who are actively
engaged in clinical, morphological, or physiological works in the field of respira-
tion. The morphological and physiological approaches are both equally important
for upraising the quality of basic science and that of clinical medicine targeting the
human respiratory system. This book sheds light on the morphological backgrounds
of various functional parameters, including respiratory control system, dynamics
and gas transport in upper and lower airways, acinar gas exchange, and gas transfer
through alveolar septa. Finally, I would like to offer my sincere gratitude to all of
them who contributed to the writing of this book and to Springer Nature Ltd. for
cleverer decision on publishing this book.

Tokyo, Japan Kazuhiro Yamaguchi
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Chapter 1

Anatomy and Physiology of Respiratory
Control System: How Are Respiratory
Controlling Cells Communicating

in the Brain?

Yasumasa Okada, Shigefumi Yokota, and Isato Fukushi

Abstract Autonomic respiratory rhythm is generated in the neuronal networks in
the lower brainstem, and the generated neural respiratory output is transmitted to
respiratory muscles via cranial and spinal cord motor nerves to control upper airway
patency and intrathoracic pressure. Among the respiratory neuronal networks, the
pre-Botzinger Complex located in the bilateral ventrolateral medulla is the kernel
for respiratory rhythm generation. In this chapter, we overview the localization of
the neuronal networks and anatomical and physiological connectivity among the
respiratory neurons. We also introduce the influential theories on the physiological
mechanisms of respiratory rhythm generation and discuss how respiratory rhythm
is disturbed in pathological conditions.

Keywords Astrocyte - Brainstem - Hypothalamus - Medulla oblongata - Pons
Respiratory control - Respiratory rhythm - Spinal cord
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1 Introduction

Neural respiratory output drives respiratory muscles and maintains ventilation.
Thus, persistent generation of adequately regulated neural respiratory output,
i.e., respiratory rhythm and pattern, is essential for a healthy life. Although
respiratory rhythm and pattern could be changed intentionally, they are usually
maintained unconsciously. Autonomic respiratory rhythm and pattern are gener-
ated in the neuronal networks in the lower brainstem and spinal cord, and the
generated neural respiratory output is transmitted to respiratory muscles via cra-
nial and spinal cord motor nerves to control upper airway patency and intratho-
racic pressure [1]. The neuronal network in the brainstem also receives
information from various central and peripheral sensing mechanisms detecting
the internal and external environmental changes. We overview the anatomy and
physiology of the respiratory rhythm generating cellular networks and review
how these respiratory rhythm generating cells are communicating in the brain
and spinal cord.

2 Localization and Anatomy of Respiratory Rhythm
Generating Neuronal Populations

Although it has been known that basic respiratory rhythm is generated in the
brainstem, it had been mistakenly believed that the midbrain, especially the cor-
pus quadrigemina, is the most important site [2], until Lumsden (1923) found that
the midbrain does not play a vital role and that the medulla oblongata produces
essential basic respiratory rhythm, although the pons is necessary for the genera-
tion of normal breathing pattern, on the basis of brainstem sectioning experiments
in cats [3]. Since those times, the brainstem mechanisms of respiratory rhythm
generation have been studied using in vivo animals. However, in 1984 a new type
of experimental preparation was developed, i.e., the isolated brainstem—spinal
cord preparation that produces respiratory rhythm in vitro [4]. This preparation
caused a revolutionary change in the study of central respiratory control. By maxi-
mally utilizing the advantage of in vitro preparations, researchers could have con-
ducted various experiments using brainstem sectioning and lesioning,
pharmacological, electrophysiological, and imaging techniques that are impossi-
ble in in vivo animals [5—7]. On the basis of these in vivo and in vitro studies, we
summarize the localization and anatomy of the respiratory rhythm generating neu-
ronal populations. Respiratory neurons, i.e., neurons that fire in synchrony with
respiration and are involved in respiratory control, are located in various brain and
spinal cord regions, but neurons that play vital roles in respiratory rhythm genera-
tion are distributed in the pons and medulla oblongata. Localization of major
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Fig. 1.1 Localization of respiratory neuron populations in the mouse brainstem. (a) Sagittal view.
B, C, D, E, F, and G denote the levels corresponding to the transversely sectioned pictures b, ¢, d,
e, f, and g, respectively. Amb ambiguous nucleus, BotC Botzinger Complex, cVRG caudal ventral
respiratory group, DRG dorsal respiratory group, KF Kolliker-Fuse nucleus, LR? lateral reticular
nucleus, pFRG parafacial respiratory group, PRG pontine respiratory group, RTN retrotrapezoid
nucleus, rVRG rostral ventral respiratory group, scp superior cerebellar peduncle, SpV spinal tri-
geminal nucleus, vsct ventral spinocerebellar tract, VII facial nucleus

respiratory neuron groups in the pons and medulla oblongata is shown as histo-
logical pictures (Fig. 1.1). It has been widely known that there are clusters of
respiratory neurons distributed bilaterally in the ventrolateral medulla as longitu-
dinal columns and they are called the ventral respiratory group (VRG) or ventral
respiratory column (VRC) [1]. Below are the especially important neuron
populations.
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2.1 Pre-Botzinger Complex (preBotC)

In 1991 Smith et al. conducted brainstem transverse sectioning experiments
using the isolated brainstem—spinal cord preparation, principally with the same
experimental concept with the historical in vivo experiments by Lumsden (1923)
[3], gradually and stepwise removed either rostral or caudal portion of the brain-
stem by monitoring neural respiratory output from cranial or C4 spinal cord
motor nerves, and found that a distinct level of the medulla oblongata contains
the region where the kernel of the respiratory rhythm generating population
exists (Fig. 1.2) [8]. Then, they cut out a slice with several hundred micrometer
thickness containing this level from the medulla and confirmed that thus cut out
thin slice preparation still generates respiration-like rhythmic activity in vitro.
This slice preparation is often called “breathing slice” or “rhythmically active
slice” and has been widely applied to the study of respiratory control [8—10].

8

Fig. 1.2 (a) Isolated brainstem—spinal cord preparation with its ventral side up. Neural respiratory
output can be monitored through a glass suction electrode from the fourth ventral roots of the
cervical spinal cord (C4). The medullary layer between the two red dotted lines corresponds to the
level of breathing slice. (b) Top. Sagittal view of the brainstem. Middle. The brainstem was sec-
tioned from the rostral side 75 pm-stepwise by monitoring neural respiratory output from spinal
C4 motor nerves. Bottom. Respiratory rhythm was reduced and finally eliminated after sectioning
of the preBotC (levels 8-10) [8]
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Furthermore, they identified a limited region in a part of the VRG that contains
neurons essential for rhythmogenesis and named it the pre-Botzinger Complex
(preBotC) [8]. They analyzed the function of preBotC neurons and demonstrated
that these neurons have voltage-dependent pacemaker-like properties and the
intrinsic bursting frequency of these pacemaker neurons depends on the baseline
membrane potential, suggesting that rhythm generating network in the preBotC
consists of synaptically coupled pacemaker neurons [8, 9]. Then we have ana-
lyzed detailed anatomical and functional connectivity to and from the preBotC
[10]. Anatomical tract-tracing demonstrated that neurokinin-1 receptor- and
somatostatin-immunoreactive preBotC neurons, which are putatively involved in
respiratory rhythm generation, are embedded in the plexus of axons originating
in the contralateral preB6tC. By voltage imaging in rhythmically active slices of
neonatal rats, we visually analyzed origination and propagation of inspiratory
neural activity as depolarizing wave dynamics on the entire transverse plane as
well as within the preB6tC, and for the first time demonstrated the inter-preBotC
conduction process of inspiratory action potentials. Collectively, we comprehen-
sively elucidated the anatomical pathways to and from the preB6tC and dynam-
ics of inspiratory neural information propagation: (1) From the preBo6tC in one
side to the contralateral preB6tC, which synchronizes the bilateral rhythmogenic
kernels, (2) from the preBotC directly to the bilateral hypoglossal premotor and
motor areas as well as to the nuclei tractus solitarius (nTS), and (3) from the
hypoglossal premotor areas toward the hypoglossal motor nuclei (Fig. 1.3) [10].
Although the anatomy and physiology of the preB6tC have been studied mainly

b

preBotC

(L/R)

nXIl

A | 0.5%

500 ms

1 mm

[ - — -]
013 0.6 p{llp
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Fig. 1.3 Spontaneous inspiratory activities in the entire plane of a rhythmically active slice visual-
ize by voltage imaging. (a) Membrane potential images are shown from the onset (b, arrow) of the
hypoglossal nerve (XIIN) inspiratory activities. The bilateral preB6tC and nXII showed local
peaks. Time courses of fluorescence intensity changes in the regions (squares, 260 ms) are shown
in b, left (L, gray) and right (R, black) along with the integrated XIIN activity. Inspiratory activities
of the nTS (*) and the inter-preBotC tract (arrowheads) were visualized (a, 260 ms) [10]
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in rats and mice, the preBotC has been identified also in humans [11]. The human
preBotC is characterized by an aggregation of loosely scattered small neurons,
which contain neurokinin 1 receptor as well as somatostatin (Fig. 1.4).

2.2  Parafacial Respiratory Group (pFRG)

In 2003 another respiratory oscillator was found in the most rostral portion of the
ventrolateral medulla, superficial to the facial nucleus, by voltage imaging, and
it was referred to as the parafacial respiratory group (pFRG) [12]. The popula-
tion of pre-inspiratory neurons were identified in the pFRG and it was proposed
to be involved in the primary respiratory rhythm generation [12]. We evaluated
developmental changes of the pFRG and preBotC functions, and demonstrated
that in the very neonatal stage the pFRG mainly drives inspiration and significant
reorganization of the respiratory neuronal network, characterized by a reduction
of pre-inspiratory activity in the pFRG, occurs at P1-P2 in rats [13]. It is also
believed that further later, i.e., in a juvenile stage, the pFRG functions as a
rhythm generator for active expiration [14]. In any case, the pFRG and preBotC
are functionally coupled, but their coupling status changes according to the
developmental stage, physiological condition, and neuronal excitability within
each oscillator [15, 16].

9 mm Obex

preBotC
xt’

Fig. 1.4 The preBotC identified in the human medulla. (a) Schema of the ventral medulla. The
preBotC is localized in the ventrolateral medulla, caudal to the facial nucleus (VII) and rostral to
the lateral reticular nucleus (LRN). (b) On a transversal section at + 9 mm to the obex, the preB6tC
is located lateral to the inferior olive (IO) ventral to the compact part of the ambiguous nucleus
(Amb) and medial to the spinal trigeminal tract (SpV). (¢) On the ventrolateral surface of the brain-
stem, the preBotC is positioned in the retro-olivary sulcus lateral to the IO and the rostral rootlets
of the hypoglossal nerve (XII) and medial to the ventral rootlets of the vagal nerve (X). ICP, infe-
rior cerebellar peduncle [11]



1 Anatomy and Physiology of Respiratory Control System: How Are Respiratory... 9
2.3 Post-inspiratory Complex (PiCo)

Recently, an excitatory network that generates the post-inspiratory neuronal activity
in mice has been reported [17]. Glutamatergic—cholinergic neurons form the basis
of this network, and GABA-mediated inhibition determines the timing and coordi-
nation relative to inspiration. This network was named the post-inspiratory complex
(PiCo). It has been argued that the PiCo has autonomous rhythm-generating proper-
ties, is necessary and sufficient for post-inspiratory activity in vivo, and also shows
distinct responses to neuromodulators as compared to other excitatory brainstem
networks [17]. In mammals, breathing is composed of three phases, i.e., inspiration,
post-inspiration, and active expiration, and it has been proposed by the group of
Ramirez that each of the three phases of breathing is generated by a distinct excit-
atory network: the preBotC, which has been linked to inspiration; the PiCo, for the
neuronal control of post-inspiration; and the parafacial respiratory group (pFRG),
which has been associated with active expiration, a respiratory phase that is recruited
during high metabolic demand, respectively [18].

2.4 Pontine Respiratory Group (PRG)

Although the medulla is the center for respiratory rhythm generation, there are sev-
eral groups of neurons in the pons involved in respiratory control, and they are
called pontine respiratory group (PRG) [19-22]. Although sensory feedback from
pulmonary stretch receptors (Breuer—Hering reflex) is the major mechanism for the
determination of the inspiratory/expiratory phase transition, pontine-based control
of inspiratory/expiratory phase transition by both the pontine Kolliker-Fuse nucleus
(KF) and parabrachial complex is also important [19-21]. The report on the PiCo is
not consistent with this classical concept above, regarding the initiation mechanism
of expiration (i.e., inspiratory/expiratory phase transition) [17, 21], and further stud-
ies are necessary to clarify the precise mechanism of the inspiratory/expiratory
phase transition.

2.5 High Cervical Respiratory Group (HCRG)

Although it is without a doubt that autonomic respiratory rhythm is primarily gener-
ated in the lower brainstem, it has been reported that when the neuraxis is transected
at the level of medullo-spinal cord junction (but not at the level caudal to the C3
spinal cord segment), spontaneous rhythmic breathing occurs transiently in cats,
suggesting that there are accessory oscillators in the upper cervical spinal cord [23].
Capability of respiration-like rhythm generation by C1-C2 spinal cord neurons was
reported also in the isolated brainstem—spinal cord preparation of neonatal mice
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[24]. We identified a novel region that extends from the medullo-spinal cord junc-
tion to the C2 spinal cord segment, ~300 pm deep from the ventral surface in neo-
natal rats, and termed it the high cervical respiratory group (HCRG). We recorded
pre-inspiratory and inspiratory neurons in this region. HCRG neurons are distinct
from motoneurons, because they are small and spindle-like in shape, and have only
two or three long processes, and maybe interneurons involved in respiratory rhyth-
mogenesis in the cervical spinal cord [25, 26].

2.6 Respiration-Related Oscillators in Higher Brain Regions

It is possible that there exist respiration-related oscillators in brain regions further
rostral to the pons. We found respiration-coupled rhythmic activity in the lateral
hypothalamic area (LHA) by voltage imaging [27]. We consider that the hypotha-
lamic regions including the LHA and dorsomedial hypothalamus (DMH) drive
respiratory rhythm, e.g., by secreting awake-promoting substance orexin to wide
areas of the brain including the pontine and medullary respiratory regions (Fig. 1.5)
[27]. Onimaru and Homma (2007) found that neurons in the limbic regions, i.e., in
the piriform—amygdala regions, show spontaneous rhythmic activities synchronized

dorsal

rostral caudal

ventral

preBo6tC

Fig. 1.5 Neuronal populations in the hypothalamus make complex communications within the
hypothalamus and with nuclei in the midbrain, pons, medulla, and other brain areas. These path-
ways and circuits enable the hypothalamus to play roles in the regulation of breathing. (a) The
projections from/to the PVN. (b) The projections from/to the PFA. (¢) The projections from/to the
DMH. DMH dorsomedial hypothalamus, PFA perifornical area, PVN paraventricular nucleus, PAG
periaqueductal gray, KF Kolliker-Fuse nucleus, PBN parabrachial nucleus, preBotC pre-Botzinger
complex, RVMM rostral ventromedial medulla, N7'S nucleus tractus solitarius [27]
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DMH RVLM/RVMM

RVLM/RVMM

Fig. 1.5 (continued)

with respiratory output [28]. These respiration-synchronized neuronal activities
may serve as an auxiliary respiratory rhythm generator, especially in an awake and
stress-induced condition, but their precise physiological significance awaits further
investigation.

3 Mechanisms of Respiratory Rhythm Generation

The mechanism of respiratory rhythm generation has long been one of the most
important research topics in the field of respiratory physiology. There are various
types of neurons in the ventrolateral medulla where respiratory rhythm is generated.
Each type of neuron shows a distinctive respiration-related firing pattern, and at
least some of them should interact and be actively involved in respiratory rhythm
generation. Although it has been extensively studied, yet the precise rhythmogenic
mechanism has not been fully clarified. There have been a couple of theories and
hypotheses proposed; however, none has been fully accepted. Below we introduce
currently proposed influential theories.
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3.1 Pacemaker Theory

There indeed exist neurons with pacemaker properties in the respiratory network in the
rodent brainstem. There are two kinds of pacemaker currents, one is a persistent
sodium current (Iy,p) and the other is a nonspecific cation current (Icay). When both
Iy.p and Icay are suppressed, respiratory rhythm disappears. However, it must be noted
that when the respiratory network activity is boosted by the application of substance-P,
once disappeared respiratory rhythm emerges again, suggesting that respiratory
rhythm could be generated even without pacemaker current when the activity level of
the respiratory network is sufficiently high and that there is also a pacemaker current-
independent mechanism in respiratory rhythm generation (Fig. 1.6) [29].

3.2 Network Theory

Historically the network theory has been long supported by researchers especially
as the model of in vivo respiratory rhythm generation [30-32]. In the representative
model, respiratory rhythm is generated by network interaction among excitatory
and inhibitory neurons in which an excitatory pre-inspiratory/inspiratory (pre-1/1)
neuron with a pacemaker property is a key inspiratory generator that initiates
inspiration, drives inspiratory premotor neurons and motoneurons and receives

a Control 100 uM FFA Washout 100 uM FFA +2uM SP
+20 uM RIL
| |
Y .JI' Ui L .uk k l\ _,L_‘L s —— A e N e
la
| | | Vo \ | | \
\ \ | |‘ A _ h)—'k.._._..__‘ i N_,ﬁ,_JIL,_,
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: |&mv
JL M {' (last burst) 3s
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Fig. 1.6 Rhythm generation in the presence of riluzole (RIL) and flufenamic acid (FFA), blockers
of pacemaker currents, /y,p, and Icax, respectively. Coapplication of RIL and FFA abolishes respi-
ratory rhythm. However, the rhythm is rescued with substance-P (SP), which depolarizes cells and
boosts excitability but does not directly cause pacemaker properties. (a) Continuous segments of
the experiment. (b) Examples of cellular respiratory drive and XII output plotted with greater time
resolution. This finding suggests that a bursting-pacemaker activity is not essential for rhythmo-
genesis and normally pacemaker currents contribute to rhythmogenesis only by enhancing the
general excitability of the network [29]
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inhibition from inhibitory neuron network ring composed of mutually inhibiting

early-inspiratory (early-I), augmenting-expiratory (aug-E) and post-inspiratory
(post-I) neurons (Fig. 1.7) [31, 32]. The network hypothesis of respiratory rhythm

a core microcircuitry
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Fig. 1.7 The core microcircuitry within BotC and preBotC respiratory compartments and activity
patterns of respiratory neuron populations of the core circuitry that schematically represents the
network theory. (a) The main interacting neuronal populations in these compartments operating
under the control of external excitatory drives from the pons, RTN, and raphe nuclei. Spheres
represent neuronal populations (excitatory, red, including tonic drives to the different populations;
inhibitory, blue). Red arrows, excitatory connection, small blue circles, inhibitory connection.
Inhibitory neurons distributed in the B6tC and preBotC compartments are interconnected in a
mutual inhibitory ring-like circuit. (b) Respiratory neuron population activity patterns by the
color-filled activity profiles representing integrated population activity [31]
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generation is supported by our observation that there are abundant GABAergic
inhibitory respiratory neurons in the mouse preBotC as well as by our experiments
using GABA-synthesizing enzyme (GAD67) knockout mice in which the most
important inhibitory neurotransmitter GABA was highly reduced and the mice
could not generate normal regular respiratory rhythm (Fig. 1.8) [33, 34]. On the
other hand, the network hypothesis is not consistent with the experimental findings
in which even after the inhibitory synaptic transmission, an essential element in the
network mechanism, was eliminated, animals could still maintain respiratory
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Fig. 1.8 (a) In vivo ventilatory movement recorded by whole-body plethysmography. Respiratory
rhythm in GAD67+/+ mice (left) was regular and tidal volume was relatively uniform. Irregular
respiratory rhythm and apnea were observed in GAD67-/- mice (right). Large variations in tidal
volume and gasp-like ventilation with body movement (indicated by star symbols) were observed
in GAD67-/- mutant mice. (b) Rhythmic activity recorded from C4 ventral roots in in vitro brain-
stem—spinal cord preparations. Typical recordings obtained from GAD67+/+ (left) and GAD67-/-
(right) mice. Rhythm and amplitude of integrated C4 (Integ.C4) bursts of GAD67+/+ mice were
regular and constant in contrast to those of GAD67-/- mice, which often showed a large amount of
nonrespiratory activity with long durations (indicated by star symbols). These findings indicate the
importance of inhibitory neurotransmitter GABA in respiratory rhythm generation [34]
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Fig. 1.9 Effects of bicuculline (BIC) and strychnine (STR) on inspiratory-phase inhibitory post-
synaptic potentials (IPSPs) of a current clamped preBo6tC expiratory neuron and on the respiration-
related rhythmic motor outflow of the hypoglossal nerve root (XII n). The findings that BIC and
STR failed to abolish respiration-related rhythm indicate that inhibitory neurotransmission is not
essential for respiratory rhythm generation, contradictorily to the network theory [35]. (a) Slice
anatomy, electrophysiological recording setup and effects of BIC. XII, hypoglossal nucleus; NA,
nucleus ambiguus. (b) Effects of STR

rhythm, suggesting that the network mechanism is not essential for respiratory
rhythm generation (Fig. 1.9) [35]. It has been also believed by a number of research-
ers that the respiratory rthythm generating mechanism changes with development
from a pacemaker-driven at the neonatal stage to a network-dependent requiring
synaptic inhibition at the more matured stage [36].

3.3 Group Pacemaker and Burstlet Theory

The group of Feldman and Del Negro is criticizing both the pacemaker and network
theories, and alternatively proposing a group pacemaker and burstlet theory, in
which respiratory rhythm is generated as follows. Inspiration starts with a mostly
silent network status after preceding inspiration. Then, spontaneous activity in a few
preBotC neurons induces postsynaptic activity in other preBotC neurons by mutual
excitation. This mutual excitation induces inward currents in preBotC neurons,
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Fig. 1.10 Schema representing the group pacemaker and burstlet theory. (a) In vitro recordings of
preBotC field potentials and hypoglossal nerve (XI1) activity showing rhythmic inspiration-related
output at several levels of excitability determined by changes in the extracellular K* concentration.
(b) Schematic of network activity underlying burstlets, bursts, and X1l output. Numerals indicate
different stages of the trajectories in part a: 1, refractory state following inspiration; 2, spontaneous
spiking resumes in some neuronal constituents; 3, active neurons are mutually reinforcing owing
to recurrent synaptic interconnections, resulting in low amplitude pre-inspiratory activity (burst-
let); and 4, the burstlet triggers a full burst, which propagates to pattern-related preBotC neurons,
premotor neurons, and motoneurons, generating X1l motor output [38]

causing a network-wide burst. This burst is followed by a transient refractory period
possibly due to intrinsic activity-dependent outward currents and synaptic depres-
sion that does not require postsynaptic inhibition. After a refractory period, neuro-
nal activities occur spontaneously again and the next cycle starts. In this model
pre-inspiratory and inspiratory activity are not always linked; reductions in neural
excitability cause occasional failure of inspiratory burst formation and produce only
a low amplitude pre-inspiratory activities (burstlet). The low amplitude rhythmo-
genic pre-inspiratory burstlet activities in the preBotC do not always trigger bursts.
Thus, the bursts themselves are not essential for rhythmogenesis, and the neuronal
activities that can produce burstlet are the rhythm generator (Fig. 1.10) [37, 38]. The
validity of the group pacemaker and burstlet theory must be tested by further experi-
mental investigation.
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3.4 Astrocyte-Driven Theory

Astrocytes, a kind of glial cells, had been long considered to play only passive roles
in the functioning of the central nervous system, e.g., maintenance of extracellular
ionic environment and mechanical and structural support of neurons in the nervous
tissue. However, recent progress in glial physiology has clarified that astrocytes
play active roles by closely communicating with neurons in information processing.
Hiilsmann et al. (2000) and Li et al. (2010) reported that blockade of astrocytic
metabolism suppresses inspiration-related neural output in rhythmically active
slices, suggesting that astrocytic metabolic support is necessary for the maintenance
of respiratory rhythm [39, 40]. Also, in an in vivo condition Young et al. (2005)
showed that inhibition of astrocytic metabolism reduced respiratory frequency in
neonatal rats [41]. Because astrocytes are electrically silent, their activity cannot be
electrophysiologically measured but can be analyzed by calcium imaging. We ana-
lyzed astrocytic activity in the preBotC of rhythmically active slices by calcium
imaging and found that a subset of astrocytes have inspiration-synchronized rhyth-
mic activity and some show pre-inspiratory activity (Fig. 1.11) [42]. Furthermore,
we showed that optogenetic selective stimulation of preBotC astrocytes triggers
inspiratory busting, suggesting that astrocytes play an active role in respiratory
rhythm generation [42]. Our discovery of respiratory modulated astrocytes is not
consistent with the report by the group of Hiilsmann that spontaneous calcium fluc-
tuations of astrocytes recorded by calcium imaging showed no correlation with
respiratory neuronal activity in the preBotC in rhythmically active slices of mice
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Fig. 1.11 Pre-inspiratory activity of preBo6tC astrocytes recorded by calcium imaging in a rhyth-
mically active slice. Representative fluorescence calcium activity (AF/F) traces of pre-inspiratory,
inspiratory, nonrespiratory, and silent astrocytes. Top: bulk AF/F fluctuations of the entire pre-
BotC, representing inspiratory activity [42]
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[43]. However, when they reanalyzed the same set of calcium imaging data with a
more advanced mathematical technique, they confirmed the presence of pre-
inspiratory activities in a subset of astrocytes indicating a functional coupling
between astrocytes and neurons in the preBotC [44]. We demonstrated in conscious
mice that pharmacological blockade of astrocytic activation attenuates hypoxic ven-
tilatory increase which initially appears when animals are exposed to hypoxia and
augments subsequent hypoxic ventilatory depression (with reduction of respiratory
frequency), suggesting that astrocytes contribute to the facilitation of respiratory
rhythm generation especially under a hypoxic condition [45, 46]. Sheikhbahaei
et al. (2018) also analyzed the role of astrocytes in the in vivo rat and demonstrated
that blockade of vesicular release in preBotC astrocytes reduces respiratory fre-
quency and decreases rhythm variability [47]. Also, regarding the generation of
oscillatory orofacial movement other than breathing, it was reported that mastica-
tory rhythm is driven by astrocytes [48]. Collectively, these reports suggest that
astrocytes are actively involved in respiratory rhythm generation, and this notion is
supported by the anatomical observation by us and another group that astrocytes in
the preBotC are structurally more complex as compared to those in the neighboring
medullary regions and are closely coupled with neurons [1, 49].

4 Pathophysiology of Respiratory Rhythm Generator

Clinically it has been well known that acute disturbance of the medulla oblongata
due to various pathological events, e.g., injury, hemorrhage, and herniation, induces
respiratory arrest and death. Indeed, when the bilateral preBotC is acutely lesioned,
respiratory rhythm is eliminated in many cases, although occasionally spontaneous
expiratory abdominal muscle activity persists in awake goats [50]. This phenome-
non could be explained by considering that when inspiratory rhythm generator in
the preBo6tC does not function respiratory rhythm generation ceases with occasional
back up by the expiratory rhythm generator in the pFRG. On the other hand, when
the bilateral preBotC are gradually destroyed over weeks by injection of neurotoxin
in goats, respiratory rhythm turns to irregular but does not stop due to compensatory
activities of other oscillators, indicating that the respiratory rhythm generating
mechanism is highly plastic and robust (Fig. 1.12) [51]. Such plasticity and robust-
ness of respiratory rhythm generation are also clinically experienced in patients
with gradually progressing large lesions occupying the mostly entire medullary
structure, e.g., with cancer metastasis to the medulla [52] or with syringobulbia
accompanied by a large cavity in the medulla [53], who show disturbed breathing
patterns but persistently generate respiratory rhythm. Pathological lesions disturb
respiratory rhythm generation and generally cause hypoventilation. However, brain-
stem astrocytoma is not the case and could cause severe neurogenic hyperventila-
tion [54], suggesting that tumorous astrocytes secret gliotransmitters that
pathologically facilitate respiratory rhythm generation. Such a mechanism is com-
patible with the astrocyte-driven theory for respiratory rhythm generation.
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Fig. 1.12 Effect of chronic destruction of preB6tC on breathing in an awake goat. Respiratory
flow (Flow), diaphragmatic muscle activity (DIA), and abdominal expiratory muscle activity
(ABD) before (a) and after (b) destruction of the preBotC by injection of neurotoxin are illus-
trated. After the destruction of the preBotC, breathing became irregular, and DIA and ABD showed
simultaneous contraction. (¢) Nearly total destruction of the preBotC by injection of neurotoxin
was histologically confirmed [51]

5 Conclusion

The fundamental respiratory rhythm generating networks are located in the pons
and medulla oblongata in which the preBotC is the kernel. It has been elucidated
that the preBotC rhythm generator is connected with other oscillators and neuron
networks in the more rostral brainstem and the spinal cord. However, in a con-
scious state these oscillators should be communicating also with further higher
brain regions including the cerebral cortex. These widely distributed and intercon-
nected regional networks work synchronously, receive information from periph-
eral and central sensory receptors on internal and external homeostatic changes,
and determine the respiratory rhythm and pattern by breath-by-breath. However,
the anatomy and physiology of the communication mechanisms between the
higher brain and lower brainstem remain totally unelucidated and is the future
research topics.

Since the introduction of in vitro preparations to the field of respiratory rhythm
generation, studies on the respiratory rhythm generating mechanism have signifi-
cantly advanced but the rhythmogenic theories remain controversial. Further exten-
sive studies are necessary to fully clarify the anatomical basis and physiological and
pathophysiological mechanisms of the respiratory rhythm generation, especially
focusing on the role of astrocytes, of which roles are far from elucidated. For this
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purpose, multilevel advanced experimental approaches at molecular, cellular, net-
work, and system levels should be applied.
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Chapter 2

Anatomy and Physiology of Chemical
Regulatory Mechanisms in Respiration:
How Does Chemical Regulation Work
with Various Acid-Base Disorders?

Yoshitaka Oyamada

Abstract Acidemia is one of the major excitatory stimuli for respiration. It is sensed
by both the peripheral and the central chemoreceptors. In the peripheral chemorecep-
tor, the carotid body, acidemia inhibits potassium channels (TASK-1/TASK-3 and
Ca?*-dependent K* channel) on type I cells, then activates them. Activated type I cells
release synaptic transmitters, which stimulate postsynaptic nerve endings of afferent
fibers. The elicited impulses ascend through the carotid sinus nerve, a branch of the
glossopharyngeal nerve, to the respiratory center in the brainstem. Meanwhile, much
about the central chemoreception is still to be determined. However, TASK-2 and a
proton-sensing G protein-coupled receptor, GPR4, on neurons in the retrotrapezoid
nucleus are likely to be implicated in the process. Hypercapnia is also an excitatory
stimulus, independent of acidemia. Connexin 26 (Cx26) is expressed on sub-pial
astrocytes in the ventrolateral medulla. It is directly sensitive to CO,. Pharmacological
blockade of Cx26 reduced hypercapnic ventilatory response in vivo, suggesting that
Cx26 could play a crucial role in the central chemoreception.

Keywords Acidemia - Hypercapnia - Peripheral chemoreceptor - Central
chemoreceptor

1 Introduction

Respiration in humans is affected by various factors, such as behavior (e.g., speech,
swallowing, and exercise), emotional overload, mechanical stimuli to the broncho-
pulmonary system, and imbalances in chemical homeostasis. In this chapter, the
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regulatory mechanisms of respiration in chemical imbalances, especially in acid—
base imbalance, will be described.

2 Overview of Chemical Regulatory Mechanisms
of Respiration

Among various chemical imbalances, hypoxia, hypercapnia, and acidemia (with or
without hypercapnia) are major excitatory stimuli for respiration. These stimuli are
sensed by two types of chemoreceptors. One is the peripheral chemoreceptor, and
the other is the central (i.e., intracranial). Hypoxia elicits ventilatory augmentation
mainly by stimulating the peripheral chemoreceptor, while so does hypercapnia
mainly via the central chemoreceptor. However, these receptors work in concert.
For example, the degree of ventilatory augmentation caused by hypercapnia is sub-
stantially influenced by the degree of activation of the peripheral chemoreceptor [1].

Acidemia is sensed by both receptors. When exposed to hypercapnic conditions,
an increase in CO, eventually results in an increase in H* via accelerated production
of H,CO; by carbonic anhydrase (CA).

CA
CO, +H,0>H,CO, <> H" +HCO,"

This might lead you to an idea that increased H* (i.e., acidemia) is the substantial
stimulus under hypercapnic conditions. However, this is wrong. Several prior stud-
ies suggest that H* is not the unique stimulus [2-5]. For example, in experimental
animals, the addition of hypercapnia to acidemia was able to cause stronger ventila-
tory augmentation than the acidemia alone [4]. And even when accompanied
changes in pH were offset by adding HCO;™, hypercapnia increased ventilation [5].

3 Peripheral Chemoreceptor

There are two types of peripheral chemoreceptors. One is the carotid body, and the
other is the aortic body. The peripheral chemoreceptor “for respiration” is the
carotid body. It is considered that the aortic body is not implicated in the control of
respiration, but in cardiovascular reflexes, although details in its physiological role
are still to be determined.

3.1 The Carotid Body

The carotid body is bilaterally located at the bifurcation of the external and the internal
carotid arteries. It is as small as 5 mm in its diameter. The carotid body is composed
of type I (glomus) and type II (sustentacular) cells, afferent and efferent nerve fibers,
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vessels, and connective tissues. Type I cells show similar morphology to adrenal chro-
maffin cells, while type II cells look like glial cells. Each type II cell encircles 4-6 type
I cells. The carotid body receives extremely high blood flow, so that its flow rate per
unit weight overwhelms that of other organs (e.g., 15-30 times more than the brain).

Activation of the carotid body causes ventilatory augmentation. Other resultant
physiological responses include cardiovascular and sympathomimetic reflexes.
Major stimuli for the carotid body are hypoxemia (reduced PaO,) and acidemia.
However, various other factors, such as hypercapnia, hypotension, reduced blood
flow, hyperkalemia, hyperthermia, hypoglycemia, and some hormones (catechol-
amine, angiotensin II, antidiuretic hormone) also stimulate the carotid body [6].
Meanwhile, anemia does not stimulate the carotid body [7]. This is attributed to the
high blood flow which the carotid body receives. Because of the high blood flow,
dissolved oxygen (which is proportional to PaO,) is enough to meet the oxygen
demand of the carotid body. Reduced PaO, results in a decrease in dissolved oxy-
gen, while reduced CaO, by anemia or decrease in oxygenated hemoglobin due to
CO intoxication does not affect the level of dissolved oxygen.

Figure 2.1 shows the underlying mechanism as to how hypoxemia and acide-
mia stimulate the carotid body. Hypoxemia and acidemia elicit depolarization in
type I cells, mainly by inhibiting Twik-related acid-sensitive K* channel (TASK)
1 and 3 heterodimers, which normally set the resting membrane potential of these

Ca2+ -dependent
K* channels

@)

O O Transmitters

Type | cell

Voltage-dependent
Ca2+ channels

TASK-1/3 Ca2+

Fig. 2.1 A schema as to how acidemia and hypoxemia activate type I cells. Acidemia and hypox-
emia elicit depolarization in type I cells by inhibiting TASK 1 and 3 heterodimers which normally
set the resting membrane potential of these cells. The depolarization generates action potentials. This
results in the opening of voltage-gated Ca’* channels and subsequent Ca* entry through the chan-
nels. Normally, the resultant increase in intracellular Ca** opens Ca**-dependent K* channels, so that
the cell repolarizes. However, acidemia and hypoxemia also inhibit these channels and, therefore,
block repolarization. The increase in intracellular Ca®* triggers the release of chemical transmitters
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cells [8]. Acidemia is thought to directly inhibit the heterodimeric channel
TASK-1/TASK-3 [8]. Meanwhile, there is still some controversy on how hypox-
emia is sensed by the channel. The major putative mechanism is oxygen sensing
through changes in mitochondrial energy metabolism. Furthermore, activation of
AMP kinase is also considered important (For details, see reference [8]). The
depolarization generates action potentials. This results in the opening of voltage-
gated Ca*" channels and subsequent Ca?* entry through the channels. Normally,
the resultant increase in intracellular Ca** opens Ca®*-dependent K* channels, so
that the cell repolarizes. However, hypoxemia and acidemia also inhibit these
channels and, therefore, block repolarization [9]. This functions to keep type I
cells depolarized. The increase in intracellular Ca** also triggers the release of
chemical transmitters. Released transmitters stimulate postsynaptic nerve endings
of afferent fibers. The elicited impulses ascend through the carotid sinus nerve, a
branch of the glossopharyngeal nerve, to the respiratory center in the brainstem.
It is still unknown whether CO, directly stimulates type I cells or not.

3.2 The Aortic Body

The aortic body is a small cluster of vessel-rich tissues located along the aortic arch.
It is also composed of type I and type II cells. Its afferent fibers run in the aortic
nerve. Like the carotid body, the aortic body is activated by hypoxemia. But its
response is weaker [10]. Meanwhile, in contrast to the carotid body, the aortic body
responds to reduced CaO, [7].

4 Central Chemoreceptor

4.1 Overview

Since the 1950s, so many attempts have been made and some of them are still on-
going to identify the central chemoreceptor(s) which primarily sense(s) changes in
pH/PCO,. Experimental techniques evolving with the times (from subarachnoid
space perfusion in the dawn to genetic recombination of specific molecules in recent
years) have found out several “chemosensitive” areas/nuclei in the central nervous
system (CNS). Although evidence is accumulating for some of those areas/nuclei,
much about key structures and molecules for the central chemoreception, mecha-
nisms to sense changes in pH/PCO,, and how the output from each putative chemo-
receptor is integrated and finally alters respiration is still to be clarified.

Described below is a summary of pivotal studies on central chemoreception.
However, readers should be aware that experimental models (i.e., in vivo, in vitro,
or ex vivo), animals used, and their developmental stage (i.e., neonates or adults)
often differ among the studies.
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4.2 Chemosensitive Areas in the CNS
4.2.1 The Ventrolateral Medulla (VLM)

The VLM is a kernel of respiratory rhythm generation. From the 1960s to 1970s,
experiments using topical application of acid [11, 12] or focal lesioning [13] onto
the ventral medullary surface were performed in anesthetized, artificially ventilated
animals. These studies demonstrated that the acidification of the VLM induced ven-
tilatory augmentation, while the lesioning eliminated the hypercapnic ventilatory
response, suggesting that the VLM is chemosensitive. Later, the ventilatory aug-
mentation induced by focal acidification was reconfirmed with a more sophisticated
method, microinjection of acetazolamide within the VLM [14]. Studies using neu-
ronal C-FOS, a transcription factor coded by an immediate-early gene C-FOS, as a
marker of activation by hypercapnia demonstrated immunoreactivity of C-FOS in
the VLM including the retrotrapezoid nucleus (RTN) in animals exposed to hyper-
capnia [15, 16].

The RTN shows connections to the pre-Bétzinger complex (PBC), a putative
respiratory rthythm generator in the rostral VLM [17]. And it has been demonstrated
that the RTN neurons uniformly express a homeodomain transcription factor
PHOX2b whose abnormality causes congenital central hypoventilation syndrome
[18]. Therefore, the RTN is considered to be critically involved in the control of
respiration.

4.2.2 The Nucleus Tractus Solitarii (NTS)

The NTS is located superficially in the dorsal medulla. This nucleus is a part of the
respiratory control network commonly called DRG (dorsal respiratory group). As in
the VLM, focal acidification in the NTS caused respiratory augmentation in animals
[14, 19], while patients with unilateral focal lesions of rostrolateral medulla includ-
ing the NTS showed reduced hypercapnic responses [20]. The NTS also showed
C-FOS immunoreactivity in animals exposed to hypercapnia [15, 16].

4.2.3 The Locus Coeruleus (LC)

The LC is a nucleus located bilaterally in the dorsal pons adjacent to the base of the
fourth ventricle and consists of noradrenergic neurons. The afferent fibers to the LC
arise from relatively restricted areas, while the LC sends its efferent to a wide range
of the CNS, including the brainstem [21]. Although this nucleus has traditionally
been thought to be associated with arousal response, state of vigilance, fear, and
anxiety, a series of studies suggests that it might relay inspiratory neural output to
higher CNS [22, 23]. As in the VLM and the NTS, focal acidification of the LC
augmented breathing [14] and C-FOS immunoreactivity was also increased under
hypercapnic conditions [16].
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4.2.4 Others

Other chemosensitive areas/nuclei include the medullary raphe, the tuberomammil-
lary nucleus, the lateral hypothalamus, the hypothalamic paraventricular nucleus,
and the amygdala [24]. However, these areas/nuclei seem to be more important for
other CO,-dependent physiological responses (i.e., arousal, vigilance, fear, and
blood pressure control) rather than control of respiration [24].

4.3 Putative Structures for the Central Chemoreception
4.3.1 Neurons

An electrophysiological ex vivo study using intracellular recordings demonstrated
that certain types of respiratory neurons in the VLM exhibited a depolarizing (i.e.,
excitatory) response to hypercapnic acidosis (Fig. 2.2a) [25]. The response was
retained even after the blockade of chemical synaptic transmission either by lowering
extracellular Ca®* (i.e., inhibition of transmitter release from presynaptic terminals) or
by addition of tetrodotoxin (TTX) to the artificial cerebrospinal fluid (CSF) (i.e., by
blocking fast Na* channel) (Fig. 2.2b) [25], indicating that the excitatory response
could be an intrinsic property of these respiratory neurons. In the study, morphologi-
cal analysis of recorded neurons was also made. The analysis demonstrated that many
chemosensitive neurons extended their dendritic projections to just beneath the

Normal solution +TTX

CO, 2% 8% 2% CO, 2% 8% 2%

Fig. 2.2 (a and b) Depolarizing response of an inspiratory neuron in the VLM of the isolated
brainstem—spinal cord preparation of the neonatal rat. Vm: membrane potential. Phr: phrenic nerve
activity. The neuron exhibits periodic bursts of action potentials (shown in a truncated form) syn-
chronized to the phrenic bursts. Increasing CO, concentration in the gas bubbling the artificial CSF
from 2 to 8% results in an acidic shift in pH at the surface of the medulla. This causes an increase
in phrenic burst frequency and a depolarizing shift of baseline membrane potential of the neuron
(a). The depolarizing response is retained after the blockade of chemical synaptic transmission by
adding TTX to the artificial CSF (b). (¢) Morphology of the recorded neuron. A broad arrow indi-
cates dendritic projections, while thin arrows indicate an axon and its collateral [25]
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a

Ventral surface

Fig. 2.2 (continued)

medullary surface (Fig. 2.2c) and suggested that the dendrites could be sensors for
changes in pH/PCO, of surrounding environments [25]. Similar depolarizing response
of neurons was observed in the PBC [26], the LC (Figs. 2.3a, b) [22, 23], and in the
NTS [27]. It has also been demonstrated that RTN neurons, which are probably
described as chemosensitive respiration-modulated or tonic neurons near the facial
nucleus in a former study [25], are intrinsically sensitive to acidification and CO, [17].

These findings suggest that neurons themselves could be chemoreceptors. Such
an idea seems reasonable and attractive. However, nowadays, it cannot be excluded
that some attached structures whose communication with neurons is independent of
chemical synaptic transmission might affect the excitatory response of these “che-
mosensitive” neurons. For example, transmitter release from glial cells is not depen-
dent on either extracellular Ca?* or TTX-sensitive Na* channels [24].

4.3.2 Glial Cells

The primary cell type at the VLM surface is astrocytes and they compose the mar-
ginal glial layer (MGL). Several studies demonstrated that glial cells in the layer
show depolarizing responses to hypercapnia [28-30]. Activated astrocytes in the
ventral surface of the medulla release ATP [31] and may activate neighboring neu-
rons via a P2-receptor-dependent mechanism [31]. Furthermore, the topical applica-
tion of a glial toxin, fluorocitrate, into the VLM surface reduced the hypercapnic
ventilatory response in anesthetized rats [32]. And blocking the release of ATP
reduced the hypercapnic ventilatory response [33], while the application of ATP on
the VLM replicated the hypercapnic ventilatory response [33]. These evidences
suggest that astrocytes (at least in the VLM) could be the primary chemoreceptor
and they might affect ventilatory response to CO, by interacting with neuronal den-
drites extended within the glial layer via ATP release.
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Fig. 2.3 (a) Membrane potential trajectory of an LC neuron in the isolated brainstem—spinal cord
preparation of the neonatal rat. Vm: membrane potential. {Phr: integrated signal of phrenic nerve
activity. The neuron shows periodic bursts of action potentials and subsequent hyperpolarization
synchronized to the phrenic bursts. (b) Depolarizing response of an LC neuron to hypercapnic
acidosis is retained in the presence of TTX. Subsequent depolarization is due to the addition of K*
channel blockers, tetraethylammonium (TEA) + barium (Ba) [22]

Okada et al. demonstrated that intrinsically CO,-sensitive “cells” (not stated as
“neurons”) defined by expression of C-FOS when exposed to hypercapnia under
blockade of chemical synaptic transmission were located inside the MGL [34]. And
they surrounded fine vessels [34]. It has also been shown that the medullary surface
had an indentation with thickened MGL covered by surface vessels, suggesting that
these characteristic anatomical structures may be necessary for the central chemore-
ception [34].

4.4 Putative Molecules Involved in the Central Chemoreception
4.4.1 Potassium Channels
Baseline membrane potential of neurons is mainly set by potassium conductance.

There is a variety of potassium channels and their expression differs among cell
types. Expressed channels act in combination and regulate potassium conductance.
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From the aspect that depolarizing response underlies the excitability of the cell,
some acid-sensitive potassium channels have been investigational targets.

Kir (pH sensitive inwardly rectifying potassium channels) 4.1/5.1 heteromer has
been shown to underlie the pH sensitivity of some neurons and glial cells [30, 35].
In sub-pial astrocytes in the RTN, the closure of the channel leads the cells to depo-
larization, resulting in ATP release [30]. Since ATP is important in hypercapnic
ventilatory response (as described in Sect. 4.3.2), Kir expressed on astrocytes in the
RTN could play an important role in central chemosensitivity. However, in the
brainstem—spinal cord preparations isolated from Kir5.1(-/-) mice, resting phrenic
nerve activity and phrenic nerve response to respiratory acidosis or isohydric hyper-
capnia were similar in those obtained from wild-type mice, suggesting that the role
of Kir4.1/5.1 in central chemosensitivity is questionable [36].

TASK-1 channels contribute to the pH sensitivity in raphe neurons [37], maybe
in neurons of the LC [38] and the PBC [39]. However, as in the case of Kir5.1, tar-
geted deletion of TASK-1 and TASK-3 genes did not affect the hypercapnic ventila-
tory response [37]. Meanwhile, the genetic deletion of TASK-2 blunted RTN
neuronal pH sensitivity in vitro and diminished the ventilatory response to CO,/H*
in vivo [40]. TASK-2 channel has a more restricted brainstem distribution and was
localized to the PHOX2b-expressing neurons in the retrotrapezoid nucleus (RTN)
[40]. Moreover, a recent study in human which investigated associations of genetic
variants with the response to hypercapnia has found a suggestive association for
hypercapnic ventilatory response with TASK-2 rs2815118 (intronic tagging SNP)
and rs150380866 (coding variant Arg — Trp) [41].

44.2 GPR4

GPR4 is one of proton-sensing G protein-coupled receptors that are activated by
extracellular acidic pH. A recent study revealed that the genetic deletion of GPR4
disrupted acidosis-dependent activation of RTN neurons, increased apnea fre-
quency, and blunted ventilatory response to CO, [42]. In the study, the reintroduc-
tion of GPR4 into RTN neurons restored CO,-dependent RTN neuronal activation
and rescued the ventilatory phenotype [42]. Furthermore, additional elimination of
TASK-2 expressed in RTN neurons essentially abolished the ventilatory response to
CO, [42].

4.4.3 Connexin 26 (Cx26)

Connexin is a protein that forms gap junctions. Among many connexin families,
Cx26 is found to be expressed on the leptomeninges and sub-pial astrocytes, includ-
ing those at the VML surface [43]. Cx26 is directly sensitive to changes in PCO,,
resulting in ATP release by its opening [43]. Expression of Cx26 made HeLa cells
CO,-sensitive and induced ATP release from those cells [44]. Pharmacological
blockade of Cx26 reduced ATP release elicited by hypercapnia in vitro and in vivo
[43]. Tt also reduced the hypercapnic ventilatory response in vivo [43]. These
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findings suggest that Cx26 could play a crucial role in central chemosensitivity.
Studies using genetic manipulation are awaited.

5 Conclusion

Fig. 2.4 summarizes how respiration is chemically regulated in the presence of aci-
demia (with or without hypercapnia).

An increase in H* is perceived by both the peripheral and the central chemore-
ceptors. In the peripheral chemoreceptor (i.e., the carotid body), TASK-1/TASK-3
heterodimer on type I cells is the key structure for H* sensing (see also Fig. 2.1).

On the other hand, there are still many arguments on H*/CO, sensing processes
in the central chemoreception. Huckstepp and Dale proposed in their review on
central chemosensitivity that “a primary chemosensory nucleus must contain
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Fig. 2.4 A schema summarizing how respiration is chemically regulated in the presence of acide-
mia (with or without hypercapnia). RTN neurons are activated by H* through inhibition of TASK-2
and activation of GPR4. They are also activated by ATP released from neighboring astrocytes. In
astrocytes, CO,-induced ATP release occurs via the opening of Cx26. H* may also activate astro-
cytes, resulting in their release of ATP. Neurons in the NTS and the LC as well as non-RTN neu-
rons in the VLM may contribute to the central chemosensitivity. However, H*/CO, sensing
mechanism in these cells is still to be determined. Acidemia also activates the peripheral chemore-
ceptor (the carotid body, CB)
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intrinsically chemosensitive cells” [24]. And “an intrinsically chemosensitive cells
must contain a molecular transducer that enables it to respond directly to the rele-
vant chemosensory stimulus. The necessity of this molecular transducer for chemo-
sensory responses must be demonstrated by either genetic deletion or selective
antagonism” [24]. Furthermore, “This cell should then communicate, directly or
indirectly, with the physiological centers of breathing” [24]. Taking this proposal
into account, it seems reasonable to consider RTN neurons as one of central chemo-
receptors. RTN neurons are activated by H* through inhibition of TASK-2 and acti-
vation of GPR4. They are also activated by ATP released from neighboring
astrocytes. In astrocytes, CO,-induced ATP release occurs via the opening of Cx26.
H* may also activate astrocytes, resulting in their release of ATP. Neurons in the
NTS and the LC as well as non-RTN neurons in the VLM may contribute to the
central chemosensitivity. However, H/CO, sensing mechanism in these cells is still
to be determined. Specific anatomical structures such as neuronal dendrites just
beneath the medullary surface and indentations in the medullary surface with thick-
ened MGL covered by surface vessels may be necessary for the central
chemoreception.
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Chapter 3

Coordination of Swallowing

and Breathing: How Is the Respiratory
Control System Connected

to the Swallowing System?

Yoshitaka Oku

Abstract Coordination of swallowing and breathing is an important airway-
protecting mechanism. Although it is regulated by the interaction between central
pattern generators of swallowing and breathing within the brainstem, various fac-
tors modulate the coordination of swallowing and breathing. Swallowing normally
occurs during expiration, and respiration after swallowing resumes with expiration.
However, swallowing can occur immediately following inspiration (I-SW pattern),
and respiration can resume with inspiration (SW-I pattern). Such atypical breath-
ing—swallowing coordination occurs when the timing of swallows is inappropriate
and tends to increase due to diseases and aging. In patients with chronic obstructive
pulmonary disease (COPD), swallowing physiology is altered, and breathing—swal-
lowing coordination is impaired. COPD patients with a higher frequency of I-SW
and/or SW-I patterns have a higher frequency of exacerbations. Thus, we suggest
that the impairment of breathing—swallowing coordination can cause exacerbations
and may influence the prognosis of diseases. Two modalities, swallowing rehabilita-
tion and low-level continuous positive airway pressure (CPAP), may ameliorate
breathing—swallowing coordination. More studies are needed to elucidate whether
such interventions improve outcomes.
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1 Introduction

Pneumonia is a major cause of death in the elderly worldwide. In a case-control
study, the incidence of aspiration pneumonia was 18% in nursing home patients and
15% in community-acquired pneumonia patients [1]; however, the incidence of
aspiration pneumonia is thought to be much greater in the elderly population.
Aspiration pneumonia occurs recurrently because it is due to the functional impair-
ment of swallowing. Chronic obstructive pulmonary disease (COPD) is another
major cause of death worldwide, and exacerbation seriously affects its morbidity
and mortality [2]. A number of studies suggest that the functional impairment of
swallowing is associated with exacerbations of COPD [3-5]. Therefore, under-
standing the physiology and pathophysiology underlying swallowing malfunction
is essential for clinicians who treat these patients. A variety of pathological and
physiological factors cause swallowing disorder, but the two major causes of swal-
lowing disorder in the elderly are muscle weakness and the inappropriate timing of
swallowing relative to the respiratory cycle. Thus, in this chapter, we will focus on
how the timing of swallowing and the coordination between swallowing and breath-
ing are regulated and discuss the clinical consequences of the alteration of coordina-
tion due to aging, diseases, and interventions.

2 Swallowing Physiology

2.1 Swallowing as an Airway Protecting Reflex

The pharynx is the common pathway of breath and swallowed food. During swal-
lowing, the airway is securely protected against aspiration by the epiglottis, vocal
cords, and vestibular folds that cover the laryngeal orifice. In addition, the airway is
protected physiologically by “deglutition apnea,” the phenomenon in which the res-
piration is stopped during the event of swallowing. Deglutition apnea is regulated by
the interaction between central pattern generators (CPGs) for swallowing and respi-
ration in the brainstem [6].

During swallowing, the hyoid bone first slowly moves in the rostral and posterior
direction and then rapidly moves toward the anterior direction. By this movement,
the larynx elevates, the epiglottis falls to cover the larynx, and the upper esophageal
sphincter opens to let pass a food bolus. After the completion of swallowing, the
hyoid bone descends to its original position. The elevation of the larynx often starts
before the provisional arrest of respiratory flow. This phenomenon is one of the
remarkable characteristics of patients with stroke [7] and can be interpreted as a
behavior to compensate for the delayed triggering of the swallowing reflex. The
restoration of respiration usually begins with expiration (SW-E pattern), and expira-
tion begins earlier than the completion of the laryngeal descent to its original posi-
tion [8]. This can also be interpreted as an airway-protecting behavior to avoid
aspirating a food residue within the pharynx.
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2.2 Importance of Subglottic Pressure
in Swallowing Efficiency

Gross et al. [9, 10] postulated that subglottic pressure plays an important role in
swallowing efficiency. The reduction of subglottic pressure prolongs the pharyngeal
contraction in healthy subjects [9]. In patients with tracheostomy, the reduction of
subglottic pressure lengthens the pharyngeal transit time and increases the chance
of pharyngeal residue and aspiration. Closing the tracheostomy tube during swal-
lowing improves swallowing dynamics and reduces aspiration. The mechanisms by
which subglottic pressure affects swallowing efficiency remain to be elucidated.

2.3  Swallowing Frequency

Spontaneous swallow frequency rates (swallows per minute: SPM) in healthy sub-
jects are 1.01 in young subjects and 0.58 in elderly subjects [11]. SPM is diminished
in patients with acute stroke, and the reduction is correlated with the severity of
dysphagia [12]. Healthy subjects swallow 5-6 times per hour during sleep [13].
Swallows occur when the subject arises, which accompanies body movement and
changes in breathing pattern, or in an arousal state, as identified by an electroen-
cephalogram, that does not accompany body movement or changes in breathing
pattern [14]. The frequency of swallows is highest at Stage I sleep and decreases as
the depth of sleep progresses [14]. Therefore, the clearance of the upper airway
dramatically deteriorates during sleep, particularly in elderly subjects. Saliva secre-
tion also decreases, which may result in bacterial growth and accumulation of gas-
tric juice and refluxed gastric contents.

3 Neural Substrates of Swallowing Reflex

3.1 Swallowing CPG and Its Interaction with Respiratory CPG

The swallowing CPG consists of the dorsal swallowing group (DSG) located within
the nucleus of the solitary tract (NTS) and the ventral swallowing group (VSG)
located in the ventral reticular formation adjacent to the nucleus ambiguus (AMB)
[15]. These swallowing neuron groups anatomically overlap with the dorsal and
ventral respiratory groups, and CPGs for swallowing and respiration functionally
share a common neuronal network [16, 17].

Figure 3.1 illustrates the interaction between CPGs of swallowing and breathing
in a simplified model. Here, we consider a respiratory CPG model that consists of
preinspiratory/inspiratory (pre-I/I) neurons in the pre-Botzinger complex (pre-
Bo6tC); expiratory-decrementing (E-DEC), expiratory-augmenting (E-AUG), and
inspiratory-decrementing (I-DEC) neurons in the Botzinger complex (B6tC); and
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Fig. 3.1 Interaction between respiratory and swallowing CPGs. Excitatory neuron pools and pro-
jections are colored in red (Glu; glutamatergic neurons), whereas inhibitory neuron pools and
projections are colored either in blue (Gly: glycinergic neurons) or in purple (GABA/Gly: GABA/
glycine-coreleasing neurons). See text for detailed explanation

inspiratory augmenting (I-AUG) neurons in the rostral ventral respiratory group
(rVRGQG). The preBotC is the kernel of the inspiratory rhythm generation, whereas
E-DEC, E-AUG, and I-DEC neurons in the BotC shape the respiratory pattern by
constituting an “inhibitory ring.” I-AUG neurons are inspiratory premotor neurons.
For simplicity, the swallowing CPG is composed of two interneuron groups (SW-1
and SW-2) and one premotor neuron group (SW-3).

When a liquid or a food bolus reaches the pharynx (the valleculae or the pyriform
recess), the signal is transmitted to the primary afferent relay neurons in the NTS
(SW-1) via the superior laryngeal nerve (SLN) and the glossopharyngeal nerve, then
activates swallowing interneurons (SW-2) in the DSG that gate the afferent informa-
tion and trigger the swallowing reflex by a burst of firings. The swallowing reflex is
a programmed sequence of muscle activities, where premotor neurons (SW-3) in the
VSG generate a stereotypic motor pattern almost irrespective of the strength of the
afferent stimulus. When a swallow is triggered, E-DEC neurons are activated to sup-
press respiratory activity (deglutition apnea). During a volitional swallow, swallow-
ing-related cortical areas (SW cortex) activate (presumably) E-DEC neurons to
suppress respiration (both inspiration and expiration). Thus, in the case of a volitional
swallow, respiration stops before the swallowing reflex occurs. Simultaneously, the
SW cortex lowers the threshold of SW-2 neurons to facilitate the swallowing reflex.

Since the coupling of swallowing and respiratory rhythms occurs in decerebrate
animals, the coordination of swallowing and breathing is primarily regulated by the
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interaction between these CPGs of swallowing and respiration. When the synaptic
transmission of the Kolliker—Fuse nucleus in the pons is disrupted, the airway-
protecting laryngeal adduction during swallowing and the coordination between
swallowing and breathing is impaired [18], suggesting that the Kolliker—Fuse
nucleus is required for these functions.

Electrical stimulation of the SLN elicits swallows in cats and rats [16, 19, 20].
During continuous electrical SLN stimulation, swallows preferentially occur at
respiratory phase transitions (the phase transition between stage II expiration and
inspiration, the transition between inspiration and stage I expiration, and the transi-
tion between stage I and II of expiration), where E-DEC neurons are disinhibited.
This is physiologically reasonable because E-DEC neurons are inhibitory neurons
that have broad projections to other respiratory neurons and thus can contribute to
deglutition apnea when disinhibited.

3.2  Swallowing-Related Cortical and Subcortical Areas

Functional brain mapping has revealed that swallowing activates cortical areas (sen-
sorimotor cortex, premotor cortex, cingulate cortex, and insulate cortex) and sub-
cortical areas (internal capsule, hypothalamus, amygdala, substantia nigra, and
midbrain reticular formation) [15, 21]. These cortical and subcortical areas not only
facilitate the swallowing reflex but also modulate swallow-related muscles by
receiving sensory feedback [22].

The incidence of dysphagia after stroke varies between 41% and 78% [23-25].
Therefore, patients with stroke have a high incidence of dysphagia and a risk of aspi-
ration pneumonia. Swallowing-related cortical areas display interhemispheric asym-
metry, and right hemisphere strokes tend to produce pharyngeal dysphagia, whereas
left hemisphere strokes tend to produce oral dysphagia [26]. Recovery of swallowing
function after stroke is associated with an increase in the activation of swallow-related
cortical areas in the unaffected hemisphere [27], suggesting that functional recovery
depends on the reorganization of neuronal circuits, i.e., projections from the unaf-
fected hemisphere to the swallowing CPG. A short-term pharyngeal sensory stimula-
tion causes a persistent augmentation of swallowing motor representation in the cortex
[27], which might be applicable to the neurorehabilitation of dysphagia after stroke.

4 Physiological Basis of Coordination Between Breathing
and Swallowing

In conscious humans, swallows preferentially occur during the early-middle phase
of expiration and respiration after the swallow is resumed with expiration (E-SW-E
pattern) [28, 29]. In relation to the lung volume, swallows preferentially occur at a
specific range of lung volume (200-370 ml above the functional residual capacity)
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that is optimal for fundamental swallowing functions—Ilaryngeal elevation, upper
airway closure, the opening of the upper and lower esophageal sphincters [30].
However, other types of coordination are observed, i.e., swallowing occurring
immediately following inspiration (I-SW pattern) and respiration resuming with
inspiration (SW-I pattern), resulting in additional three (I-SW-E, E-SW-I, I-SW-I)
patterns [31]. We recruited 269 healthy elderly subjects with a 10-item eating
assessment tool (EAT-10) score less than 3, as well as 30 dysphagic patients, to
evaluate breathing—swallowing coordination [32]. Figure 3.2 shows the relative fre-
quency of I-SW/SW-I patterns in healthy elderly subjects and dysphagic patients. In
general, healthy subjects had a lower occurrence rate of I-SW/SW-I patterns; how-
ever, even in healthy subjects, 20 (7.5%) subjects had a high (>40%) I-SW rate, and
25 (9.4%) subjects had a high SW-I rate in water swallows.

Swallowing is a physiological perturbation of the respiratory rhythm [33].
Swallowing causes phase resetting of the respiratory cycle and changes the interval
to the next breath depending on the timing in the respiratory cycle when the swallow
is initiated. Swallows initiated at late times in the respiratory cycle have the shortest
interval to the next breath and tend to happen with the SW-I pattern, whereas swal-
lows initiated at early times naturally tend to happen in the I-SW pattern [32]
(Fig. 3.3).

Swallows with the I-SW-E pattern accompany the prolonged latency to the onset
of swallowing from the onset of deglutition apnea and the prolongation of the dura-
tion of deglutition apnea, suggesting that this pattern is an adaptive response to
compensate for the delayed onset of the swallowing reflex [32]. In contrast, the
E-SW-I pattern tends to occur when the timing of swallows in the respiratory cycle
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Fig. 3.2 The relative frequency of I-SW/SW-I patterns in healthy elderly subjects and dysphagic
patients
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Fig. 3.3 Frequency distributions of different breathing—swallowing coordination patterns in early
(old phase <0.4), intermediate (old phase between 0.4 and 1.0), and late (old phase >1.0) timings
of swallowing. The old phase represents the timing of swallowing in the respiratory cycle, which
is expressed as the time from the preceding inspiration, where the mean length of the respiratory
cycle is normalized to 1 [33]. ##: P value vs. Intermediate <0.0001 (chi-square test followed by
Haberman’s residual test)

is delayed. Patients with dysphagia often have difficulty initiating swallows, and the
timing of swallows is delayed, which may result in E-SW-I-pattern swallows.

5 Impaired Swallowing in COPD: Its Pathophysiology
and Consequences

5.1 Swallowing Function in COPD

COPD is a lung disease characterized by chronic obstruction of lung airflow that
interferes with normal breathing and is not fully reversible. Since breathing and
swallowing cannot be done simultaneously, a prolonged time to empty the inspired
air due to an expiratory flow limitation may interfere with the act of swallowing.
Therefore, it is reasonable to hypothesize that swallowing is impaired in patients
with COPD, though such a phenomenon is poorly recognized by clinicians. Coelho
[34] was the first to report that patients with COPD have impaired swallowing func-
tion: “The overall picture was one of reduced strength in all aspects of the swallow,
coupled with a reduced ability to use pulmonary air to clear the larynx and ensure
airway protection.” Subsequent studies revealed a higher (17-20%) prevalence of
dysphagia in patients with COPD [35] compared with control subjects.

The impairment of swallowing function can be evaluated by the latency from
water injection into the pharynx to the onset of the swallowing reflex (e.g., the
simple two-step swallowing-provocation test; STS-SPT) [36] or the repetitive saliva
swallowing test (RSST) [37]. In moderate and severe stages of COPD, a higher
incidence of abnormal swallowing function is observed by both tests; however, even
in the mild stages of COPD, the incidence of abnormal RSST count (<3 voluntary
swallows within 30 s) is higher than in controls [38].
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5.2 Altered Swallowing Physiology in COPD

Swallowing physiology in patients with COPD is different from that of healthy
subjects. The maximal laryngeal elevation during swallowing is reduced in patients
with COPD [35]. Some patients use voluntary airway-protecting maneuvers during
swallowing, such as prolonged airway closure and earlier laryngeal closure relative
to the cricopharyngeal opening [35]. Patients with COPD are more likely to have
either penetration of pharyngeal contents into the larynx or actual aspiration when
swallowing large fluid volumes and favor an I-SW-E pattern with larger boluses
[39]. Further, patients with COPD have a longer pharyngeal swallowing phase than
normal subjects, which is associated with a decrease in the difference between the
duration of maximal laryngeal elevation and the duration of pharyngeal transit [40].
As described in Sect. 4, the latency to the onset of swallowing from the onset of
deglutition apnea and the duration of deglutition apnea are lengthened in swallows
with the I-SW-E pattern compared to the E-SW-E pattern [32]. Therefore, the
I-SW-E pattern observed in patients with COPD while swallowing large boluses is
interpreted as an airway-protecting behavior to compensate for the delayed trigger-
ing of the swallowing reflex and a longer pharyngeal transit time.

5.3 Influences of Smoking on Swallowing Function

Smoking, the leading cause of COPD, also causes swallowing abnormalities.
Smoking increases both the threshold volume for triggering the pharyngo-upper
esophageal sphincter contractile response and the threshold volume for reflexive
pharyngeal swallowing [41]. In addition, smoking lowers the upper and lower
esophageal sphincter pressures [42]. Therefore, smoking triggers or aggravates gas-
troesophageal reflux and adversely affects the clearance of refluxed gastric contents.
This may be related to a decreased laryngopharyngeal sensitivity in patients with
COPD [43].

5.4 Gastroesophageal Reflux Disease (GERD)
and COPD Exacerbations

GERD is a common comorbidity of COPD, with a prevalence of 10-29% in the
Western population and 5-14% among Japanese adults [44]. Terada, Muro et al.
[45] first reported that GERD symptoms are an important factor associated with
COPD exacerbation. Later, large-scale cohort studies verified that GERD is an inde-
pendent predictor of frequent exacerbations [46—48]. In the Copenhagen City Heart
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Study, in which 1259 patients with COPD were enrolled, the association between
GERD and COPD exacerbation was found only in those individuals who did not use
acid-inhibitory treatment regularly [47]. Interestingly, another cohort study with
4483 participants [48] showed that the use of a proton-pump inhibitor (PPI) was
associated with frequent exacerbations but did not meaningfully influence the
GERD-exacerbation association. A recent cohort study with 638 participants
revealed that therapy with PPIs for GERD did not reduce the risk for severe exacer-
bations in COPD [49]. These results may suggest that regurgitation itself, rather
than acid, causes COPD exacerbations. Patients with COPD who had experienced
exacerbations in the previous year had prolonged latencies from water injection into
the pharynx to the onset of the swallowing reflex compared to patients without exac-
erbations [3]. A more recent prospective study showed that a prolonged latency to
initiate the swallowing reflex predisposed patients with COPD to exacerbations [4].
They suggested that abnormal swallowing reflexes in COPD might be affected by
the comorbidity of GERD and cause bacterial colonization. Alternatively, impair-
ment of swallowing function may contribute to the manifestation of GERD symp-
toms by lowering of upper airway clearance and microaspiration. Tsuzuki et al. [5]
showed that RSST is also a useful test for predicting exacerbations in patients
with COPD.

6 Coordination of Swallowing and Breathing in Aging
and Diseases

6.1 Discoordination Between Swallowing and Breathing May
Predict Aspiration, Exacerbation, and Prognosis
of Diseases

I-SW and SW-I patterns increase with aging [29] and in patients with stroke [50],
head and neck cancer after treatment [51], Parkinson’s disease [52], or COPD [53].
[-SW-pattern swallows in combination with a delayed onset of the swallowing
reflex may cause aspiration before the swallow, particularly in the case of liquid
swallows. On the other hand, SW-I-pattern swallows may cause aspiration after the
swallow when food residue is in the pharynx after the first swallowing reflex.
Healthy subjects rarely aspirate even on such occasions; however, SW-I-pattern
swallows and the shortening of the duration of deglutition apnea are correlated with
laryngeal penetration and aspiration in patients with Parkinson’s disease [54].
Further, frequent I-SW and/or SW-I patterns (>25% occurrence rate) are associated
with COPD exacerbation [55]. Therefore, identifying such subjects with a high
I-SW/SW-I rate and treating them to reduce the I-SW/SW-I rate may prevent exac-
erbations of these diseases.
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6.2 Coordination of Swallowing and Breathing in Patients
with Obstructive Sleep Apnea Syndrome (OSAS)

CPAP prolongs the latency and reduces the frequency of swallows in healthy sub-
jects [56]. Animal experiments suggest that these effects are mediated by broncho-
pulmonary receptors rather than upper airway receptors [57]. In patients with
OSAS, swallows occur in periods of microarousal, and swallows with the SW-I
pattern are increased compared with healthy subjects [14]. CPAP restores the fre-
quency of SW-I-pattern swallows to the normal level in patients with OSAS [14],
and the frequency and duration of GERD symptoms are also reduced [58].

7 Factors Affecting Coordination Between Swallowing
and Breathing

7.1 Coordination of Swallowing and Breathing
During Anesthesia

As described in Sect. 4, in conscious subjects, swallows preferentially occur during
the early—middle phase of expiration, when the lung volume falls within a specific
range. However, in unconscious subjects, e.g., during anesthesia, such a preference
has not been observed [59]. It is well known that anesthesia attenuates airway
defensive reflexes and heightens the risk of aspiration. During anesthesia, when
swallows occur during inspiration or at the expiratory-to-inspiratory phase transi-
tion, coughing and apnea are often evoked due to laryngeal stimulation, resulting in
a risk of aspiration [60]. Further, anesthesia affects the coordination of swallowing
and breathing. Sevoflurane and propofol decrease the frequency of spontaneous
swallows and increase the frequency of I-SW and SW-I pattern swallows [61].

7.2 Coordination of Swallowing and Breathing During
Loaded Breathing

The timing of swallows in the respiratory cycle is modified during loaded breathing
even in conscious subjects. For example, hypercapnia increases the frequency of
I-SW and SW-I swallows in both the conscious and unconscious states [60, 61].
However, hypercapnia decreases the frequency of swallows in the conscious state,
whereas it augments the frequency in the unconscious state.

When resistive or elastic loading is applied to the respiratory system, the fre-
quency of swallows during inspiration and at the expiratory-to-inspiratory phase
transition increases simultaneously with changes in breathing patterns [62].
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7.3 Coordination of Swallowing and Breathing During
Continuous Positive Airway Pressure
and Assisted Ventilation

A brief (~100 ms) inspiratory flow is often recorded immediately after swallowing.
This is not a true inspiration but a negative pressure associated with the relaxation
of the pharyngeal constrictor muscle, known as the swallow noninspiratory flow
(SNIF) [63]. When a bilevel positive pressure ventilator is used in S (spontaneous)
or ST (spontaneous/timed) mode, SNIF may trigger inspiratory support, resulting in
an SW-I pattern swallow [64, 65]. Terzi et al. [64] proposed that a device equipped
with an off switch is effective to prevent swallowing-induced autotriggering of
inspiration. In contrast, continuous positive airway pressure (CPAP) ventilation
reduces the frequency of SW-I-pattern swallows in patients with OSAS [14].

Recently, we found that low-pressure (4 cm H,O) CPAP decreases the SW-I
frequency, increases the SNIF occurrence, and normalizes the timing of swallow-
ing, suggesting that low-pressure CPAP alleviates the risk of aspiration in patients
with COPD [66]. Low-pressure CPAP may affect the lung volume during quiet
breathing by relieving the expiratory flow limitation and thereby shift the timing of
swallowing toward early expiration. Therefore, although CPAP reduces the fre-
quency of swallows [56], it has a beneficial effect from the viewpoint of airway
protection.

Nasal high-flow oxygen therapy (NHF) has recently been widely used for hypox-
emic respiratory failure. Since NHF generates low-level positive airway pressure
during expiration with the mouth closed (2.7 cm H,O at 35 L/min [67] and
5.5 cm H,O at 40 L/min [68]), it is expected to ameliorate the breathing—swallowing
coordination, similar to low-level CPAP. However, in healthy volunteers, swallows
during the inspiratory phase and at the expiratory-inspiratory transition tended to
increase, although the occurrence rates were not significantly different [69]. On the
other hand, NHF shortened the latency for inducing the swallowing reflex [69].

8 Swallowing Rehabilitation to Improve the Coordination
Between Swallowing and Breathing

Several methods potentially ameliorate the coordination between swallowing and
breathing. The first method is the supraglottic swallow, a maneuver to ensure laryn-
geal closure during swallowing, in which each subject is instructed to inhale and
hold his breath before and during swallowing and exhale after swallowing. By the
use of this maneuver, the subject is expected to swallow at a high lung volume and
naturally resume his respiration with expiration after swallowing, which would
reduce SW-I-pattern swallows. Another method uses biofeedback, where informa-
tion on the respiratory phase and lung volume is visually presented so that a subject
can swallow at an optimal time within the respiratory cycle [70]. Training with this



48 Y. Oku

method has improved the swallowing function, such as in the penetration-aspiration
score, in patients with head neck cancer.

9 Conclusion

Coordination of swallowing and breathing is regulated by the interaction between
central pattern generators of swallowing and breathing within the brainstem. The
coordination is impaired in various conditions, e.g., aging, anesthesia, neurological
diseases, and respiratory diseases, leading to aspiration and exacerbation of dis-
eases, and it may influence prognosis. Swallowing rehabilitation and low-level
CPAP are candidates for therapeutic intervention to normalize the coordination of
swallowing and breathing. Studies are needed to elucidate whether such interven-
tions improve the outcome.
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Chapter 4

Anatomy and Function of Upper Airway
During Sleep: What Are Essential
Mechanisms Eliciting Apneas During
Sleep?

Check for
updates

Satoru Tsuiki

Abstract During sleep, both the tonic and inspiratory-modulated components of
upper airway muscle activity are suppressed in parallel with the characteristic pos-
tural atonia. In individuals with a constricted upper airway related to anatomical
factors such as a large tongue relative to maxilla and mandible (i.e., oropharyngeal
crowding), this sleep-related reduction in upper airway muscle activity could pre-
cipitate an upper airway occlusion more easily and lead to obstructive sleep apnea.
However, in the narrowed upper airway of patients with obstructive sleep apnea, a
neuromuscular compensatory mechanism augments the activity of the upper airway
dilator muscles in defense of upper airway patency, particularly during inspiration.
When the crowded oropharynx is improved by the application of positive airway
pressure and/or mandibular advancement, upper airway dilator muscle activity dur-
ing inspiration is reduced, returning the upper airway toward a normal configuration
and pattern of muscle function in patients with obstructive sleep apnea. Accordingly,
the upper airway patency in humans is precisely controlled by the close anatomi-
cal-functional relationship.

Keywords Upper airway - Obstructive sleep apnea - Anatomical balance -
Genioglossus muscle
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1 Introduction

1.1 Human Upper Airway and Obstructive Sleep Apnea

Obstructive sleep apnea (OSA), as characterized by repetitive upper airway occlu-
sion during sleep, is a common, underdiagnosed public health problem that predis-
poses the patient to cardiac complications. Understanding the relationship between
anatomy and function of the upper airway increases our knowledge of pathogenesis
of OSA and, moreover, might contribute to developing new treatment modalities
for OSA.

Anatomically, human upper airway includes the extrathoracic trachea, larynx,
pharynx, and nose. Within these segments, the pharynx is a segment bounded ros-
trally (cranially) by the nasopharynx and caudally by the glottic chink that further
consists of four subsegments: nasopharynx, velopharynx, oropharynx, and hypo-
pharynx (Fig. 4.1). Of particular interest, the pharynx is biologically compliant
lacking bony or rigid support and the only collapsible segment of the respiratory
tract. This is quite reasonable for serving its multifunction including alimentation,
phonation, and respiration. It is likely that the evolution of both anatomy and neural
control of the pharynx in humans has made its multiple ends. Swallowing requires
highly collapsible tube where a coordinated neuromuscular action propels contents
in the oral cavity into the esophagus and not into the nose or trachea. Speaking
entails rapid movements of collapsible pharyngeal tube controlled by the central
nervous system. In contrast, respiration is a physiological behavior involuntarily
performed while awake and asleep. Thus, sleep-induced physiological phenomenon
and body position change from upright to supine can be triggers increasing the pha-
ryngeal collapsibility, leading to respiratory complications such as snoring and
OSA [1-3].

Fig. 4.1 Anatomical
features of the human
upper airway. The pharynx
consists of four anatomical

subsegments: nasopharynx, Nasopharynx
velopharynx, oropharynx,
and hypopharynx
Velopharynx
Oropharynx

Hypopharynx
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1.2 Upper Airway Patency During Wakefulness

During wakefulness, in order to counteract the intraluminal negative pressure dur-
ing inspiration and to maintain its patency, the pharynx is stabilized by contraction
of upper airway dilating muscles including the genioglossus (GG): an extrinsic
tongue protruding muscle. Especially, the anterior wall of the pharynx is partly
determined by the tongue, and tongue position is controlled by rhythmic activity in
pace with inspiration as well as tonic activity throughout inspiration/expiration [1,
2, 4, 5]. Since some GG fibers diverge to the pharynx from the mental spine in the
mandible, activation of these muscle fibers may result in (1) advancement of the
tongue ventrally, thereby (2) enlargement of the pharyngeal space, and also (3) act-
ing to stiffen the airway wall, assisting to maintain the airway patency [1, 6]
(Fig. 4.2).

Another important aspect of the GG function in humans is the antigravita-
tional role [6]. It has been reported that OSA may worsen and/or maybe observed
mainly in the supine position while microgravity during spaceflight reduced
sleep-disordered breathing [7, 8]. These reports suggest that gravitational pull on
the tongue is expected to reduce pharyngeal size. By comparing the amount of
reduction in the upper airway size at various levels, Tsuiki et al. [3] found that
the velopharynx, not oropharynx, is not only the narrowest site in both upright
and supine body positions but also the most changeable site in awake OSA
patients. This finding is partly in agreement with a previous work by Miyamoto
et al. [9] who reported the oropharyngeal size remained constant when the body
position changed from upright to supine in OSA patients. It is speculated that

Fig. 4.2 A schematic "

illustration to describe the \

upper airway and the

genioglossus muscle. GG: -
genioglossus
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activation of the GG muscle can be interpreted to maintain the position of the
tongue and oropharyngeal size. Although the palatal musculature exhibits com-
pensation mechanisms similar to the GG muscle, the palatal musculature has
been demonstrated to have less reflexive activation than the GG muscle in the
supine position [10].

1.3 Factors Controlling Genioglossus Muscle Activity

Before describing how upper airway patency changes from awake to asleep, the
factors controlling the GG muscle activity and links between GG activity and
respiration should be summarized here. There are three primary neural inputs
controlling GG muscle activity [5]. First, the negative pressure in the upper
airway reflexively activates mechanoreceptors in the larynx (i.e., superior laryn-
geal nerve afferent activity) and ultimately leads to an increased hypoglossal
output to the GG muscle by way of nucleus of the solitary tract in the brainstem
and hypoglossal motor nucleus (i.e., negative-pressure reflex). Second, hypo-
glossal motor nuclei that control GG muscle receive input from central-pattern
generating neurons in the ventral medulla (i.e., central-pattern generator), which
produces inspiratory-phasic activity of the GG muscle. This activity is indepen-
dent of the presence/absence of negative-pressure reflex as the inspiratory acti-
vation of GG occurs prior to negative pressure development in the upper airway:
50-100 ms prior to diaphragmatic activation [11]. Accordingly, during inspira-
tion, both respiratory neurons from the central pattern generator and the nega-
tive-pressure reflex modulate the GG muscle activity. Third, neurons that
modulate arousal (active awake, less active, or inactive asleep), such as seroto-
nergic neurons, provide a tonic excitatory influence on upper airway motoneu-
rons including hypoglossal motoneurons. This has been called the “wakefulness
stimulus” and generally increases muscle activity. Apart from these three pri-
mary factors, it should be noted tonic excitatory effects on GG muscle, regard-
less of respiratory phase, cannot be neglected if the GG muscle is lengthened
and tensed as seen during mandibular advancement, which would lead to aug-
mentation of the input from the proprioceptors in the GG muscle [12].

2 Upper Airway Collapse During Sleep;
Who Develops OSA?

Even in severe OSA individuals with a structurally narrowed and collapsible upper
airway, obstructive apnea never occurs during wakefulness because neuromuscular
compensation mechanism is augmented in defense of upper airway patency. Indeed,
compared to normal subjects, patients with OSA have significantly greater GG mus-
cle activity while awake [12—14]. However, the compensation per se appears unsat-
isfactory because the increased GG muscle activity of OSA patients merely provides



4 Anatomy and Function of Upper Airway During Sleep: What Are Essential... 59

a smaller cross-sectional area of the upper airway and higher supraglottic resistance
compared to non-apneic persons [15—-18].

During sleep, the GG muscle activity is suppressed in parallel with the character-
istic postural atonia both in healthy people and in OSA patients. This sleep-related
reduction in GG muscle activity reminds us of either the loss of negative-pressure
reflex or respiratory input from central pattern generator. However, Taranto-
Montemuro et al. [19] recently reported that both phasic and tonic activity of GG
increased in association with changes in the negative pressure level of the airway
(i.e., more negative) during sleep. Therefore, the decrease in the GG muscle activity
is due to a remarkable reduction in the wakefulness stimuli. This physiological phe-
nomenon further brings to mind two possibilities for the tongue collapse and subse-
quently result in upper airway narrowing and/or occlusion; the GG muscle activity
is either more reduced in patients with OSA compared to normal subjects during
sleep or OSA patients exhibiting a normal sleep-related reduction in GG muscle
activity in conjunction with the underlying structural upper airway narrowing [20].

Repeatedly, the upper airway cross-sectional area is determined by the interac-
tion between the individual anatomic structure per se and the upper airway muscle
activity. The cross-sectional area of the upper airway is determined by transmural
pressure (Ptm), the difference between intraluminal pressure (Plumen), and pharyn-
geal tissue pressures (Ptissue): Ptm = Plumen—Ptissue [20, 21]. Thus, airflow dur-
ing inspiration, which reduces the Plumen, might decrease the Ptm, leading to a
decreased upper airway cross-sectional area. However, during both wakefulness and
sleep, this is not always the case under the presence of the activity of GG muscle.
An increase in GG muscle activity (Pmuscle) meaning contraction of GG muscle
acts to stiffen as well as to enlarge the cross-sectional area, which would result in
reducing the Ptissue [12]. An increase in Ptm, caused by a more positive Plumen
and/or more negative Ptissue (including a greater Pmuscle), increases the cross-
sectional area of the upper airway. Conversely, a decrease in Ptm, caused by a more
negative Plumen and/or more positive Ptissue (including a smaller Pmuscle),
decreases the cross-sectional area of the upper airway. Accordingly, Ptm is farther
expressed as the following equation: Ptm = Plumen-(Ptissue-Pmuscle) [21]. This
equation suggests that the cross-sectional area of the upper airway “purely” reflects
the intrinsic structural property of the upper airway when the upper airway muscle
activity is completely suppressed (i.e., Pmuscle = 0) [20, 21].

3 Anatomical Difference Between OSA and Normals

Isono et al. [20] succeeded in critically separating anatomic factors from neural fac-
tors by means of eliminating the upper airway muscle activity using general anes-
thesia. They further found that OSA patients have an abnormally narrow passive
pharynx, which constitutes the principal pathogenic alteration against normals [20—
22]. What kind of an anatomical abnormality do OSA patients then possess in the
upper airway and surrounding area?
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Fig. 4.3 Schematic illustrations of the relationships between the cervical spine, mandible, dental
arch, tongue and upper airway, and dose-dependent effects of mandibular advancement on oropha-
ryngeal crowding (left to right). The upper airway is surrounded by oropharyngeal soft tissue,
which is enclosed by dentofacial and vertebral hard tissue (top). The upper airway is assumed to
be a “collapsible tube” that is encircled by soft material within a rigid box (bottom). A larger
tongue associated with obesity readily increases the relative amount of soft tissue inside the rigid
box, which would result in the collapse of the tube and the worsening of OSA. An increased shad-
ing density indicates increased soft tissue pressure inside the craniofacial bony enclosure.
Mandibular advancement restores the increased upper airway collapsibility to normal by enlarging
the size of the bony enclosure (a to b and ¢)

Structurally, the pharyngeal airway is surrounded by soft tissue such as the
tongue, which is enclosed by bony structures such as the mandible and cervical
vertebrae [22]. Under the suppression of pharyngeal dilator muscle contraction
during sleep and anesthesia, the anatomical balance between the soft-tissue vol-
ume inside the bony enclosure and the bony enclosure size seems to determine the
pharyngeal airway size. Accordingly, the anatomical imbalance between upper air-
way soft-tissue volume and bony enclosure size results in pharyngeal airway
obstruction during sleep and anesthesia when reduction or loss of upper airway
muscle activity. Watanabe et al. demonstrated that obesity and craniofacial abnor-
malities synergistically increase pharyngeal collapsibility during general anesthe-
sia and paralysis [22]. Tsuiki et al. [23] further reported while the tongue was
significantly larger in subjects with larger maxillomandibular dimensions, OSA
patients had a significantly larger tongue for a given maxillomandibular size. This
anatomical abnormality “oropharyngeal crowding” specific to OSA patients is
shown in Fig. 4.3.
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Fig. 4.4 Schematic
explanations for the
simplified upper airway
model as a cylindrical and
collapsible tube. L: length Q
of the tube, Ap: the soft material
difference between the (soft tissue)
upstream (p,) and

downstream (p,) pressures

in the tube, Q; volume of ( r : Ap =p,-Pp
airflow per unit time, R;
tube resistance, r: radius of ' :
the tube. Q and Ap and/or Q= —
Q and R are proportional to i 8pL
each other (i.e., :
Q=Ap* R),Rcanbe L g : ) Ap 8uL
expressed as: : ' v

R = AplQ = 8uL/nrd, Ll Q
where y is constant S
b A 4

rigid box
(craniofacial bony enclosure)

4 Upper Airway as a Cylindrical and Collapsible Tube

Rheologically, the upper airway could be assumed as a simple cylindrical tube.
Airflow dynamics are influenced by a change in the tube radius (7) and longitu-
dinal tube length (L), since the flow rate (volume of airflow per unit time; Q)
through the tube is proportional to the fourth power of r and the difference
between the upstream and downstream pressures (Ap) in the tube [24]. More
precisely, since Q and Ap and/or Q and the tube resistance (R) are proportional
to each other (i.e., Q = Ap * R), R can be expressed as: R = Ap/Q = 8uL/nr*, where
4 is constant. It is indicated that the resistance of the tube increases on the condi-
tion that the length of the tube becomes longer whereas the tube radius becomes
smaller. This increase in the radius, even though the amount of the change is
quite small, provides a great impact in reducing the tube resistance. Enlargement
of the upper airway dimension, for example, by mandibular advancement can
sometimes dramatically results in improving the airflow dynamics, leading to a
remarkable improvement of oxygenation and apnea—hypopnea index [25, 26]
(Fig. 4.4).
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5 Functional Contribution of Advancement of the Mandible
to Upper Airway Patency

As noted earlier, the activity of GG muscle is augmented to maintain upper air-
way patency during wakefulness in patients with a compromised upper airway as
in the case with OSA [13]. However, sleep greatly suppresses GG muscle activ-
ity, which may lead to partial or complete upper airway collapse. If mandibular
advancement, which is aimed to improve the oropharyngeal crowding, increased
the activity of the GG muscle, this effect should help to maintain the patency of
the airway, since the activation of GG activity could stiffen the compliant airway
wall. In contrast, if we consider that mandibular advancement increases the
cross-sectional area and decreases the propensity for upper airway occlusion, a
larger, less-collapsible upper airway could improve airflow dynamics, which
would require less GG activity [12].

With the use of a remotely controlled mandibular positioner, Almeida and col-
leagues [27] investigated the effects of passive mandibular advancement on GG
muscle activity and severity of OSA during sleep. They found that both phasic
and tonic activity of GG decreased with protrusion of the mandible in a dose-
dependent manner [27]: Enlargement of the airway by mandibular advancement
enabled the GG muscle not to activate but to normalize its hyperactivity.
Interestingly, the reduction in GG muscle activity was similar to the effect of
nasal continuous positive airway pressure (CPAP) therapy, in that successful
application of CPAP decreased GG muscle activity in OSA patients [28],
although the approach used to improve airway patency was totally different
between the two treatment modalities. It would be reasonable to speculate that
input from upper airway mechanoreceptors during inspiration decreased phasic
GG muscle activity, since protrusion of the mandible reduced the propensity for
upper airway collapse. An increase in the bony enclosure size (e.g., mandibular
advancement by an oral appliance) had no effect on the volume of the upper
airway soft issues in this case. However, it can be interpreted that protrusion of
the mandible itself acts to change the position and size of the bony enclosure,
thereby reducing Ptissue in OSA patients as reported by Isono et al. who suc-
ceeded in decreasing Ptissue in the passive pharynx in patients with OSA [29].
This speculation is also supported by an animal study in which mandibular
advancement reduced the anterior and lateral soft tissue pressure in anesthetized
rabbits [30]. Therefore, therapeutic outcomes of mandibular advancement in oral
appliance therapy are likely to be more anatomically based rather than via activa-
tion of upper airway muscle activity. (Fig. 4.5)
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Fig. 4.5 Dose-dependent
decreases in respiratory-
related genioglossus
muscle activity in
association with remotely
controlled mandibular
advancement during sleep
in an OSA patient (ato b
and ¢). The third trace
(arrow) represents raw
genioglossus muscle
activity
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6 Conclusion

In response to the clinical question “What are essential mechanisms eliciting apneas
during sleep?,” obstructive apnea occurs if sleep-related physiological reduction of
upper airway muscle is added on top of oropharyngeal crowding in humans. When
oropharyngeal crowding is normalized, augmented neuromuscular compensatory
activation of upper airway muscle is also normalized and then OSA is improved.
There certainly exists a close anatomical-functional relationship to control the upper
airway patency in humans.
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Chapter 5

Instability of Upper Airway During
Anesthesia and Sedation: How Is Upper
Airway Unstable During Anesthesia
and Sedation?

Shiroh Isono

Abstract Interaction between upper airway structures and muscles serves to
achieve various physiological functions of the upper airway. Within the upper air-
way, the pharynx is structurally a collapsible tube, and its luminal size and stiffness
are neurally regulated by pharyngeal muscle contraction which significantly
decreases in unconscious states such as sleep and anesthesia, and is lost during
muscle paralysis. Obstructive sleep apnea patients with structurally collapsible
pharynx are at risk for unstable breathing leading to critical respiratory complica-
tions during and after anesthesia and sedation. In contrast, the laryngeal airway is
usually maintained during anesthesia and sedation unless the laryngeal reflexes
occur, and maximized during complete paralysis while precise neural regulation of
the vocal cord movements is depressed in unconscious states. Understandings of
these fundamental differences are important for exploring the mechanisms of the
pharyngeal and laryngeal obstruction and for determining their appropriate treat-
ments to prevent life-threatening severe hypoxemia.

Keywords Upper airway - Pharynx - Obstructive sleep apnea - Larynx

1 Introduction

Physiological functions of the upper airway are performed by an interaction between
upper airway structural properties and neural control of upper airway muscle activ-
ity. Within the upper airway, both structural properties and physiological functions
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significantly differ between the pharyngeal and laryngeal airways aside from a role
for a breathing conduit. The pharynx is a collapsible tube in which airway size and
stiffness are determined by regulating the contraction of surrounding pharyngeal
muscles. The pharyngeal airway patency is significantly impaired in unconscious
states such as sleep and anesthesia and lost during muscle paralysis. In contrast, the
laryngeal airway is usually maintained during and anesthesia unless the laryngeal
reflexes occur, and maximized during complete paralysis while precise neural regu-
lation of the vocal cord movements is depressed in unconscious states. Understandings
of these fundamental differences are important for exploring the mechanisms of the
pharyngeal and laryngeal obstruction and for determining their appropriate treat-
ments to prevent life-threatening severe hypoxemia.

2 Neural Mechanisms for Stable Pharyngeal
Airway Maintenance

2.1 Interaction Between Anatomical and Neural Mechanisms
Jor Stable Upper Airway Maintenance

The neural balance between two antagonistic forces influence pharyngeal airway
size [1] (Fig. 5.1). Pharyngeal collapsing forces are produced by contraction of the
inspiratory pump muscles (e.g., the diaphragm and external intercostal muscles).
The negative airway pressure within the pharyngeal airway during inspiration pro-
motes the collapse of the extra-thoracic airway. The pharyngeal dilating forces are
produced by contraction of the pharyngeal airway dilator muscles such as the genio-
glossus muscle. Activities of both the inspiratory pump and pharyngeal airway
muscles are regulated by “neural mechanisms.” The level of consciousness [2],
chemical stimuli [3], and airway reflexes [4, 5] interactively modulate the final acti-
vation of the inspiratory and pharyngeal muscles.

The neural mechanisms operate best during wakefulness assuring a patent pha-
ryngeal airway. However, the reduction of the level of consciousness by anesthesia
or sleep significantly decreases activities of the pharyngeal dilator muscles, more
than it decreases the activities of the inspiratory pump muscles (e.g., the diaphragm,
external intercostals) [2, 6, 7], resulting in a loss of neural balance and therefore a
narrowing of the pharyngeal airway. Depressed neural mechanisms during anesthe-
sia and sleep are of crucial importance, particularly in patients with impaired ana-
tomical mechanisms, such as neonates, small infants, and patients with obstructive
sleep apnea, who significantly depend importantly on neural mechanisms for main-
taining the pharyngeal airway [8, 9]. Accordingly, the pharyngeal airway size is
determined by the interaction between the neural and anatomical mechanisms.
Impairment of anatomical mechanisms is a primary cause of pharyngeal obstruc-
tion, and the neural mechanisms usually operate to compensate for the impairment
of anatomical mechanisms.
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Fig. 5.1 Schematic explanation of the interaction between anatomical and neural mechanisms for
stable breathing and upper airway maintenance

2.2 Sequential Interactions Between Anatomical
and Neural Mechanisms

There are sequential interactions between anatomical and neural mechanisms dur-
ing the process of obstruction and reopening of the pharyngeal airway (Fig. 5.2)
[10]. The neural mechanisms for the pharyngeal airway maintenance are ensured by
the continual supervision of the higher central nervous system during wakefulness.
Serotonergic or noradrenergic neurons are considered to be involved in the wakeful-
ness stimulus to the upper airway motor neuron [11] which is significantly depressed
during sleep, anesthesia, sedation, and impaired consciousness [2]. Compensatory
pharyngeal muscle activation during wakefulness is particularly important for
obstructive sleep apnea adults and children with structural abnormalities at the pha-
ryngeal airway [12, 13]. Loss of consciousness is, therefore, an initial key event for
inducing various degrees of pharyngeal obstruction depending on both magnitude
of depression of pharyngeal muscle contraction and the structural stability of the
pharyngeal airway [2, 6, 7, 9, 14].
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Once the pharyngeal airway obstructs, the negative pressure reflex induced by
negative airway pressure during inspiration operates to reverse the obstruction as a
first line of compensative response by re-increasing pharyngeal dilator muscle
activities [4, 5]. Contribution of this reflex may vary depending on the muscles
involved, sleep stage, anesthesia and sedation level, and presence of obstructive
sleep apnea. The level of peak genioglossal activity is directly associated with the
magnitude of negative inspiratory airway pressure during both wakefulness and
NREM sleep while the slope of the association is greater during wakefulness than
NREM sleep [15]. Negative airway pressure is evidenced to regulate the genioglos-
sal activity even within an inspiration, and the responsiveness of the negative pres-
sure reflex is not altered within the physiological range of the chemical stimuli [16,
17]. The trigeminal and superior laryngeal nerves are reported to mediate an impor-
tant component of the reflex responses as afferent pathways [5]. The involvement of
central pattern generator is suggested in the reflex since the responsiveness is sig-
nificantly attenuated when negative airway pressure is produced by an iron lung
ventilator during NREM sleep, which eliminated the inspiratory pump muscle acti-
vation [18].

Probably because of greater surface tension on the pharyngeal airway mucosa,
the greater pharyngeal muscle activation is necessary to reopen the closed airway
[19]. When the augmentation of the pharyngeal dilator muscle activities is not
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sufficient to reopen the airway, hypercapnia and hypoxemia develop during the pha-
ryngeal obstruction. The pharyngeal muscles’ responses to the chemical stimuli dif-
fer from those of the inspiratory pump muscles, in which the genioglossus is
activated only below a SaO, threshold, while the diaphragm activity increases
monotonously in response to progressive hypoxia and hypercapnia [3]. Therefore,
the imbalance between the pharyngeal dilating forces and the inspiratory collapsing
forces favors the maintenance of pharyngeal obstruction [1]. However, it should be
also recognized that the increased negative airway pressure progressively increases
pharyngeal dilator muscle activities through the augmented negative pressure reflex.
Furthermore, the chemical stimuli also play a significant role in the induction of
the arousal response, which used to be considered as the last line of defense for
reversal of the occluded airway and the most important survival response [20, 21].
A burst of pharyngeal muscle activation usually occurs upon cortical arousal and
overcomes the pharyngeal obstruction [1]. Notably, cortical arousal is not com-
monly observed upon the restoration of patent pharyngeal airway in neonates and
small children [22]. In addition to increased respiratory drive to the inspiratory
pump muscles during obstructive apnea, arousal stimuli induce ventilatory over-
shoot immediately after the restoration of the patent pharyngeal airway. Resultant
reduction of chemical drive to motoneurons of both upper airway and inspiratory
pump muscles predisposes the reoccurrence of periodic obstructive apnea events.

2.3 Roles of Pharyngeal Muscles in the Neural Mechanisms

Pharyngeal muscles are divided into pharyngeal airway dilators and constrictors
based on structural arrangements of the muscle fibers. Major constrictor muscles of
the pharynx consist of the superior, middle, and inferior pharyngeal constrictors;
however, dilators are numerous. While the net vector balance between dilators and
constrictors is generally believed to determine the actual movement of pharyngeal
airway structures, both dilators and constrictors also synergistically contribute to
the stiffening of the pharyngeal airway wall [23].

At the level of the velopharyngeal airway (between the edge of the soft palate
and the end of the nasal septum), the role of each muscle depends on the preference
of the breathing route. Contraction of the palatoglossal and palatopharyngeal mus-
cles opens the retropalatal airway, allowing for nasal breathing. These muscles are,
therefore, considered to be the dilators during nasal breathing. The tensor veli pala-
tini and the levator veli palatini, which elevate the soft palate, are considered to be
the dilators during oral breathing. Normal persons are predominantly nasal breath-
ers during sleep as well as wakefulness (96 vs. 93%) [24]. In response to obstruc-
tion within the nasal passage, reflexive switching from nasal to oral breathing route
is initiated by stimulation of the mechanoreceptors within the airway mucosa.
Nasal topical anesthesia, sleep, and sedation significantly delay the switching
reflex [25-27].
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At the level of the oropharyngeal airway (between the tip of the epiglottis and the
edge of the soft palate, also known as the retroglossal airway), the genioglossus
muscle dilates the airway for respiration, while its fan-like projection of muscle
fibers produces complicated movements of the tongue. The genioglossus is the most
extensively studied muscle, since the reduction of its activity is known to be associ-
ated with an increase in upper airway resistance [1].

At the hypopharyngeal airway (between the vocal cords and the tip of the epi-
glottis), net vector forces of the suprahyoid muscles, which attach superiorly to the
hyoid bone (i.e., the geniohyoid and mylohyoid), and the infrahyoid muscles, which
attach inferiorly to the hyoid bone (i.e., the sternohyoid, thyrohyoid, and omohy-
oid), determine the position of the hyoid bone and its function in the dilatation of
this segment. The position of the hyoid bone and the direction of muscle fibers sig-
nificantly influence the net vector forces of these muscles [28]. Anesthesia and
muscle paralysis posteriorly displace the hyoid bone and an increase of lung volume
caudally displaces the hyoid bone. The hyoid bone position is a marker for changes
of upper airway muscle activation and longitudinal pharyngeal wall tension due to
lung volume change as well as the balance of the soft tissue volume of the craniofa-
cial size [29].

Many dilator muscles exhibit phasic inspiratory activity, especially during
mechanical loading [27, 30, 31] or chemical stimuli [3] since inspiration is the most
critical phase for airway maintenance and increase of dilating forces during this
period serves to oppose negative intraluminal pressure which acts to narrow the
pharyngeal airway [1]. Activation of the alae nasi occurs prior to the onset of inspi-
ratory airflow, especially during sleep (90 ms prior to the onset of flow during wake-
fulness vs. 196 ms during sleep) [32]. This sequence is considered to act as a
stiffener for the collapsible pharynx against the collapsing forces of inspiratory
efforts. Electromyogram activity of the diaphragm gradually increases during inspi-
ration and peaks in the late inspiratory phase. In contrast, pharyngeal muscle activ-
ity peaks in the early inspiratory phase, and higher activity is maintained throughout
the inspiration.

Interestingly, inspiratory activation of the superior pharyngeal constrictor is
frequently observed in association with airway reopening on arousal in patients
with obstructive sleep apnea [33]. One possible interpretation of their findings is
that contraction of the constrictor muscle results in the stiffening of the pharyn-
geal airway wall, which assists in the maintenance of a patent airway reestab-
lished by a burst of the genioglossus upon arousal. Increases in tonic muscle
activity, which is often observed in dilator muscles during mechanical loading
and chemical stimuli, may also contribute to the stiffening of the pharyngeal
airway wall. Pharyngeal muscles not only act as dilators or constrictors in con-
trolling the pharyngeal airway size but also act as stiffeners in regulating compli-
ance of the pharyngeal airway wall. Recent physiological and clinical studies on
electrical stimulation of the upper airway muscles strongly support this concept
[23, 34, 35].
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3 Effects of Anesthesia and Sedation on the Pharyngeal
Neural Mechanisms

3.1 Loss of the Neural Mechanisms During Anesthesia
Induction and Airway Maintenance Techniques

Both inspiratory efforts and pharyngeal airway patency are lost during anesthesia
induction with intravenous anesthetics, opioids, and muscle relaxants, and anesthe-
siologists need to ventilate the patients through the anesthesia facemask with airway
maneuvers in order to maintain airway patency and oxygenation. Facemask ventila-
tion is difficult in 5% and impossible in 0.15% of general anesthesia population
despite proper airway maneuvers [36, 37]. Neck radiation changes, male sex, sleep
apnea, Mallampati III or IV, and presence of beard were identified as independent
risk factors for impossible mask ventilation.

Sato et al. confirmed difficulty in mask ventilation during anesthesia induction in
patients with severe obstructive sleep apnea, and demonstrated the effectiveness of
two hands mask ventilation with triple airway maneuvers including mandible
advancement, head extension, and mouth opening [38]. Under general anesthesia
and complete paralysis, Isono et al. found that the passive closing pressures of
patients with obstructive sleep apnea are above the atmospheric pressure (2 + 3 cm
H,0), whereas those of subjects without obstructive sleep apnea are below the
atmospheric pressure (—4 + 4 cm H,0) [14]. Accordingly, with using various airway
maintenance techniques, anesthesiologists need to reduce the closing pressures by
approximately 10 cm H,O more in sleep apnea patients than in non-sleep apnea
subjects [39]. Or awake tracheal intubation is advised in patients with anticipated
difficult or impossible mask ventilation [40].

Proper positioning of the patient and adequate denitrogenation before induction
of general anesthesia are essential (Fig. 5.3). Inhalation of pure oxygen for more
than 3 min with the fitted mask eliminates nitrogen from the lung and maximizes the
apnea tolerance period [41]. The sitting position or reversed Trendelenburg position
prolongs the apnea tolerance time by increasing the functional residual capacity of
the lung [42]. The sitting position also decreases the closing pressures by approxi-
mately 6 cm H,O and is advantageous for mask ventilation [43]. The sniffing posi-
tion or ramping position in obese patients decreases the closing pressure by
approximately 4 cm H,O and is advantageous for both mask ventilation and tracheal
intubation; as such, a standard head and neck position should be used for anesthesia
induction [44]. Recent airway management guidelines recommend the use of mus-
cle relaxants for improving both facemask ventilation and tracheal intubation [40].
Succinylcholine, a short-acting depolarizing muscle relaxant, is demonstrated to
open the closed pharyngeal airway during pharyngeal muscle fasciculation [45].
Triple airway maneuvers with two hands are more effective than those with one
hand [38]. Use of anesthesia ventilator with pressure control mode is advised to
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Fig. 5.3 Changes of pharyngeal closing pressures in response to various mechanical airway inter-
ventions to subjects in neutral head and neck position with mouth closed in supine posture

apply PEEP to maintain the pharyngeal patency and increase lung volume and to
prevent gas-insufflation into stomach by limiting peak inspiratory pressure [46].

3.2 Differential Effects of Anesthetics and Sedatives
on the Inspiratory Pump Muscles and Pharyngeal Muscles

Anesthetics and sedatives have depressant effects on breathing (Table 5.1). Dose-
dependent tidal volume reduction is a typical breathing pattern. Respiratory rate
initially increases but eventually central apnea occurs depending on the doses and
types of anesthetics and sedatives administered [47]. These drugs also have a sig-
nificant influence on pharyngeal patency. Nishino et al. demonstrated that halothane
and intravenous anesthetics and sedatives, such as thiopental and diazepam, decrease
the hypoglossal nerve activity more than the phrenic nerve activity in cat prepara-
tion [6]. Notably, the magnitude of differential suppression varies among these
drugs, and ketamine presents the least differential effects, indicating that ketamine
has the advantage of maintaining a patent airway whereas increased salivation dur-
ing ketamine anesthesia may increase the airway opening pressure and airflow resis-
tance and offset the beneficial effect on airway patency [6]. While the mechanisms
of the selective depression of pharyngeal muscle activation are unclear, anesthetic



75

5 Instability of Upper Airway During Anesthesia and Sedation: How Is Upper Airway...

passaxdog passaxdog passaido( passaxdog Tern3arg Jen3amy doors NIy
passaxdog paysruruIq paysruruiq poysIurwi | 9searddp Apysis aseardap Apysis daors INTIN
PAAIdSAI] PAAIISAI] passardo(g V/N oSueyo oN JSueyo oN JUBXB[QI Q[OSNUI [ENPISAY
paysrururq passaxdog passaido( V/N | osearour Apysis EN:RieETg | sproidQ
paysrurur passaxdog passaidoq V/N | osearoop Apys3is 9sea1dap ApysIs QUIPIWOIIPAWXI(
passardo(g PAYSIUTWI(] PAYSTUTWI(] POYSTUTIII(] 9sBAIO9(] | 9sea1oap APYSiS uonepas [ojodoig
1507] passardog passardo(g passardog 9SBAIR( AseAIdU] eIsayisaue jojodoig
PpaysIuIwI PoAIdSaI] passardoq V/N oSueyo oN 93ueyd oN SONAYISAUL [RUONR[BYUI [BNPISIY
150 passaxdog passaido( possaxdog QseaIo( QseaIou] (doap) soneyisoue [euonErRYU]
PoAIasaIg PoAIasaI] PoAIdsaI] passaidag 3ueyd oN 38ueyo ON ersaisaue Aemaire raddn [eordoyg,
[onuo0d asuodsar asuodsar xopar ainssaid QUINJOA TepI], orer Arojeardsoy
[eI01ARYOH K103B[IIUAA | A1OTR[NUA O1X0dAH QATIBION
orudeoradAyg

Suryjee1q jo [onuod uo dog[s pue BISAYISOUL JO SAOUNPU] [°S [GE],



76 S. Isono

drugs could directly suppress the respiratory center of the upper airway, as the sup-
pression was dose-dependent under constant chemical (PaO,, PaCO,, and pH) stim-
uli [6]. Ochiai et al. reported selective and dose-dependent depression of genioglossus
electromyogram activity in adult cats [7] and kittens [48]. They indicated a develop-
mental difference of selective genioglossal depression between kittens and adult
cats. These animal studies demonstrate preferential suppression of the pharyngeal
dilators to the inspiratory pump muscles (diaphragm > intercostal >> genioglos-
sus), indicating the development of pharyngeal obstruction during anesthesia accord-
ing to the Neural Balance Model (Fig. 5.1).

3.3 Differential Effects of Non-depolarizing Muscle Relaxants
on the Inspiratory Pump Muscles and Pharyngeal Muscles

Non-depolarizing muscle relaxants have differential effects on various muscles [49,
50]. The pharyngeal muscles are more sensitive to a small dose of vecuronium than
is the diaphragm; and a low concentration of enflurane facilitates the differential
effects of vecuronium [51]. Therefore, according to the balance of forces model,
patients partially paralyzed with residual muscle relaxant are at increased risk of
pharyngeal airway obstruction, and the risk is further augmented under influences
of both residual anesthetics and muscle relaxant during recovery from anesthesia
[52]. Eikermann et al. demonstrated depression of inspiratory pharyngeal airway
dilation in awake healthy volunteers partially paralyzed with rocuronium at the level
of train of four ratio 0.8 while the expiratory pharyngeal airway size and ventilation
were maintained [53].

In fact, residual muscle paralysis was evident in patients with postoperative criti-
cal respiratory episodes such as reintubation, upper airway obstruction requiring
airway maneuvers, and severe desaturation under oxygen therapy [54]. Considering
the discrepancy between 0.8% incidence of the residual muscle paralysis-induced
postoperative critical respiratory events and 30-50% incidence of postoperative
residual muscle paralysis defined as train of four less than 0.9 [55, 56], there must
be a specific risk population vulnerable for residual muscle paralysis. Adult and
pediatric patients with obstructive sleep apnea are considered to compensate pha-
ryngeal anatomical abnormalities by increasing pharyngeal muscle activity during
wakefulness [12, 13], and therefore, the residual muscle paralysis may be of greater
impact on these patients.

Neostigmine has been used to reverse the effects of non-depolarizing muscle
relaxants, it takes more than 20 min to normalize muscle contraction [57], and over-
dose of neostigmine results in recurarization [58, 59]. Eikermann et al. demon-
strated increased postoperative respiratory complications in patients receiving an
overdose of neostigmine [59]. Sugammadex rapidly reverses muscle paralysis by
encapsulating rocuronium molecule, and it dramatically decreased the incidence of
residual paralysis by less than 10% [60]. However, there are recurarization case
reports even after the injection of the recommended dose of sugammadex [61].
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Muramatsu et al. identified older age, renal dysfunction, and obesity as independent
risk factors for recurarization [62].

3.4 Influences of Opioids and Pain on the Neural Mechanisms
in Postoperative Patients

Opioids are known to have depressant effects on spontaneous breathing. Due to
prolongation of expiratory phase, opioids dose-dependently decrease respiratory
rate, and eventually cause central apnea while tidal volume is preserved [63]. The
occurrence of irregular breathing patterns commonly seen in chronic opioid users
such as ataxic breathing, biot respiration, and Cheyne—Stokes respiration has not
been systematically investigated in patients receiving opioids for surgical and post-
operative pain management. Opioids significantly depress hypoxic ventilatory
response as well as hypercapnic response with increasing the apneic threshold in
humans [64]. Absence or depression of both hypoxic and hypercapnic responses is
a life-threatening condition. Both animal and human studies indicate that the effect
of morphine on hypoxic ventilatory response is likely to be mediated centrally
rather than peripherally [64, 65]. Furthermore, micro-dialysis of the hypoglossal
nucleus with fentanyl significantly depressed the genioglossus activity in rat prepa-
ration indicating opioids as a possible cause of obstructive apnea as well as central
apnea [66]. In fact, both obstructive and central apneas were observed in postopera-
tive patients receiving opioids while central sleep apneas are more common than
obstructive apneas [67].

Opioids are prescribed for surgical and postoperative pain which has respiratory
stimulating effects, and opioid dose needs to be determined to balance respiratory
depressant and stimulating effects. However, it should be noted that acute surgical
pain does not normalize the hypoxic and hypercapnic responses depressed by opi-
oids although pain increases resting ventilation. Lam et al. examined the effects of
surgical stimulation on breathing in enflurane anesthetized humans [68]. They
found a significant increase in ventilation with a reduction of PaCO, without chang-
ing both hypercapnic and hypoxic ventilatory responses. The reduction of the apneic
threshold for carbon dioxide with surgical stimulation was found in sevoflurane
anesthetized humans by Nishino and Kochi [69]. Sarton et al. further demonstrated
that experimentally induced acute pain increased resting ventilation without affect-
ing the hypoxic ventilatory response significantly depressed by low-dose sevoflu-
rane [70]. Similarly, Borgbjerg et al. found that experimental pain attenuated the
morphine-induced respiratory depression with increasing the intercept of the hyper-
capnic response curve without changing the slope of the curve [71].

Catley et al. described a high prevalence of obstructive apnea with marked desatu-
ration (Sa0,<80%) within 16 h after surgery in patients receiving morphine for anal-
gesia (456 episodes in 10 out of 16 patients) while the use of regional analgesia
resulted in no such event (0 episode in 16 patients) [72]. All the respiratory events
occurred during sleep. Notably, there are individual differences in optimal opioid dose
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for analgesia without respiratory depression [73]. It is unclear whether the variation of
opioid sensitivity is explained by genetic polymorphism or developed in particular
circumstances. Brown et al. documented a direct association between severity of
hypoxemia and opioid dose for achieving equivalent analgesia in children with
obstructive sleep apnea suggesting higher opioid sensitivity [74]. They reported a suc-
cessful reduction of postoperative respiratory complications from 30 to 11% by
decreasing the amount of opioids for surgical and postoperative analgesia [75]. In
adults, administration or requirement of less opioids in patients with more prolonged
or severe nocturnal desaturation also suggests higher opioid sensitivity in patients with
obstructive sleep apnea [76, 77]. While awake patients with obstructive sleep apnea do
not have increased sensitivity to opioids [78], this does not mean normal sensitivity to
opioids in these patients during sleep or unconscious state. Combined use of opioids
and sedatives doubles the risk of in-hospital resuscitation [79]. Possibilities of opioids
sensitivity during sleep need to be investigated in future studies.

3.5 Effects of Postoperative Residual Drugs
on the Neural Mechanisms

Residual inhalation anesthetics and muscle relaxants after surgery influence chemi-
cal control of breathing. Knill and other researchers consistently found that low
concentration of inhalational anesthetics less than MAC-awake significantly
depresses hypoxic ventilatory response in humans whereas hypercapnic ventilatory
response is preserved in such conditions [80]. Depression of carotid chemosensitiv-
ity with small doses of halothane was confirmed in animal experiments as the mech-
anism of the reduced hypoxic ventilatory response [81]. Partial paralysis with
vecuronium is also reported to depress hypoxic ventilatory response in human vol-
unteers [82] and to inhibit neurotransmission of the rat carotid body [83].
Accordingly, carotid body function may be significantly impaired in patients during
recovery from inhalational anesthesia combined with muscle relaxant. Sevoflurane
and desflurane, two major inhalation anesthetics currently available, are also evi-
denced to have depressant effects on carotid body but are more easily eliminated
from the body decreasing its risk. Although sugammadex can rapidly and com-
pletely reverse non-depolarizing muscle relaxants, the hypoxic ventilatory response
remains depressed even after complete reversal of the muscle paralysis [84]. No
doubt, the absence of increased ventilation during hypoxemia is of clinical signifi-
cance. Hypoxemia due to central hypoventilation primarily caused by depression of
hypercapnic ventilatory response may be reversed by the preservation of the “back-
up” hypoxic ventilatory response. However, it should be noted that increased venti-
latory drive itself does not usually reverse the hypoxemia resulting from upper
airway obstruction and impaired lung mechanics. Knill compared the carotid body
to a watchdog, sensing hypoxemia and alarming the condition [85]. Increased ven-
tilation, dyspneic sensation, and arousal are considered to be significant clinical
signs and survival responses produced by carotid body activation. Clinicians should
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recognize possible depression of these alarming functions of the carotid body in
patients during recovery from anesthesia.

3.6 Influences of Reduced Arousal Threshold During
Anesthesia and Sedation

Burst of UA muscle activity upon cortical arousal has been believed to be an impor-
tant mechanism for recovery from the pharyngeal obstruction, at least, in sleeping
adult patients with obstructive sleep apnea while small children with obstructive
sleep apnea resolve obstructive breathing without cortical arousal [22]. Furthermore,
ventilatory overshoot at the cortical arousal reduces arterial carbon dioxide levels
leading to unstable periodic breathing patterns. Younes recently proposed that corti-
cal arousals are coincidental events that occur just prior to arousal-independent air-
way opening, through analysis of the breathing and cortical activity in experimentally
induced apneas or hypopneas [86—88]. In support of Younes’s concept, the use of
hypnotics has been reported to increase the arousal threshold and chemical stimuli
to the genioglossus muscle [89], and stabilize breathing resulting in decrease of the
apnea—hypopnea index (AHI) in OSA patients [90]. Furthermore, pentobarbital
sedation has been reported to augment upper airway negative pressure reflex as well
as to increase the arousal threshold [91].

According to recent accumulated knowledge of arousal and obstructive sleep apnea
[88], interactions between the cortical arousal threshold and pharyngeal airway open-
ing and closing thresholds can explain mechanisms of periodic obstructive breathing
(Fig. 5.4). When the arousal threshold is below the opening threshold (upper panel),
the cortical arousal occurs before airway opening with ventilatory overshoot and burst
of dilating muscles leading to unstable large ventilatory oscillation.

In contrast, anesthetics and sedatives increase the arousal threshold over the
opening threshold and decrease respiratory drives to the diaphragm and pharyngeal
muscles (middle panel). It is possible that the increase of pharyngeal airway nega-
tive pressure reflex, caused by an increase of chemical stimuli during apnea or
hypoxemia, may elicit the dilating muscle activity to first reach the opening thresh-
old, which consequently restores ventilation. Ventilation is maintained until the
dilating muscle activity decreases below the closing threshold which is generally
below the opening threshold [92]. Due to reduced oscillation of the dilating muscle
activity, stable breathing can be established despite a reduced dilating muscle activ-
ity. In support of this concept, Urahama et al. reported that no cortical arousal was
observed during recovery from 77% of obstructive episodes in elderly patients
under propofol sedation [93]. It should be noted that the periodicity of obstructive
breathing is not altered in this circumstance while its frequency is reduced.

Deeper sedation (lower panel) would significantly decrease the dilating muscle
activity below the opening threshold resulting in persistent pharyngeal closure and
the possible development of critical hypoxemia. Without a doubt, unnecessarily
deeper sedation totally abolishing cortical arousal response to critical respiratory
events should be avoided.
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Fig. 5.4 Interactions between the cortical arousal threshold and upper airway (UA) opening and
closing thresholds for explaining the mechanisms of periodic obstructive breathing during natural
sleep (upper panel), sedation (middle panel), and deep sedation (lower panel). Sinusoidal curves
represent changes of neural mechanisms regulating UA dilating muscle activity and respira-
tory efforts

3.7 Effects of Surgical and Anesthetic Interventions
on Postoperative Pharyngeal Obstruction

Extensive surgical procedures on the pharyngeal airway were reported to result in
the development of severe pharyngeal swelling followed by choking immediately
after endotracheal extubation in obstructive sleep apnea patients [94, 95]. Similarly,
a high incidence of severe respiratory compromises (6.1%: 19/311) including one
death and six reintubations after anterior cervical spine surgery was attributable to
pharyngeal edema [96]. Even modest pharyngeal swelling caused by laryngoscopy
and excessive fluid infusion during surgery may possibly have significant influences
on pharyngeal airway maintenance immediately after surgery, although no study
has examined this possibility. Damage of the mucosal receptors responsible for the
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pharyngeal negative airway pressure reflex may impair the neural mechanisms, and
pharyngeal swelling itself may shift the fulcrum of the balance model to the left,
increasing pharyngeal collapsibility. Furthermore, placement of a gastric tube
through the nasal passage increases nasal resistance, possibly creating more nega-
tive suction forces at the collapsible pharynx. In addition, retaining of secretion due
to inability of swallowing during paralysis and increase in secretion due to admin-
istration of neostigmine for reversal of muscle relaxant may increase surface adhe-
sive force, and thereby opening pressure of the pharyngeal airway, making the
closed airway difficult to be re-opened [9, 97, 98]. All of these speculations need to
be examined in future studies because of their potential clinical significance.

3.8 Advantageous Body Position and Head and Neck Position
for Postoperative Airway Management

Body position is of great significance for pharyngeal airway maintenance in postop-
erative patients (Fig. 5.3). Due to the presence of a variety of drainage tubes or
protection of the operation wound, postoperative patients are often lying on their
back. If possible, the lateral and sitting positions are advantageous for pharyngeal
airway maintenance because of less gravitational effects on the pharyngeal airway
in these body positions [99, 100]. In particular, sitting posture increases functional
residual volume which is advantageous for both pharyngeal airway maintenance
and oxygenation [43]. In patients with full-stomach, sitting posture may decrease
the chance of regurgitation of stomach contents.

Head elevation with a pillow produces neck flexion at the lower cervical spines
and extension at the upper cervical spines as long as the face is maintained straight
up. This so-called “sniffing position,” which is a standard head position during induc-
tion of anesthesia, improves airway patency and may be advantageous during the
postoperative period [101]. However, it is often difficult to maintain the face straight
up with head elevation, and the neck is often flexed at the higher cervical spines,
resulting in narrowing of the pharyngeal airway particularly when a high pillow is
used [102]. Accordingly, it is recommended not to use a high pillow in the PACU
when residual anesthetics possibly impair the neural compensatory mechanisms.

4 Laryngeal Airway Functions

4.1 Laryngeal Airway: Maintenance Mechanisms

Anesthesia and surgical procedures such as direct laryngoscopy for tracheal intuba-
tion, tracheal tube placement during surgery, and head and neck surgeries often
impair two major laryngeal functions for stable breathing, e.g., laryngeal airway
maintenance and lower airway protection, leading to various forms of postoperative
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complications such as laryngospasm, stridor, vocal cord paralysis, and postopera-
tive sore throat and hoarseness. Chemical as well as reflexive control of vocal cord
abductor and adductor muscles accomplishes these laryngeal functions. The adduc-
tors are numerous (lateral cricoarytenoid, cricothyroid, thyroarytenoid muscles),
but the posterior cricoarytenoid muscle is the only laryngeal abductor while both are
innervated by recurrent laryngeal nerves connecting to the nucleus ambiguous
(Fig. 5.5.). The size of the laryngeal aperture is determined by a balance of forces
between the adductors and abductor. Inspiratory activation of the abductor widens
the vocal cords and expiratory activation of the adductors narrows the vocal cords
braking the expiratory airflow preventing collapses of the alveoli [103]. Negative
airway pressure augments the abductor and depresses diaphragm activity like the
negative pressure reflex at the pharyngeal airway.

4.2 Laryngeal Reflex and Laryngospasm During Anesthesia
and Sedation

Laryngeal reflexes such as the cough reflex, expiration reflexes, and laryngeal clo-
sure with apnea primarily operate to protect the airways from aspiration [104].
These reflexes are significantly modified by general anesthetics. The complete
laryngeal closure (laryngospasm), in particular, often occurs during light anesthesia
and emergence from anesthesia following series of cough and/or expiration reflexes
leading to severe hypoxemia. Although several different types of laryngeal recep-
tors have been reported, the laryngeal irritant receptors are considered to play the
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most essential role in the elicitation of defensive airway reflexes through the supe-
rior laryngeal nerve as an afferent pathway to the nucleus solitarius. Prevalence of
laryngospasm during anesthesia is reported to be about 1% of 136,929 patients
including infants to elderlies [105]. Half of the anesthesia-related laryngospasm
cases requiring treatment occurs after tracheal extubation in children [106]. Light
anesthesia level [107, 108], younger children [108], use of isoflurane [107], airway
surgery [106, 108], and upper respiratory tract infection [107, 109] are considered
to be risk factors. It should be noted that the latter three risk factors are related to the
presence of irritants or irritative drugs on the airway mucosa.

Complete laryngeal closure can last for several minutes, and many case reports
have documented the development of severe hypoxemia and “negative pressure pul-
monary edema” after post-extubation laryngospasm [110]. Laryngospasm can be
effectively prevented by intravenous administration of lidocaine while this is still
controversial [111, 112]. Although the application of positive pressure is believed to
be effective to resolve the laryngospasm, there is no systematic study evaluating the
effectiveness. Administration of muscle relaxants such as succinylcholine is the
most effective treatment of laryngospasm while intravenous administration of anes-
thetics such as propofol is effective in some cases [113].

4.3 Laryngeal Edema and Stridor After Tracheal
Tube Placement

Interaction between a tracheal tube and the larynx during anesthesia and surgery
significantly influences breathing after tracheal extubation. Tanaka et al. demon-
strated that placement of a tracheal tube even for 3—4 h significantly increased laryn-
geal resistance in association with the development of asymptomatic but substantial
laryngeal edema [114, 115]. An increase in laryngeal resistance and edema forma-
tion was less severe in patients with supraglottic airway placement than those with
tracheal tube [115]. The normal glottic width of 6-8 mm in adults is much smaller
than the standard tracheal tube size commonly used during anesthesia, suggesting
that direct contact forces by the tracheal tube would cause trauma and edema forma-
tion at the vocal cords [116]. The contact pressure is reported to exceed over
200 mm Hg, far greater than the mucosal capillary perfusion pressure of 30 mm Hg
[117]. Tracheal intubation with an oversized tube for 8 h in a dog preparation
resulted in mucosal ischemia and necrosis with tissue edema, particularly at the
arytenoids region [116]. The subglottic region is considered to be narrowest in neo-
nates and small children while recent MRI analysis indicates the narrowest region
to be at the vocal cords even in small children during wakefulness [118]. Even a
mild level of edema formation at the subglottic region in small children results in a
marked reduction of cross-sectional area and therefore increases laryngeal resis-
tance. In fact, the use of a tight-fitting tracheal tube, younger children, trauma at
tracheal intubation, duration of intubation, and coughing during intubation are the
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risk factors for the development of laryngeal edema after tracheal extubation [119].
The cuff-leak test, in which air leakage around the tube with the cuff deflated and
with the tube occluded is detected, is recommended as a simple and useful method
for diagnosis of severe laryngeal edema and for prediction of successful extubation
[120, 121]. Intravenous administration of dexamethasone is concluded to decrease
the need for reintubation in neonates after mechanical ventilation while the effec-
tiveness of adrenaline nebulizer on the laryngeal edema is controversial [122, 123].

Regardless of the commonality of laryngeal edema after surgery, postoperative
laryngeal stridor infrequently occurs immediately after emergence from anesthesia
whereas post-extubation stridor occurs in 4—18% of patients after prolonged intuba-
tion in the intensive care unit [124, 125]. Stridor develops due to severe but incom-
plete laryngeal narrowing during spontaneous breathing even in awake subjects
within 6 h after tracheal extubation [126]. Stridor should be treated, though the
development of hypoxemia is easily prevented by supplementary oxygen adminis-
tration. Increased inspiratory drive due to hypercapnia increases work of breathing
and some cases require reintubation, tracheostomy, and prolonged intensive care
[127]. Stridor results from the interaction between the gas traveling through the
airway and narrowed laryngeal airway wall during inspiration, producing vibration
of the vocal cords with a high-pitched characteristic sound different from the snor-
ing sound [128]. The velocity of the air at the passively narrowed vocal cords
increases during inspiration converting potential energy to kinetic energy. Due to
the increased kinetic energy, lateral wall pressure at the vocal cords decreases, and
therefore, narrows the vocal cords further during inspiration. Fiberoptic examina-
tion reveals paradoxical vocal cord movement [126]. While this passive mechanism
is generally believed to be responsible for the postoperative stridor, no physiologic
measurement has been systematically performed because of difficulty in predicting
the occurrence of the postoperative stridor. Isono et al. found inspiratory activation
of laryngeal adductor muscle in association with the development of stridor in
patients with multiple system atrophy, and suggest an imbalance between forces of
laryngeal adductors and abductor forces as a possible active mechanism for the
generation of stridor [129]. Application of CPAP eliminated the stridor and inspira-
tory adductor muscle activation, strongly suggesting that the inspiratory adductor
muscle activity is possibly induced by a negative pressure reflex and CPAP func-
tions to depress the reflex in addition to an airway sprint effect. In this context, the
effectiveness of benzodiazepines for the elimination of postoperative laryngeal stri-
dor may be explained by reduction of negative inspiratory pressure [126]. No study
has tested the active laryngeal narrowing hypothesis in the development of postop-
erative and/or post-extubation stridor and whether CPAP application is effective for
the treatment of the stridor.
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S Conclusion

Interaction between upper airway structures and muscles achieves various physio-
logical functions of the upper airway. Collapsibility of the pharyngeal airway is
neutrally regulated by pharyngeal muscle contraction which significantly decreases
during anesthesia and sedation. Obstructive sleep apnea patients with abnormally
collapsible pharynx are at risk for unstable breathing leading to critical respiratory
complications during anesthesia and sedation. In contrast, the laryngeal airway is
well maintained even during anesthesia and sedation unless the laryngeal reflexes
occur. Understandings of these fundamental differences are important for exploring
the mechanisms of the pharyngeal and laryngeal obstruction and for determining
their appropriate treatments to prevent life-threatening severe hypoxemia.
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Chapter 6

Convective and Diffusive Mixing in Lower
and Acinar Airways: Is Diffusive Mixing
Effective in the Lung Periphery?

Kazuhiro Yamaguchi and Peter Scheid

Abstract To understand the details of primary mechanisms for gas transport and
mixing in the lung periphery, one should analyze the interaction between convection
and diffusion in the lung periphery by employing an acinar model that is supported
by correct anatomical backgrounds. Before the most detailed morphometric infor-
mation regarding the acinar structure became available from Haefeli-Bleuer and
Weibel in 1988 (defined as the HB acinus in the present chapter), many investigators
had analyzed a time-dependent gas concentration profile along the acinar airways
during normal breathing. They introduced interdependence of convection and axial
diffusion as the major mechanism for gas transport and mixing into the symmetrical
model A of Weibel that has a simple geometry with trumpet or thumbtack shape.
After 1988, a couple of investigators certified the importance of interdependence of
convection and diffusion for describing acinar gas transport and mixing in the model
with asymmetrical multi-branching geometry constructed from geometrical data of
the HB acinus. Although the models used were radically different, earlier simula-
tion studies before 1988 and recent studies after 1988 provided qualitatively similar
results, i.e., that diffusion-related spatial differences in gas concentration (i.e., strat-
ified heterogeneity) does exist during inspiration, but it is rapidly eliminated during
expiration under normal breathing conditions, indicating that stratified heterogene-
ity has little impact on overall acinar gas transport and mixing during normal breath-
ing. The basic difference between earlier and recent studies is the sensitivity to
detecting the effect of interdependence of convection and diffusion. The simulation
based on asymmetrical multi-branching models can more sensitively detect the het-
erogenous interdependence of convection and diffusion in acinar regions. Although
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stratified heterogeneity is thought to be insignificant for overall acinar gas transport
and mixing during normal breathing, it exerts an appreciable impact on diffusing
capacities measured at artificial breathing such as breath-holding or rebreathing.

Keywords Acinus - Symmetrical branching model - Asymmetrical multi-
branching model - Convection - Axial diffusion - Stratified heterogeneity - Diffusing
capacities for CO and NO

1 Introduction

The main objective of this book is to elucidate the structure—function relationships
in the human lung in diverse directions. Among many issues regarding the struc-
ture—function relationships in the lung, the most difficult task is how to detect them
in the microregion at the acinar level. This is because it is difficult to reliably ana-
lyze the morphological abnormalities in the microregion close to the acinus, even by
making full use of high-precision diagnostic imaging technologies, e.g., high-
resolution computed tomography (HRCT), magnetic resonance-assisted proton
image (proton-MRI), positron emission tomography (PET), and synchrotron radia-
tion CT. HRCT can detect the morphological abnormalities in upper and lower con-
ductive airways up to the fifth generation of airway tree (central airways) but not
those in peripheral and acinar airways. Furthermore, although proton-MRI, PET,
and synchrotron radiation CT are promising tools for quantifying the microregional
distribution of ventilation in the lung, they cannot directly diagnose the morphologi-
cal changes in acinar airways. In this respect, the structure—function relationships in
the acinar regions are very peculiar and different from other regions of the lung. In
the regions larger than the acinus, morphological information and physiological
information may be somehow acquired from radiological and physiological exami-
nations, respectively. Therefore, the structure—function relationships there are
straightforwardly obtained from either direction. However, in the acinar regions, the
situation is different in that it is very difficult to clinically obtain the rigorous mor-
phological information about structural abnormalities of the acinus. Thus, the struc-
ture—function relationships in the acinar regions are discerned in one direction, i.e.,
they can be identified only from the physiological parameters that are thought to be
sensitive to the acinar structures, but there is no reverse direction. Therefore, to
elucidate the structure—function relationships in the acinar regions, it is indispens-
able to have a profound knowledge of microscopic features of acinar airways with
and without alveolar sleeve as well as basic physiological mechanisms for prescrib-
ing gas transport and mixing in the acinus. Based on these considerations, we tried
to explain the complicated phenomena occurring in the pulmonary acinus as con-
cisely as possible. For achieving this, we shed light on three issues in the present
chapter: (1) anatomical design for understanding gas transport in the lung periphery,
including symmetrical and asymmetrical models for lower conductive airways,
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acinar microstructures, and collateral pathways; (2) interaction of convection and
diffusion for gas transport and mixing in the acinus, including a basic understanding
of convection and diffusion and results of numerical analyses in the models with
symmetrical and asymmetrical branching geometries; and (3) clinical importance of
stratified heterogeneity in lungs with various pathophysiological conditions.

2 Anatomical Design for Understanding Gas Transport
in the Lung Periphery

The lung is anatomically divided into two parts. The region with branching airways
from the trachea to the terminal bronchiole is called the lower conducting airways,
which is composed of central and peripheral airways. On the other hand, the region
distal to the terminal or transitional bronchiole, in which a tremendous number of
alveoli engaging in gas exchange are present, is defined as the acinus [1]. The
branching pattern of acinar airways qualitatively differs from that of lower conduc-
tive airways. To address the complicated mechanism prescribing the gas transport
dynamics along the airways, we should have a profound knowledge about the ana-
tomical structures, including the lower conductive airways and acinar airways sur-
rounded by alveoli.

2.1 Symmetrical and Asymmetrical Models for Lower
Conductive Airways

To make physiological approaches useful, Weibel [2] abstracted the morphometric
data of lower conductive airway trees into two types of models that extend from the
trachea to the terminal alveolar sacs. Model A of Weibel considers the basic proper-
ties of airway branching by assuming a regular dichotomy and thus defining a sym-
metric typical-path model, while model B of Weibel focusses on the irregularities of
tree architecture with asymmetric branching and defines the properties of a variable-
path model.

In the symmetrical typical-path model (equivalent to the model A of Weibel [2]),
the airway branches in a certain generation are assumed to have the same diameter
and length. Thus, the diameter-to-length ratio is treated to be identical in all genera-
tions. The total cross-sectional area of all airways in each generation increases tre-
mendously toward the periphery. The typical-path model has, thus, been called
“trumpet” or “thumbtack” model [3]. In this case, it is necessary to note that the
essential factor that defines the airway dimension is simply the generation number.
Detailed criticisms on the typical-path model is found elsewhere [4, 5]. Briefly, (1)
this model assumes that all anatomical gas exchange units (i.e., acini) are found at
an equal distance from the trachea. This is an oversimplification if we appreciate the
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anatomical fact that some terminations of conductive airways end after a shorter
distance than others. (2) While the diameter shows a relatively symmetric distribu-
tion in airways belonging to the same generation, the segment length varies signifi-
cantly among generations. (3) The diameter of acinar airways, precisely examined
by Haefeli-Bleuer and Weibel [1], does not follow the regression line constructed
for estimating the diameter of conductive airways. In consideration of these facts,
the typical-path model should be supplemented by a variable-path model that pays
attention to the asymmetry of airway branching. The generation of airway branch-
ing in the typical-path model, including conductive and acinar airways, is numbered
according to the system of Z (for all airways) and that of Z" (only for acinar air-
ways), as proposed by Haefeli-Bleuer and Weibel [1]. This numbering system for
airway generation differs somewhat from that classically proposed by Weibel [2]
(Tables 6.1 and 6.2).

The asymmetrical model B of Weibel [2] is based on the anatomical finding that
airways with a certain diameter occur in several generations and at different dis-
tances from the origin of airways. For instance, airways of 2 mm diameter are found
in generations 4—14, with a maximum in generation 8. Alternatively, these bronchi
are located at 18-31 cm from the origin of the trachea with a maximum at 24 cm.
Note that in the symmetrical typical-path model, bronchi with 2 mm diameter are
located maximally in generation 8 corresponding to 23.6 cm from the trachea,

Table 6.1 Microstructural traits of HB acinus

Values scaled

Structural parameters Original values measured at TLC to FRC
Entrance Transitional bronchiole (TrB) (Z =15, 2" =0)
Airway branching pattern | Irregular, asymmetrical dichotomy (trichotomy:
rare)
Number of branches Average: 9.1 (ranging from 6 to 12)
Total longitudinal 8.8 + 1.4 mm (from TrB to terminal alveolar sacs) | 7.0 mm

path-length
Inner airway diameter Decrease from 500 um (Z’ = 0) to 270 um (Z' = 10)

Outer airway diameter Approximately constant at 700 pm including
alveolar sleeve independent of Z’

Total surface area of Average: 67 cm? 42 cm?
alveoli

Total volume of an acinus | 187 = 79 mm?® 94 mm?
Total number of acini in | 26,000-32,000

human lung

Z: number of airway generations counted from trachea. Z at trachea is zero, while Z at transitional
bronchiole is 15. Z": number of airway generations counted from transitional bronchiole. Z" at
transitional bronchiole is zero. Values are measured under condition at full expansion of lung tissue
specimen [1]. FRC is assumed to be half of TLC. The values at FRC are calculated assuming that
volume change of acinus is proportional to that of whole lung volume. Change in total surface area
of alveoli is taken to be in proportion to the two-thirds power of that in whole lung volume (i.e.,
0.63-(original value)), while change in total path-length is taken to be in proportion to cube root of
that in whole lung volume (i.e., 0.79-(original value))
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Table 6.2 Dimensions of airways in HB acinus at TLC and FRC

Generation

zZ 7' | Number of branches | L (mm) d;, (mm) s (mm?) S (mm?)

15 0 1 0.80 (0.63) | 0.50 (0.40) | 0.20(0.13) |2.50 (1.57)
16 1 2 1.33 (1.05) |0.50(0.40) |0.39(0.25) | 16.7 (10.5)
17 2 4 1.12(0.88) |0.49(0.39) | 0.75(0.47) |41.4(26.1)
18 3 8 0.93(0.73) |0.40(0.32) | 1.00(0.63) |74.8(47.1)
19 4 16 0.83 (0.66) | 0.38(0.30) |1.81(1.14) | 159 (100)
20 5 32 0.70 (0.55) 1 0.36(0.28) |3.26(2.05) |253(159)
21 6 | 64 0.70 (0.55) | 0.34 (0.27) |5.81 (3.66) | 479 (302)
22 7 128 0.70 (0.55) |0.31(0.24) | 9.11(5.74) |873(550)
23 8 |256 0.67 (0.53) 0.29(0.23) | 16.9(10.7) | 1563 (985)
24 9 512 0.70 (0.55) | 0.25(0.20) |25.1(15.8) | 3260 (2054)
Total 8.48 (6.70) 64.3 (40.5) | 6722 (4235)

Z: airway generations, the number of which begins at trachea (Z = zero) and transitional bronchiole
corresponds to Z = 15. Z": airway generations, the number of which starts from transitional bron-
chiole (Z’ = zero) down to terminal alveolar sacs (Z' =9). L and d,, indicate path-length and inner
diameter of a certain acinar airway, respectively. s is total cross-section of acinar airways without
alveoli belonging to the same generation, which is calculated on the assumption that airway duct
is approximated by cylinder. S indicates total surface area including alveoli of airways belonging
to the same generation. Values without parentheses are original values estimated at TLC [1], while
values in parentheses are those scaled to FRC

which is in close agreement with the distance that shows the maximum distribution
of bronchi with 2 mm diameter in the asymmetrical model of B [5]. Based on these
facts, one may conceive that, although the symmetrical typical-path model has vari-
ous limitations, it works well, without any major problem, as a model for predicting
airway branching, at least in lower conductive airways from the trachea to the ter-
minal bronchioles.

Considering the airway tree as a convergent system in the manner of a river, an
entirely different approach in comparison with Weibel’s model B was introduced by
Strahler [6, 7], Horsfield and Cuming [8], and Woldenberg et al. [9]. In the conver-
gent system, the decisive factor for airway geometry is the flow there, i.e., the
increased flow in a certain airway makes the airway diameter wider. Thus, the tube
width is necessarily related to both morphology and function upstream to the flow.
In this approach, the airway branches are counted from the terminal bronchioles
toward the trachea and the branch numbers thus established were termed “order” as
opposed to “generation” in the symmetrical model A of Weibel, resulting in that the
higher the order, the greater the volume of lung supplied. The problem of the asym-
metric model based on the convergent theory is that the different orders lack con-
nectivity so that the pathway model for gas transport cannot be constructed properly
from the asymmetrical, convergent system. To cope with this drawback of the asym-
metrical model considered from the convergent theory, Fredberg and Moore [10,
11] contrived the airway branching model, which they called “self-consistent tree,”
modifying Horsfield’s ordering model [8]. Such a tree has a “principal path” along
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which the orders follow in numerical sequence. The principal-path model with
asymmetry does not exhibit a trumpet shape but shows a pear-like shape.

When attempting to precisely evaluate the convection-related gas transport in
conductive airways toward the terminal bronchioles, a realistic model such as the
variable-path model B of Weibel or the asymmetrical principal-path model will be
needed. However, when considering the gas transport and mixing in acinar regions,
the difference in models for conductive airways may exert little impact. This is
because in acinar regions, the relative contribution to gas transport by diffusion
predominates that by convection [3]. The gas transport by convection is largely
prescribed by the airway branching pattern so that a conductive airway model cer-
tainly supported by the anatomical fact is needed. However, the gas transport by
diffusion predominantly depends on the airway cross-section with and without alve-
oli in the acinus, which requires a correct acinar model independent of geometrical
features of conductive airways.

2.2 Microstructure of Acinus

The extensive analysis of the microscopic structure of the acinus was made by
Haefeli-Bleuer and Weibel [1], which is defined as the HB acinus in the present
chapter. They considered the acinus as the region severed by the proximal part of a
transitional bronchiole without identifiable alveoli (Z = 15th generation), which
may be larger than the acinus of Aschoff that is defined as the region distal to the
first-order respiratory bronchiole (Z = 16th generation) but is smaller than the acinus
of Loeschcke that is defined as the region distal to the terminal bronchiole (Z = 14th
generation) [4]. However, as it is extremely difficult to correctly separate the transi-
tional bronchiole from the first-order respiratory bronchiole in a microscopic exam-
ination [1], there is a certain possibility that the acinus of HB is practically the same
as that of Aschoff.

The airways in the HB acinus are characterized by asymmetrical, irregular
dichotomy (rarely, trichotomy), which branch over nine generations (Tables 6.1 and
6.2). The inner airway diameter is reduced as the branching progresses, while the
outer diameter, including the sleeve of alveoli, remains almost constant. The total
path-length from the transitional bronchiole to the terminal alveolar sac averages
8.8 mm, while the total acinar volume averages 0.2 cm?. The total alveolar surface
area participating in gas exchange reaches about 70 cm?. However, it should be
noted that these values were measured at an almost full expansion of the lung tissue
specimens, i.e., close to total lung capacity (TLC). Therefore, under physiological
conditions, i.e., at functional residual capacity (FRC), the dimension of acinar struc-
tures, including acinar volume, alveolar surface area, and airway path-length should
be modified accordingly [12].

Interestingly, Haefeli-Bleuer and Weibel [1] separated the HB acinus into eight
small regions at the third-order respiratory bronchiole (Z = 18th generation). They
named these small regions “1/8-subacini.”” They found that the volume of each
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1/8-subacinus differed considerably, indicating that there are small and large sub-
acini arranged in parallel in the HB acinus and these subacini may have different
airway path-lengths and alveolar surface areas. Each of the 1/8-subacini is com-
posed of two primary lobules of Miller, entrance of which is defined by the first-
order alveolar duct (Z = 19th generation) [4].

2.3 Collateral Pathways in Acinus

There are three types of collateral pathways in the acinus, i.e., alveolar pores (pores
of Kohn), channels of Lambert, and channels of Martin. Although the size of alveo-
lar pores ranges from 2 to 30 pm, there are many studies certifying that the alveolar
pores are not significantly open in air-filled lungs [13]. These studies indicate that
the alveolar pores take no part in augmenting diffusive gas flux at the alveolar level.

Lambert [14] described accessory communications between bronchioles and
alveoli in the normal human lung. The diameter of Lambert channels varies from
zero to 30 pm, and they are considered to serve as a collateral pathway connected to
adjacent alveoli when airway obstruction occurs at the level of terminal bronchioles
[13]. However, the physiological importance of the Lambert channels for augment-
ing diffusive gas flux in the acinus was not certified.

Martin [15] reported intra-acinar communications at the level of respiratory
bronchioles and/or alveolar ducts in the canine lung. The Martin channels were
found in the human lung as well [16]. As the Martin channels have a sufficiently low
resistance to gas flow, they act as the primary pathway for inducing collateral, dif-
fusive flux in the acinus [13]. Therefore, one can conceive that only the Martin
channels, but neither the alveolar pores nor the Lambert channels, serve to equalize
the concentration difference of indicator gases in the acinus.

3 Interaction of Convection and Diffusion for Gas Transport
in the Acinus

Since the direct measurement of gas transport and mixing dynamics in the acinar
region is technically impossible at present, the details of the gas transport mecha-
nism in this region were elucidated based on a theoretical analysis. In addition to the
convective mixing elicited by ventilation, the diffusive mixing plays an important
role in maintaining gas transport along acinar airways with large cross-sectional
areas (Fig. 6.1). Numerous mathematical attempts have been made to estimate the
effect of convection, diffusion, or interactions of both on gas transport in acinar
airways using a model with symmetrical or asymmetrical branching of airways (cf.
[3, 17]). Before discussing the specifics of the numerical analysis, we will first take
a basic view on the nature of convection and diffusion.
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3.1 Basic Rationale of Convection and Diffusion

The term of convection is defined as a mass transport resulting from the unidirec-
tional displacement of molecules included in a certain volume [3, 17]. Convective
displacement is identical for all molecular species and thus, it is not different for
gases with different diffusivity. This indicates that convection (laminar or turbulent
flows) occurs along gradients of total pressure but not along those of partial pres-
sure. On the other hand, the term of diffusion is defined as resulting from the ran-
dom motion of molecules due to their thermal energies, depending on their
concentration (partial pressure) gradients and diffusivity [3, 17]. Hence, a separa-
tion of two gases with different diffusivities occurs during gas transport when diffu-
sion constitutes a main limiting process, whereas a separation of two gases does not
occur when gas transport is predominantly limited by convection. Although the con-
vective transport of a gas in the lung is provided by ventilation in general, there is a
specific type of convection that occurs through the mechanical action of the heart
(i.e., cardiogenic oscillation). Fukuchi et al. [18] found that the gas mixing in the
canine lung is conspicuously enhanced by the cardiogenic oscillation. However,
Drechsler and Ultman [19], using bolus dispersion of He and SFg in human subjects,
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did not find any enhancement of mixing when heart rate was increased up to 153%
under a bicycle exercise condition. Based on these findings, Paiva and Engel [20]
concluded that the cardiogenic oscillation plays no role in gas mixing in the lung
periphery, particularly in the human lung, and the convective effect elicited by car-
diogenic oscillation is indeed explained by the interaction of diffusion and
ventilation-generated convection in the lung model with asymmetrical airway
branching.

The important role of diffusion in the lung periphery was first described with
gases of different diffusivities by Georg et al. in 1965 [21]. Since then, many groups
of investigators have focused on the diffusion as the basic mechanism for explaining
the gas transport in the lung periphery. Diffusive transport in airways and alveoli
occurs in axial and radial directions. Radial diffusion into acinar airways and alveo-
lar spaces can be assumed to be negligible. This is because the radial distance for
diffusion, which is given by the alveolar diameter (~0.2 mm) plus the radius of
acinar airway duct (~0.2 mm), is much smaller than the axial distance for diffusion,
which is about 7 mm under physiological conditions (Table 6.1). Furthermore, the
coupling of convection and diffusion occurs under conditions where the contribu-
tion of convection and diffusion to gas transport is of similar magnitude, which may
occur predominantly in peripheral airways at generations between 8th and 12th
[22]. The degree of convection—diffusion coupling under conditions with laminar or
turbulent flow is estimated using the dispersion coefficient proposed by Taylor and
others [23]. However, the Taylor dispersion has been identified to be insignificant
for gas transport during normal breathing [24, 25]. This leads to the conclusion that
it is enough to introduce only convection and axial diffusion, but neither the radial
diffusion nor the Taylor dispersion, as the basic mechanisms when assessing gas
transport along acinar airways under normal breathing.

In addition to the convective transport by ventilation, the contribution of diffu-
sion to overall gas transport rises substantially in acinar regions. The respective
importance of convection and diffusion for gas transport in a certain part of the lung
can be appreciated from the Peclet number (P,) as:

P.=d-(u/D) (6.1)

where d is diameter of an airway tube, u is mean convective flow velocity, and D is
binary diffusion coefficient of a gas. When the Pe number reaches 1.0, the diffusive
transport is quantitatively the same as the convective transport [26]. Under resting
conditions with air-breathing, the convective flow velocity at the trachea is about
100 cm/s while about 1 cm/s at the acinar entrance. This is because the total cross-
section of the bronchioles forming the acinar entrance is about 100-times larger than
that of the trachea. Therefore, the convective flow velocity falls 100-fold from the
trachea toward the acinar airways and the contribution of diffusion to gas transport
significantly dominates that of convection within the acinus [5, 26]. The position
where the Pe number is equal to 1.0 is called the “critical zone,” originally coined
by Gomez [27].
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3.2 Results of Numerical Analyses
3.2.1 Symmetrical Branching Geometry

Introducing both convection and axial diffusion as the gas transport mechanisms
into the symmetrical model A of Weibel that has a simple geometry with trumpet or
thumbtack shape, several groups of investigators analyzed the time-dependent
change in gas concentration profile of an insoluble gas that is not absorbed into the
blood (i.e., no gas exchange through alveolocapillary membrane) along peripheral
airways and acinar airways during normal breathing [28-30]. Among them, the
study by Paiva [29] is noteworthy. Paiva assumed (1) no dispersion in airways, (2)
no radial diffusion in airways, (3) no axial diffusion in alveolar regions, (4) no con-
vective flow in alveolar regions, and (5) no collateral pathway for diffusive flux in
acinar regions. The theoretical calculation done by Paiva was made under a situation
where tidal volume is set at 500 ml, inspiratory flow rate at 250 ml/s (the same expi-
ratory flow rate was used but the direction is reversed), and one respiratory cycle at
4 s (2 s each for inspiratory and expiratory time). Paiva analyzed gas mixing kinetics
of O, along airways distal to the 13th generation, which correspond closely to the
secondary lobule of Miller. In his analysis, O, was taken to be a gas mimicking an
insoluble, foreign inert gas that is not absorbed into capillary blood. The results dur-
ing inspiration and expiration emphasized by Paiva are summarized as follows:

1. On inspiration, the front of a gas (this is alternatively called the diffusion front of
a gas) lags appreciably behind the front of tidal volume. The front of tidal vol-
ume attains to the 22th generation of airways (i.e., the alveolar duct), whereas the
front of a gas stays at the 17th generation (i.e., the second-order respiratory bron-
chiole). The gas front is practically stationary, suggesting that the convective
advancement of a gas into the periphery is counterbalanced by the diffusion-
elicited proximal retreat of a gas. The existence of a stationary gas front in the
acinus was first described by Wilson and Lin [31] in the symmetrical model A of
Weibel. Given the quasi-static nature and the sigmoid shape of the gas front, the
location of the representative point of the gas front, which is given by the inflec-
tion point (i.e., the point at which the change in gas concentration is greatest),
could be identified by solving the equation dC/ot = 0 and 0*C/ox> = 0, in which C
is gas concentration, t is time, and x is distance from the most terminal alveo-
lar sacs:

ds/dx=(u-S)/D (6.2)

where S and s are the cross-sectional areas of an airway tube with and without sur-
rounding alveoli, respectively. D is the binary diffusion coefficient of a gas and u is
mean convective flow velocity over the cross-sectional area of S. (u-S) indicates the
inspiratory flow rate which is generally set at 500-1000 ml/s in most studies. The
ds/dx thus obtained predicts that the inflection point is located at the second-order
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respiratory bronchiole. Furthermore, Eq. (6.2) indicates that increasing u but
decreasing D moves the gas front more peripherally in the acinus, resulting in the
fact that the gas front of He (smaller molecular weight with higher gas diffusivity)
is formed around the first-order respiratory bronchiole (Z = 16th generation), while
that of SF, (larger molecular weight with lower gas diffusivity) is formed around the
third-order respiratory bronchiole (Z = 18th generation), i.e., deeper penetration of
SF, than He in the lung periphery. However, it should be noted that the concept of
gas front should not be applied for explaining the gas transport dynamics elicited by
high-frequency ventilation (HFV) or by high-frequency oscillation (HFO), in which
the gas front has no time to be established.

2. On inspiration, a significant difference in the gas concentration along the acinar
airways, i.e., the spatial or stratified heterogeneity, is found. The term “stratifica-
tion” was first introduced by Rauwerda in his PhD thesis in 1946 [32].

3. On expiration, all acinar concentration gradients of a gas persisting during inspi-
ration are rapidly abolished, which may be caused by the thumbtack-like shape
of the acinus. The diffusive process in the acinar gas phase imposes an impact on
gas transport in a very early stage, but not in a later stage, of expiration. The find-
ings during one respiratory cycle indicate that the stratification (i.e., the spatial
concentration gradient of a gas due to diffusion) is evident along acinar airways
during inspiration but minimal during expiration.

The most serious problem identified in the analysis based on the symmetrical
model A of Weibel by Paiva [29] is that it did not produce the sloping alveolar pla-
teau (phase III) of the expirogram. To solve this problem, Paiva and Engel [33]
elaborated on a model with asymmetrical branches of acinar airways. They coined
the term “single branch point-two trumpet model,” in which the two parallel, heter-
ogenous trumpet-like units differing in total cross-sectional area and path-length
were assumed. These two units in the acinus join at the branch point. The degree of
convection—diffusion-elicited, parallel heterogeneity for gas concentration varies
depending on the location of the branch point. In fact, if the branch point is situated
at the more proximal part of the gas front (e.g., outside the acinus), there is no axial
concentration gradient for diffusion to take effect. On the other hand, if the branch
point is moved to the more peripheral end of the gas front (e.g., around the alveolar
sacs), convective flows are negligibly small, resulting in the fact that any concentra-
tion difference is rapidly equilibrated by diffusion between the units. When the
branch point is formed somewhere in the middle of the two extremes, the interaction
of convection and diffusion acts as the primary factor deciding gas concentrations in
the two units. A typical analysis performed by Paiva and Engel [33] demonstrated
the following results in the asymmetrical model with two parallel units (small and
large units in size) in which the branch point is located at the entrance of alveolar
ducts and the convective flow/volume ratio of both units is assumed identical for the
sake of simplicity. (1) At end-inspiration during pure O, inhalation, the higher O,
concentration is formed in the small unit. This is due to diffusion aiding convective
gas transport into the small unit, whose smaller axial dimensions favor diffusional
flux and whose smaller volume yields a rapid increase in O, concentration in the
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small unit. (2) During expiration, diffusion promotes convection-dependent gas
leaving from the small unit, thus O, concentration in the small unit decreases rap-
idly. On the other hand, the change in O, concentration in the large unit is relatively
flat during expiration. This is because convective flow in the large unit is high
enough to prevent back-diffusion of O, from the branch point. Consequently, the O,
concentration at the branch point, which is the mixture exiting from both small and
large units arranged in parallel, significantly varies as the expiration progresses,
resulting in forming a sloping alveolar plateau of the expirogram. The analytical
results of Paiva and Engel [33] convincingly refute the concept that the stratified
heterogeneity generated during inspiration persists during expiration and contrib-
utes to the formation of the sloping alveolar plateau. Furthermore, their analysis
suggests that neither parallel heterogeneity of convective flow nor flow asynchrony
(i.e., sequential emptying) is needed for generating the sloping alveolar plateau.
Many results concerning gas transport dynamics in the acinar region were derived
from the single branch point-two trumpet model. Unfortunately, however, the ana-
tomical backgrounds that decide the branch point in the acinus were not argued
conclusively in the study of Paiva and Engle [33].

3.2.2 Asymmetrical Multi-branching Geometry

Before the most detailed morphometric information regarding acinar structures
became available from Weibel’s group in 1988 [1], several groups of investigators
had already used the models with asymmetrical multi-branching geometry to simu-
late gas transport in the human acinus (cf. [26]). Although these early simulations
used radically different acinar structures, they predicted several common conclu-
sions, including the presence of very different fluctuations in alveolar gas concen-
tration in different parts of the acinus and the pattern of expired gas concentration
which does not resemble the pattern of alveolar gas concentration in any given por-
tion of the lung.

The prominent study on gas transport dynamics in the acinus was conducted by
Swan and Tawhai in 2011 [12]. They adopted the model with the asymmetrical
multi-branching acinar airways, which was constructed based on the anatomical
data of Haefeli-Bleuer and Weibel [1] for the human acinus (i.e., the HB acinus).
Since the original data of the HB acinus were investigated at a full expansion (i.e.,
at a TLC level), Swan and Tawhai [12] changed them to those at an FRC level.
Under resting breathing of ambient air (tidal volume: 300 ml, one respiratory cycle:
5 s (inspiration and expiration: 2.5 s each), and FIO,: 21%), they solved the one-
dimensional, partial differential equations governing the convective and diffusive
O, transport process in cooperation with gas exchange of O, through the alveolo-
capillary membrane in respective acinar airway generations (defined as the element
in their paper). The perfusion of capillary network surrounding the alveolar sleeve
of a certain element was assumed to be proportional to the surface area of gas
exchange there. The PO, profile in the capillary blood approaching alveolar PO,
from the mixed venous blood (PyO, = 40 mmHg) in the element was estimated
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using the morphometric value of O, diffusing capacity by Weibel et al. [34].
Furthermore, the model assumed that during breathing, the volume of an element
changes in proportion to the ratio of element volume to total volume of the HB aci-
nus, while the path-length of an element changes in proportion to the cube root of
volume change. The cross-sectional area of an airway tube without alveoli is taken
to be constant, while the change in the cross-sectional area of an airway tube with
alveolar sleeve is calculated to satisfy the volume change. The important messages
from their analysis are as follows. (1) The PO, at the entrance of HB acinus (the
transitional bronchiole) decreases slightly below inspired PO, just after inspiration
begins, but this value is maintained over inspiration (= 140 mmHg). (2) The spatial
(stratified) heterogeneity for PO, distribution is evident during inspiration, that is,
the element with a shorter path-length has a higher PO, than that with a longer path-
length. (3) The PO, gradients from the entrance to the peripheral elements formed
during inspiration (i.e., stratified heterogeneity) are almost abolished during expira-
tion and the spatial distribution of PO, is relatively uniform at the end of expiration
(Fig. 6.2). The coefficient of variation of PO, in HB acinar elements is 3% of the
mean PO, value averaged by the element volume. (4) The position of PO, profiles
along the acinar airways estimated from the asymmetrical multi-branching model is
always located much lower than that from the symmetrical branching model, irre-
spective of the acinar airway generations. This is most likely because the heteroge-
nous interdependence of convection and diffusion in the acinar regions cannot be
sensitively captured by the symmetrical model. However, the disadvantage of the
analysis performed by Swan and Tawhai [12] is that, since they adopted a simple
differential equation describing the interaction of convection and diffusion in the

Respiratory bronchiole (RB)
(first order)

100
PO, (mmHg)

End-inspiration End-expiration

Fig. 6.2 Spatial distribution of PO, in the HB acinus. Left side: end-inspiration, right side: end-
expiration. Transitional bronchiole (entrance of HB acinus) is excluded. The spatial difference
(i.e., stratified heterogeneity) in PO, is evident during inspiration but is minimal during expiration
under conditions of air breathing. Adopted from Swan and Tawhai [12] with permission of the
publisher
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acinus, the term correcting the influence of geometrical change along the axial
direction upon diffusive gas transport was not included in their analysis. Furthermore,
they did not consider the effect of changing volume of the airway tube caused by
lung expansion and deflation during breathing. Therefore, we attempted to confirm
the analytical results obtained by Swan and Tawhai [12], applying the asymmetrical
HB acinar model, in which the geometrical dimensions were scaled to those at the
FRC (Fig. 6.1, Tables 6.1 and 6.2). The calculation of PO, profiles in the HB acinus
was conducted under resting conditions with air-breathing (inspired
PO, = 150 mmHg), using the full differential equation describing the interaction of
convection and diffusion proposed by Verbanck and Paiva [26]. The TLC was set at
5000 ml, while the lung volume at end-inspiration and end-expiration was set to be
60% and 50% of the TLC, respectively. This results in a lung volume at the FRC and
a tidal volume of 2500 ml and 500 ml, respectively. The time for one respiratory
cycle was set at 4 s, which was divided into two equal time periods for inspiration
and expiration (i.e., 2 s for each). The initial PO, in the HB acinus was set at
100 mmHg. The volume change of an acinus during breathing was assumed to be
proportional to that of the whole lung volume from end-inspiration to end-expira-
tion. The length and diameter of an acinar airway were considered to change in
proportion to the cube root of the volume change. The cross-sectional area of an
acinar airway without alveoli (s) was calculated on the assumption that the shape of
the airway tube was cylindrical. Therefore, the volume of an acinar airway (V) was
deduced by multiplying the inner cross-sectional area by the length. The surface
area for gas exchange of an acinar airway with alveolar sleeve (S) was considered to
change in proportion to the two-thirds power of the volume change. The gas
exchange of O, across the alveolocapillary membrane was disregarded in our calcu-
lation. This is because the O, flux into or from the capillary blood is small in com-
parison with the total flow in the airways, and the O, equilibration by diffusion
within alveolar spaces is fast [35]. The equation used for our calculation is:

0C 10t =D, (6°C/ox*)+(D/S)(os/ox)(C / ox)
—u(6C1ax)—-(C1V)(oV /ar) (6.3)

where C, V, ¢, and x are concentration of a gas, volume of an airway, time, and axial
distance from the most distal alveolar sacs, respectively. u is the mean convective
flow velocity at x (a positive value of u corresponds to inspiration and a negative
value to expiration). S and s are surface area for gas exchange of an airway with
alveolar sleeve and cross-sectional area of an airway without alveoli, respectively.
D is binary diffusion coefficient of a gas, while D.; means effective D, which is
empirically defined as D-(s/S) and indicates the impairment of axial diffusion by the
presence of alveolar septa in an alveolated airway tube [36]. The first term of Eq.
(6.3) corresponds to the modified diffusion equation, describing the axial spread of
a gas in an alveolated airway tube in consideration of impediment by the alveolar
septa (i.e., D is replaced by D.;). The second term indicates the influence of the
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Fig. 6.3 Time- and distance-dependent PO, profiles during one respiratory cycle under normal
breathing of air. Upper abscissa: axial distance from terminal end of alveolar sacs, lower abscissa:
airway generation number of Z when the trachea is taken to be zero. 7B terminal bronchiole, 7rB
transitional bronchiole, RB respiratory bronchiole, AD alveolar duct, AS alveolar sac. Dashed
lines: tidal ventilation fronts just after beginning of inspiration (0) and at end-inspiration (1). Tidal
ventilation front just after beginning of inspiration is assumed to be in transitional bronchiole
(Z = 15th generation, i.e., entrance of acinus), while that at end-inspiration is considered to reach
terminal alveolar sac (Z = 23th generation). Black solid line (0): gas front of PO, (PO, profile) just
after beginning of inspiration. Black solid line (1): gas front of PO, at end-inspiration. Blue circle:
inflection point (representative point of gas front) that is calculated from Eq. (6.2). Red solid line
(2): gas front of PO, at 0.2 s after beginning of expiration. Red solid line (3): gas front of PO, dur-
ing expiration excluding beginning of expiration. Various assumptions and conditions necessary
for computation are provided in the text

structure of airway branching, which generates the diffusive flux toward the mouth
[26]. The third term represents the convective transport of a gas with the velocity of
u. The fourth term accounts for the effect of volume change in an airway during
breathing. Using this equation system, we found qualitatively the same results
(Fig. 6.3) as those demonstrated by Swan and Tawhai [12] (Fig. 6.2), i.e., the spatial,
stratified heterogeneity of PO, distribution exists along the acinar airways during
inspiration, but it is almost, but not fully, eliminated during expiration. The PO, in
the most distal portion is slightly lower than that in the proximal portion of the aci-
nus. These findings provide an insight into gas exchange mechanisms under condi-
tions of normal breathing; that is, since most of the acinar regions have a PO, close
to the mean value, the assumption of an HB acinus serving as a well-mixed gas
exchange unit is therefore reasonable at least during expiration in a first
approximation.
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However, the sloping alveolar plateau was not generated in our calculation
(Fig. 6.3). This is because we did not consider the different units arranged in parallel
in the HB acinus such as the 1/8-subacini (each of them is consisting of two primary
lobules of Miller) proposed by Haefeli-Bleuer and Weibel [1]. These subacini are
expected to have different dimensions, including volume, alveolar surface area, and
path-length (i.e., smaller and larger units arranged in parallel). Since these subacini
are separated at the third respiratory bronchioles (Z = 18th generation) located at a
portion distal to the gas front, the consideration of these parallel subacini may yield
the sloping alveolar plateau through qualitatively the same mechanism considered
by Paiva and Engel [33] (see Sect. 3.2.1). Although Paiva and Engel [33] postulated
that the branch point separating the parallel units is located at alveolar duct regions
(Z = 19th-22th generations), the precise anatomical structure of the HB acinus indi-
cates that it may be anatomically more realistic to assume that the branch point is
located at the third respiratory bronchiole (Z = 18th generation). The reason why we
did not consider the parallel units in the HB acinus is that the detailed dimensions
of 1/8-subacni were not described in the original paper of Haefeli-Bleuer and
Weibel [1].

4 Clinical Importance of Stratified Heterogeneity in Lungs
with Various Pathophysiological Conditions

The important role of stratified heterogeneity to describe gas exchange has been
identified particularly in birds and fishes, both having very special structural fea-
tures as the gas exchanger (cf. [17]). However, as discussed in detail in previous
sections, the theoretical analyses have consistently shown that the diffusion-depen-
dent, spatial, stratified heterogeneity for an indicator gas under normal breathing
obviously exists within the human acinus during inspiration, but is rapidly abol-
ished during expiration (Figs. 6.2 and 6.3). These findings indicate that the diffu-
sion-dependent stratification plays no role in prescribing overall gas mixing within
human acini at least under conditions with normal breathing. The exception is the
transport of NO that is generated endogenously. In this case, the serial concentration
difference in NO along acinar airways, i.e., the stratified heterogeneity, persists dur-
ing expiration [37]. This is explained by the back-diffusion of NO produced endog-
enously in the bronchial tree into the alveolar space against the expiratory
convective flow.

Many studies attempting to quantify stratification in canine and human lungs were
performed between the 1960s and the 1980s. Among them, the study by Adaro [38]
deserves special attention. In experiments on anesthetized dogs, Adaro simultane-
ously administered acetylene and freon 22, inert gases with considerably different
diffusivity in the gas phase but almost identical solubility (blood/gas partition coef-
ficient (1)) in the blood phase. Based on the classical ventilation—perfusion (V,/Q)
theory, the inert gases with identical solubility should display the same clearance
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values independent of V,/Q heterogeneity in the lung [4]. In contrast to this expecta-
tion, Adaro found less clearance for freon 22 with less diffusivity in the gas phase,
which suggests the gas-phase diffusion-dependent stratification to impose a higher
resistance to a gas with less diffusivity in the normal lung. However, since the A val-
ues of acetylene and freon 22 are not identical (Fig. 6.4), the study of Adaro was
reevaluated by Yamaguchi et al. [39], who infused three inert gases, including ethyl-
ene, acetylene, and freon 22 through the peripheral vein under steady-state condi-
tions. Their basic rationale for using these three gases is that ethylene and acetylene
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Fig. 6.4 Excretion (E)-solubility (1) diagram for three inert gases. E indicates Pg/P,, where P is
inert gas concentration in expired gas, while P, is that in mixed venous blood. 4 is blood/gas parti-
tion coefficient of each inert gas. Ethylene and acetylene have almost the same diffusivity in lung
tissue and gas phase so that behaviors of these two gases are simply predicted from classical V,/Q
theory, which is denoted by the curved line drawn between E values for ethylene and acetylene.
The straight line shows the approximated effect of V,/Q heterogeneity estimated from ethylene and
acetylene. The point for freon 22 located on the curved line (triangle) indicates the real predicted
point for freon 22, which explained purely by Vi/Q heterogeneity (denoted as “real predicted
point” in the figure). Unfortunately, however, this point cannot be decided correctly. On the other
hand, it is easy to decide the E value of freon 22 located on the straight line (middle black dot). The
point corresponding to this E value is defined as the point of freon 22 approximately (but mainly)
decided by V,/Q heterogeneity (denoted as “approximated point” in the figure). Since the contour
of E-] diagram is convex against A, the approximated point of freon 22 is always located below the
real predicted point of freon 22. Therefore, in case that the measured E value of freon 22 (whole
black dot) lies beneath the approximated point of E value of freon 22, one can conclude that acinar
gas exchange of freon 22 is significantly aggravated by diffusion (gas-phase or aqueous-phase) in
addition to V,/Q heterogeneity. Adopted from Yamaguchi et al. [39] with permission of the
publisher
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have identical diffusivity in the gas phase but considerably different 1 in the blood so
that they can predict the correct effect of V,/Q heterogeneity on the inert gas exchange
(Fig. 6.4). Yamaguchi et al. [39] demonstrated that the measured excretion (E =
Pr/P,, where Py is gas concentration in the expired gas, while P, is that in the mixed
venous blood) of freon 22 did not differ significantly from E predicted from the eth-
ylene and acetylene behaviors in anesthetized, normal dogs (Fig. 6.5). Their findings
suggest that gas-phase diffusion plays no role in impairing the gas transport in the
lung periphery under steady-state conditions with normal breathing. However,
Yamaguchi et al. [39] also found that the measured E value of freon 22 was conspicu-
ously lower than that predicted from ethylene and acetylene in a canine model with
ARDS (Fig. 6.5), indicating that the diffusion-elicited stratified heterogeneity in the
alveolar space acts as an important factor for impeding inert gas exchange in lungs
with ARDS. However, this is not caused by the gas-phase diffusion, it is rather caused
by the aqueous-phase diffusion that is induced by the edematous fluid flooding into
the alveolar space. These experimental findings indicate that the results obtained
from the theoretical analyses are valid, i.e., the stratified heterogeneity generated
during inspiration does not significantly affect overall gas transport and mixing under
steady-state conditions with normal breathing.

a 0.4 Normal lungs b 0.4-
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Fig. 6.5 Excretion of freon 22 in normal and ARDS lungs (canine model). There is no difference
between the approximated value of freon 22 corrected for V,/Q heterogeneity and measured values
of freon 22 in normal lungs (a). However, there is a considerable difference between them in lungs
with ARDS (b), suggesting that in addition to V,/Q heterogeneity, aqueous-phase diffusion plays
an important role in impairing gas exchange in lungs with ARDS. Modified from Yamaguchi et al.
[39] with permission of the publisher
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However, the inspiration-related, diffusion-elicited stratified heterogeneity has
the effect that is not ignored under an artificial breathing such as breath-holding
or rebreathing, both of which are the main maneuvers for measuring diffusing
capacities for carbon monoxide (Do) and nitric oxide (D;yo). Magnussen et al.
[40] measured single-breath D;cq at different breath-holding times in patients
with bronchial asthma and found increasing Dy co with decreasing breath-holding
time. This is expected from the classical theory that the parallel heterogeneity of
inspired gas distribution is not diminished when breath-holding time is substan-
tially short. In COPD patients, however, D ¢ decreased with shortening of breath-
holding time, sometimes reaching a negative value when breath-holding time is
very short. This is thought to be explained from the incomplete gas mixing
between inspired and resident gas, which is caused by the augmented inspiration-
related stratified heterogeneity in patients with COPD suffering from destruction
of acinar airways and airspaces [3]. Recently, the important role of inspiration-
related stratified heterogeneity on rebreathing D; o was confirmed by Hsia et al.
[41] in an immature canine model with elongated airways. In immature animals
several months after pneumonectomy, the remaining lung rapidly expands into the
empty thorax, followed by an accelerated increase in number of airway segments
(especially in the acinus), length and diameter of conducting airways, and length
of intra-acinar airways. Using this special canine model, Hsia et al. [41] found
that the D o value measured in the background gas with He and O, (lower density
but higher kinematic viscosity than N,-O, gas, thus gas-phase NO diffusivity is
increased) was high, but that in the background gas with SF¢ and O, (higher den-
sity but lower kinematic viscosity than N,-O, gas, thus gas-phase NO diffusivity
is lowered) was low, in comparison with that observed in the background gas with
N, and O,. These findings call for a couple of explanations. The gas-phase resis-
tance to diffusive transport of NO is higher in the SF¢-O, background gas due to a
decreased diffusivity of NO, leading to the decreased D;yo. However, the SF4-O,
background gas has a lower kinematic viscosity, leading to the generation of
greater turbulence at airway branches despite a low Reynold’s number. This will
improve the gas mixing of NO and acts as the factor for increasing Djno. The net
effect of the background gas on D yo depends on which mechanism dominates. In
the case of Do, the former prevails over the latter. More recently, Linnarsson
et al. [42] examined the effect of atmospheric pressures on breath-holding
D no- They found that the Dy yo measured at 4.0 atm was significantly lower than
that at 1.0 atm, indicating that diffusive transport of NO in the lung periphery is
inversely related to the gas density. Based on these experimental findings, we
concluded that although the diffusion-dependent stratification plays no role in
prescribing overall gas mixing within the acini under conditions with normal
breathing, it exerts a detrimental impact on acinar gas mixing, i.e., incomplete gas
mixing between inspired and resident gas, under artificial breathing conditions
such as breath-holding or rebreathing, both being clinically important while mea-
suring diffusing capacities for CO and NO in patients with a variety of lung
diseases.
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S Conclusion Remarks

The results obtained from many theoretical analyses based on symmetrical and
asymmetrical geometries of the acinus consistently confirm that the importance of
molecular diffusion outweighs the importance of ventilation-induced convection for
prescribing gas transport and mixing in the acinar region. However, the reality is
that the interdependence of diffusion and convection works as the most decisive
factor there. The diffusion-elicited spatially different gas concentration in the aci-
nus, i.e., the stratified heterogeneity, is evident during inspiration but it rapidly fades
out during expiration under conditions of normal breathing. This shows that stratifi-
cation takes little effect on the overall gas mixing efficiency during normal breath-
ing. However, the stratification has an impact that cannot be ignored on impeding
acinar gas mixing under conditions with artificial breathing such as breath-holding
or rebreathing, both of which are the breathing maneuvers employed when measur-
ing the diffusing capacities. Therefore, the values of diffusing capacities measured
for patients with different lung diseases should be interpreted with caution, because
they are sometimes underestimated by the stratification-dependent, incomplete gas
mixing in the acinar region.
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Chapter 7

Radiological Evaluation of Lower Airway
Dimensions Deciding Ventilatory
Dynamics: Can Radiologically Determined,
Static Airway Structures Precisely Predict
Ventilatory Dysfunction?

Check for
updates

Susumu Sato and Toyohiro Hirai

Abstract Airway narrowing causes airflow limitation because of the increase in
airway resistance during expiration. Radiological evaluation of airway narrowing
during breath-hold has been widely performed for various respiratory diseases. In
particular, bronchial asthma and chronic obstructive pulmonary disease (COPD) are
major respiratory diseases that present with airflow limitations. Quantitative assess-
ment using computed tomography (CT) images is key to evaluating airway lesions
and airway narrowing in both clinical and research fields.

On CT images, airway wall thickening, and airway narrowing are evaluated with
designated software; however, there are serious concerns about and limitations to
the resolution of CT images. Ultra-high resolution CT (U-HRCT) is a promising
variation of CT that could produce new findings to help deepen our understanding
of respiratory diseases.

Moreover, for acquiring precise and meaningful measurements of airway dimen-
sions in vivo, various new parameters, such as airway tree shape irregularity, airway
visibility, and airway volume to lung volume ratio, have been proposed.
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1 Introduction

1.1 Anatomy of the Lower Airways

As described in the previous chapter, human airways consist of tracheobronchial
trees and upper airways (Fig. 7.1). Since inspiratory and expiratory air must go
through these airways, airway structure, pathology, and anatomical geometry are
important determinants of the physiological properties of the respiratory system.
Therefore, in respiratory diseases, the anatomical properties of the airways are key
components in determining and characterizing ventilatory dysfunction.

In particular, airway narrowing causes airflow limitation because of the
increase in airway resistance during expiration and inspiration. Exhaled air must
go through the airway pathways from the lungs, and airway narrowing results in
decreasing airflows. Decreasing airflows are defined as “obstructive ventilatory
dysfunction.” Various diseases, including bronchial asthma, chronic obstructive
pulmonary disease (COPD), and bronchiectasis or other diseases, may present
such a clinical manifestation. In particular, patients with bronchial asthma may
have chronic airway inflammation and consequently present airway wall thicken-
ing (Fig. 7.1b).

Fig.7.1 (a) Airway tree. The arrow indicates the right apical bronchus (RB1). (b) Cross-sectional
CT image of the RB1. The arrow indicates the RB1
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1.2 Principle of Radiological Evaluation of Airways

Quantitative evaluation of the morphological changes of the respiratory tract
using computed tomography (CT) has been performed since the 1990s. Initially,
studies were conducted using experimental animals, followed by studies in which
an evaluation of the airways of near-fatal asthma patients was attempted. A num-
ber of subsequent reports evaluated dynamic airway contraction in healthy sub-
jects and asthmatic patients with stimulation using methacholine and other
chemicals.

For these analyses, airways were typically measured in cross-section, and mea-
surements were originally performed manually [1, 2]. It soon became obvious that
there were measurement errors associated with visualizing features of CT images as
well as inter- and intra-observer variations.

In addition, both cross-sectional and longitudinal studies require a comparison of
scans at identical airway levels/generations. Especially in a longitudinal study, both
preintervention and postintervention evaluations should be performed for each
patient to compare the effect of these interventions on airways.

To minimize measurement errors, quantitative analysis using automated
computer-aided software is required. Thanks to developments in CT scanning tech-
nology, such as helical scans and HRCT scans, image analysis has become popular
in clinical and research fields. From the 2000s to the 2010s, numerous studies had
been performed using quantitative image analysis of airway dimensions. For exam-
ple, Nakano et al. proposed a new computer-aided algorithm to evaluate airway
dimensions using helical CT scan images [3]. They found that the severity of
emphysematous lesion and changes in airway dimensions (wall thickness and per-
centage of wall area) independently correlated with measures of airflow obstruction.
Likewise, various studies revealed that airway measurements using chest CT is
poised to make a major contribution to the understanding of obstructive airway
diseases.

However, radiological evaluations of airway generations are still conducted man-
ually and with visual confirmation almost exclusively; therefore, these measure-
ments are limited to at least the visible airways. Indeed, it had become obvious that
the visibility of even the fifth- and sixth-generation airways was impaired in COPD
[4], and thinner airway walls are almost invisible, making spatially matched com-
parisons of these airway dimensions extremely challenging.

Recently, a great step forward in CT scanner development was achieved. A more
precise image acquisition technique was implemented in a human study, which
yielded an ultra-high resolution with up to a 1024 x 1024 (or a virtual 2048 x 2048
after additional processing) pixel matrix and a 0.25 mm slice thickness.

Quantitative airway analysis using CT may take us into another world.
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2 Morphometry of Airways

The desire to acquire precise measurements of airway dimensions in vivo is driven
by the goal to make meaningful measurements of airway wall remodeling in
obstructive pulmonary diseases, such as asthma and COPD.

2.1 |Indexes of Airway Geometry

Indexes of airway geometry are listed in Table 7.1. In particular, airway narrowing
is represented by a decrease in the airway luminal area (Ai), and airway remodeling
could be represented by an increase in the airway wall area (WA). Consequently, an
increase in the percentage of the airway wall area to the total airway area (Ao) is
presented as WA %.

2.2 Identification of Inner and QOuter Borders

To perform the morphometry of airways, identification of the inner area and outer
field is key. As illustrated in Fig. 7.2 [5], airways look like tubes in the lung paren-
chyma, which may also present with neighboring structures, such as vessels.

CT indices, such as the ratio of the airway wall area to the total airway wall area
(WA%) and the luminal area (Ai), have been used for the quantitative analysis of

Table 7.1 Airway parameters measured and derived using quantitative computed tomography

Measured parameters | Confounding factors Derived parameter Reference
Luminal area (Ai) Spatial resolution, image | Airway wall area% (WA %) [1-3]
Airway wall area noise, inspiration level | AWT Pi10 = /WA Pi of 10 mm

(WA) calculated using regression of

Total airway area measured Pi vs. \/WA [10]

(Ao)

Airway wall thickness

(WD)

Internal diameter (ID)

Internal perimeter
(Pi)

Total airway count [4]
(TAC)

Airway tree volume Airway volume ratio (AWV %) [30]

Branch angle Continuous images,
Segment length spatial resolution, image
SD_Ri noise [25]
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Fig. 7.2 (a) Representation of the X-ray density of a tube with sharp edges on a single CT slice as
a topographical relief. This tube was surrounded by two different materials (adopted from
Weinheimer et al. [5]) Diagram (b) shows a line profile across an ideal and a blurred airway wall
and (c) illustrates how the FWHM technique is applied. FWHM full-width-at-half-maximum

airway thickening and narrowing. In addition, airway size may present as the equiv-
alent diameter of the airway (inner diameter, ID).

2.3 Artifacts Resulting from Oblique Airway Directions [6]

Since most previous studies used axial cross-sections of the body and, therefore, of
the bronchi, control of the airway orientation in the Z-axis during scanning would
have been difficult; therefore, the right apical segmental bronchus (RB1) and right
basal segmental bronchi (RB8-10) were typically chosen, because these airways are
usually sliced in axial cross-section. However, such airways may also be affected by
oblique directionality with respect to the Z-axis [7].

Recently, 3-D image analysis has become more widely used, including methods
such as MPR image acquisition, and techniques to create perpendicular slices to the
airway directions [6] could then be applied to airways acquired with these imaging
modalities. In phantom studies, this technique can resolve artifacts from undetected
oblique airway directions; however, such complicated computer processing is dif-
ficult to apply in clinical settings.
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2.4 Visual Evaluation

A number of visual scoring systems have been developed to assess the extent and
distribution of airway abnormalities [8]. These scoring systems have been applied
to various diseases. Each scoring system consists of grading airway wall thickening,
bronchiectasis, mosaic perfusion, and/or gas trapping. However, qualitative studies
are sensitive to the display settings (e.g., window width and level) of the images and
are prone to poor reproducibility.

2.5 Quantitative Evaluation
2.5.1 Manual Analysis

In 1992, McNamara, Okazawa and colleagues proposed methods to quantify air-
way geometry in animal and human lungs [1, 9]. CT images were enlarged using
image analysis software, and regions of interest (ROI) were traced manually along
the internal border (the luminal border of the airway) and the external border (the
parenchymal border). In airways where a vessel abutted the external border, an
extrapolated line was traced on the assumption that the airway wall thickness was
constant throughout the areas of vascular contact. After the luminal area and total
airway area were determined, the wall area, airway wall thickness, and WA%
could be calculated.

2.5.2 Computer-Aided Analysis [3, 10]

Since manual tracing is extremely time-consuming and prone to error, computer-
aided and automated techniques have been developed. The first methods used a
Hounsfield unit (HU) threshold cut-off value, such as —500 HU, and most common
methods reported employ “full-width-at-half-maximum (FWHM)” techniques
(Fig. 7.3). FWHM methods can provide standardized and unbiased measurements.

In 2000, Nakano, Mishima and their colleagues tested their hypothesis that the
measurement of airway dimensions would provide additive value to the measure-
ment of emphysema in the prediction of lung function abnormalities. They used
modified FMHM methods in their study and employed thin-section helical (spiral)
CT to quantify airway dimensions. Unlike later and very recent studies, only one
airway, the trunk of the apical bronchus of the right upper lobe, was evaluated. As
mentioned above, the right apical bronchus is typically sliced in cross-section and
easily identified on CT scans; in addition, it was large enough to be accurately mea-
sured. With the identified bronchus, the luminal area (Ai), airway wall area, and
airway wall thickness (WT) were calculated automatically.

Their computer-aided procedure consisted of various steps to identify adjacent
structures, such as vessels (Fig. 7.3b—e). Each step is subject to modifications of
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original optimization methods to adjust computer processing, image quality, and
acquisition settings [3]:

1. The Iumen of the bronchus was identified using a threshold of —500 HU. The
area of the lumen was considered Ai (Fig. 7.4b).

Extracted Airway Wall
(WAextra)

Airway Vessel

a b

Vessel

Inner perimeter Wall Thickness
(Pi) (WT)
WA+WAextra
total airway area (Ao)

WA% =

Ao=Ai+WA+WAextra

Fig. 7.3 Measurement of airway dimensions. (a) An example of the measurement of airway
dimensions using in-house software. (b—e) Step-by-step schematic of airway measurements. (f)
Indexes of airway dimensions

Fig. 7.4 Ultra-high resolution CT analysis. (a) Phantom with small and thin tubes. (b, ¢) Axial CT
images of phantoms. (d, e) Examples of a chest CT scan obtained using conventional HRCT and
U-HRCT, respectively. (f, g) Representative cross-sectional images in each airway generation from
3rd to 6th
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2. The inner diameter was calculated as the equivalent diameter, which is equal to
the diameter of a circle with the same Ai (Fig. 7.4f).

3. From the centroid of the lumen, 128 (or 64 [10]) rays fanning out over 360° were
examined to determine WT along each ray using the “full-width-at-half-maxi-
mum” principle (Fig. 7.3c).

4. The rays that projected onto the adjacent vessel were excluded if their WTs
exceeded the threshold (mean +1 SD of all WTs). WT was then calculated from
those of the included rays (Fig. 7.3d, e). The excluded airway wall was deter-
mined as WAextra. The total airway area (Ao) consisted of Ai, WA, and WAextra
(Fig. 7.3f).

This multiple step-by-step procedure can eliminate overestimation of the outer
airway wall due to including adjacent vessels or other connective tissues in the
lungs. Unfortunately, FWHM methods are still capable of over- and underestimat-
ing airway walls due to factors including the spatial resolution of the CT scanner,
the angle of airway orientation, the edge detection ability of the CT scanner, and the
reconstruction algorithm used. Therefore, these methods are subject to the limita-
tions of airway sizes, which deserves the attention of researchers. Nevertheless,
similar and modified methods and techniques are included by many manufacturers
that provide commercially available software packages nowadays. These software
packages can also create multiplanar reformation (MPR) images and cross-sections
vertically to the airway direction, then automatically calculate airway dimensions at
various sites (with or without manual selection of airways/pathways). Using these
packages, attempts have been made to quantitatively measure the third- (segmental)
and fourth- (subsegmental) generation airways [3, 11-13] and even the fifth- or
sixth-generation airways in some cases [14, 15]; these studies showed that luminal
narrowing in these airways is significantly associated with airflow limitation. From
these results, it is evident that the evaluation of the airway dimension yields certain
information for predicting ventilatory dysfunction in patients with obstructive pul-
monary diseases.

2.6 Conventional Versus Ultra-High Resolution CT
2.6.1 Standard HRCT (Conventional HRCT)

Currently, standard high-resolution CT (HRCT) can provide images with a 512
pixel x 512 pixel size and >0.5 mm slice thickness. Standard HRCT can be used to
measure airway dimensions from axial and MPR images in both central and proxi-
mal airways. Various studies have already presented a significant association of air-
way narrowing and airway wall thickening with airflow limitation; however, these
findings might be subject to potential bias from the limited image resolution.
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2.6.2 Phantom Study for Standard HRCT

As previously mentioned, CT analysis is subject to systematic errors due to limita-
tions in image resolution. Therefore, phantom studies are necessary, especially in
small airways or for thinner airway walls. Several phantom studies have revealed
serious systematic errors in the analysis of smaller airways. For example, Oguma
and colleagues conducted a phantom study using four different CT scanners [6].
The results from an Aquilion 64 (Toshiba, Tokyo, Japan), the primary CT unit, were
then compared to those of the other three CT scanners (Light Speed VCT, GE
Healthcare UK, Buckinghamshire, UK; Brilliance 64, Philips, Eindhoven,
Netherlands; and SOMATOM Definition, Siemens, Munich, Germany). In this
study, they tested variability and measurement errors in airway dimensions, luminal
area (Ai), and wall area percentage (WA%). The authors found that for small air-
ways with a wall thickness of <1.0 mm, the measurement accuracy according to
quantitative CT parameters can decrease as the walls become thinner. Therefore,
they concluded that airway wall thickness had the most profound effect on the accu-
racy of measurements with all CT scanners under all scanning conditions, with the
magnitude of the errors for WA % and Ai varying depending on the wall thickness of
airways with wall thicknesses <1.0 mm.

As previously mentioned, this study confirmed that the parameters of the mea-
sured airway dimensions are affected by airway size, the reconstruction algorithm,
the composition of the airway phantom, and the type of CT scanner. Moreover, the
results from numerous previous studies confirmed that thinner and small airway
dimensions had more profound effects than those of larger airways, which could
result in inevitable and serious systematic errors in the measurement of airway
dimensions. We must be more careful in extrapolating these results to clinical
applications.

2.6.3 Ultra-High Resolution CT (U-HRCT)

A recently introduced ultra-high resolution computed tomography (U-HRCT)
appears to be a promising technique for overcoming these resolution limitations
because of its ability to provide images of living persons at 1024 x 1024 pixel reso-
lution and a 0.25 mm slice thickness without an increase in radiation dose. As a
result, U-HRCT allows a clearer visualization of lung structures compared to con-
ventional CT scans [16]. Therefore, even in smaller airways, precise measurement
of airway dimensions can be achieved due to the finer image resolution, and there-
fore, U-HRCT has the potential to allow the direct evaluation of small airways
1-2 mm in diameter and to provide unbiased information regarding their clinical
and physiological impacts.
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2.6.4 Phantom Study for U-HRCT

Phantom tube analysis was conducted using both conventional/standard (512 x 512
pixel) and ultra-high resolution (U-HRCT; 1024 x 1024 pixel) scans [17].
Reconstructions were performed using the forward-projected model-based iterative
reconstruction solution (FIRST) algorithm for the 512 x 512 and 1024 x 1024 pixel
resolution scans and the adaptive iterative dose reduction 3-D (AIDR-3D) algorithm
for all scans.

Compared to the conventional 512 x 512 pixel scan, variations in the CT values
for air were increased in the U-HRCT scans, except in the 1024 x 1024 pixel scan
reconstructed through FIRST. The measurement error in the lumen area of tubes
with a 2-mm diameter and a 0.5-mm wall thickness was minimal in the U-HRCT
scans but not in the conventional 512 x 512 pixel scan. In contrast to the conven-
tional scans, the U-HRCT scans resolved phantom tubes with a >0.6-mm WT at an
error rate of <I11%. Airways with a diameter of 1-2 mm could be accurately quanti-
fied by U-HRCT but not by conventional CT. Therefore, we can conclude that the
U-HRCT scan may allow more accurate measurement of bronchioles with smaller
dimensions compared with conventional scans [17] (Fig. 7.4b, c).

The lower limit of quantitation for the lumen size of smaller airways on U-HRCT
remains to be established; therefore, a second airway phantom with a smaller and
thinner tube wall was developed (Fig. 7.4a) and the performance between a U-HRCT
scanner (Aquilion Precision, Cannon Medical, Tokyo, Japan) and a conventional
HRCT scanner (Aquilion One, Cannon Medical, Tokyo, Japan) was compared [18].
Figure 7.4a shows images illustrating the lumen of the phantom tubes. The lumen of
tubes 2 mm down to 1 mm in internal diameter was clearly visualized on U-HRCT
(Fig. 7.4c) but not on conventional CT (Fig. 7.4b).

As a result, errors noted in airway dimension measurement were greater in the
tubes of small inner radius made of a material with a high CT density and on images
reconstructed with a body algorithm (p < 0.001), and there were some variations in
error between the CT scanners under different fields of view.

The errors for tubes >1.3 mm and 1.0 mm in diameter on U-HRCT were <10%
and —24%, respectively [18].

2.6.5 Clinical Study for U-HRCT

It should be noted that artificial tubes are not identical to in vivo airways; however,
the results of the present comparative study can still be used to confirm the image
quality and accuracy of U-HRCT scans compared to standard/conventional
HRCT. Additional clinical study in which patients with COPD were scanned with
the Aquilion Precision scanner using the same scanning parameters and autoexpo-
sure control was conducted [18]. Figure 7.4 shows representative images obtained
by U-HRCT (Fig. 7.4e) and conventional HRCT scanning (Fig. 7.4d). As the images
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show, airway visualization is much better in the U-HRCT images from the third- to
the sixth-generation airways. We will discuss data from this clinical study later in
this chapter (see Sect. 3.2).

Moreover, it is obvious that the visualization of the lumen of the smaller phan-
tom tubes on conventional CT was quite poor. This indicates that CT radiologists
should be aware of the possibility that a small nodule on conventional CT might
reflect small airways (Fig. 7.4b, c).

3 Studies and Applications of Airway Measurements
in Respiratory Diseases

3.1 Asthma

Among respiratory diseases, bronchial asthma was the first target of in vivo airway
dimension quantification. This is because asthma lesions exist only in the “airways,”
and assessments of dynamically changing lung functions could be used to evaluate
airflow obstructions but not to quantify underlying airway lesions. Asthma is char-
acterized by chronic airway eosinophilic inflammation, and recently “airway
remodeling” and airway wall thickening have attracted much attention. Therefore,
in evaluating remodeled airways, quantitative and less invasive image analysis is
required, and such information cannot be detected by usual pulmonary func-
tion tests.

In human asthma, visual evaluation of CT images was first performed in the
1990s. However, as CT resolution and spatial resolution have improved, the accu-
racy of such evaluations has improved, thus opening up the path to precise quantita-
tive evaluation.

3.1.1 Airway Remodeling

Airway wall thickening has been considered a sign of airway remodeling [2]. Niimi
et al. conducted a quantitative analysis in asthmatic patients and found that airway
wall thickening was significantly more observed in severe persistent asthma patients
and also associated with the severity of asthma control, duration of the disease, and
airflow limitation.

Additionally, wall thickening was assumed to cause airway hyperresponsiveness
and to be related to asthma severity [19]. In fact, a protective effect against airway
narrowing has also been suggested. To date, thickened airway walls in COPD
patients have been considered a notable sign of asthma-COPD overlap (ACO).
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3.1.2 Ventilatory Dysfunction

Considering the association of airway dimensions and ventilatory dysfunction in
asthmatic patients, airway wall thickening is significantly but weakly correlated
with the severity of airflow limitation (%predicted FEV,) [2]. This is nevertheless
undesirable because the condition of asthmatic airways is quite reversible and may
show dynamic day-to-day variation and treatment response. Moreover, the site of
airway obstruction may vary within patients. To address these concerns, a thorough
analysis of multiple airways must be performed.

3.2 Chronic Obstructive Pulmonary Disease (COPD)

COPD is a major respiratory disease and a leading cause of death worldwide. COPD
is characterized by the presence of airflow obstruction caused by parenchymal
destruction (emphysema), airway narrowing, or both. Since coexisting emphysema
has been easily identified by chest CT images and is correlated with various respira-
tory dysfunctions and symptoms, such as impaired diffusing capacity, hyperinfla-
tion, hypoxemia, and hypercapnia, much attention has been paid to quantifying the
severity of emphysematous lesions, and many studies have elucidated the clinically
important associations among emphysematous lesions, airflow limitations, and
respiratory symptoms. In particular, low attenuation areas/voxels (LAAs or LAVs)
on computed tomography (CT) have been shown to represent macroscopic or
microscopic emphysema, or both.

3.2.1 Clinical Phenotypes

Despite the attention given to emphysematous lesions on chest CT, Nakano et al.
presented a significant association between airway wall thickening (WA %) of the
right apical bronchus and airflow limitation, and airway wall thickening was found
to contribute independently to airflow limitation in addition to parenchymal destruc-
tion (emphysema) [8]. They also proposed “CT-derived phenotypes,” such as
emphysema-dominant, airway remodeling-dominant, and mixed [20]. In fact, there
are apparent clinical phenotypes, known as “pink puffers” and “blue bloaters,”
among patients with COPD. In the literature, blue bloaters may represent the airway
lesion-dominant phenotype [21].

Unfortunately, blue bloaters may present with many bronchitis symptoms
(chronic bronchitis (CB) symptoms); these CB symptoms are less associated with
airway wall thickening. In 2010, Grydeland et al. reported a significant association
between airway wall thickening and CB symptoms in more than 400 patients with
COPD [22].
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3.2.2 Site of Airflow Obstruction

Because the major site of airflow obstruction in obstructive pulmonary diseases is
unknown, much of the concern regarding quantitative image analysis of the airways
is determining the location of the key lesion of airflow obstruction. Various studies
have evaluated the different airway generations, such as the third- (segmental) and
fourth- (subsegmental) generation airways [3, 11-13], and even the deeper fifth-
and sixth-generation airways [14, 15] in patients with COPD.

To investigate the site of obstruction, most studies evaluate luminal area (Ai)
rather than wall thickness (WA%, WT, or WA/BSA, etc.) because smaller airways
may have thinner airway walls, making it impossible to accurately quantify their
wall thickness.

Reports of quantitative analysis using 3-D MPR image acquisition techniques
indicate that airflow limitation in COPD is more closely related to the dimensions
of the small airways, such as the fifth to sixth generations, than those of the proxi-
mal (third) airways. These observations are quite consistent in reporting that small
airways more strongly contribute to airflow limitation in COPD than large airways;
however, in recent study using U-HRCT [17], more than half of the airways (70 and
62%) located at the sixth generation of the right apical bronchus (RB1) and the right
basal bronchus (RB10) path, respectively, were <2 mm in diameter, which indicated
that conventional CT is not appropriate to quantitatively measure the sixth-genera-
tion airways.

Furthermore, the finding that U-HRCT failed to visualize the lumen of a phan-
tom tube 0.5 mm in diameter (Fig. 7.4c) suggests that the decrease in the number of
sixth-generation airways in COPD might be because the sixth generation may
include extremely small airways <0.5 mm in diameter or because those airways do
not actually exist.

Consequently, among the correlations between FEV, and the mean and sum of
the Ai of all measurable bronchi, the correlation with the sum of the Ai of the sixth-
generation airways had the greatest correlation coefficients.

Moreover, multivariable linear regression analysis showed that the sum of the Ai
in the sixth-generation airways of both the RB1 and RB10 segments was associated
with %FEV, independent of the severity of emphysema (LAV%). These findings
suggest that the sum of the Ai of the sixth-generation airways can be a promising CT
biomarker that sensitively reflects airflow in COPD.

Furthermore, the finding that the association between the sum of the Ai and
FEV, was stronger in the sixth generation than in the fourth and fifth generations
supports the hypothesis that small airways more strongly contribute to airflow
limitation in COPD than large airways. Because of the limits of the resolution of
U-HRCT, it is still possible that more distal and smaller airways, such as the sev-
enth- or eighth-generation airways, have a stronger contribution to ventilatory
dysfunction. We must wait until the development of a CT scanner to procide
images with higher spatial resolution in the future.
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3.2.3 Heterogeneity of Airway Lesions

Even with the use of automated airway detection, it is only possible to make a lim-
ited number of measurements in any individual at any time, and thus, the issue of
heterogeneity in airway dimensions is important for both between- and within-
subject comparisons. Moreover, distal airways in the left lungs are prone to motion
artifacts caused by cardiac beating rhythms.

Very recently, 320-row multidetector CT (MDCT) scanners were introduced.
This kind of scanner can continuously scan the thorax under free-breathing condi-
tions, first visualizing the respiratory motion of the lung and bronchi directly, which
can be analyzed quantitatively using designated software or workstations [23]. It is
possible to scan with ECG gating methods to eliminate artifacts from cardiac beat-
ing; however, it is still difficult to manipulate 320-row MDCT scanners to perform
the typical quantification of airway diseases.

In fact, these scanners have already presented several interesting findings, such
as the asynchrony of respiratory movements in the lung lobes and impaired syn-
chrony between airway Ai and mean lung density [24]. Further development of
designated software is keenly awaited.

4 Further Analyses of Airway Dimensions

4.1 Shape Irregularity [25]

Bronchial asthma and COPD may have significant features, such as “airway remod-
eling,” which may occur heterogeneously along the longitudinal pathway. Matsuoka
and colleagues reported variations in various measures of the airway lumen and wall
dimensions in normal subjects within individual scans and as a function of distance
from the hilum to the periphery.

The evaluation of longitudinal airway lumen shape irregularities may be a new
biomarker for characterizing ventilatory dysfunction in these patients, because
remodeled airway structure changes may vary in the longitudinal plane.

Oguma and colleagues developed a new technique to investigate longitudinal
airway lumen shape irregularities and demonstrated that the patients with COPD
showed significantly greater shape irregularity than patients with bronchial asthma
and healthy controls [25].

In addition, airway wall thickening was significantly greater and the luminal area
was smaller in patients with bronchial asthma than in those with COPD and healthy
controls. These results were consistent even among the bronchial asthma and COPD
subgroups with similar airflow limitations.

The combination of cross-sectional and longitudinal airway structure analyses
using CT images may suggest differences in the characteristics of airway remodel-
ing between COPD and asthma.
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4.2 Prediction of Small Airway Dimensions Using Histological
Sections [10]

In many airway diseases, the most important site of airflow obstruction is the small
airways [26]; however, as mentioned previously, there are large errors associated
with the measurements of smaller airways. To overcome this limitation, Nakano
et al. compared airway measurements from CT scans and histological examinations
of excised lungs from smokers who had various degrees of airway obstruction. They
found that the wall areas of small airways approximately 1 mm in diameter mea-
sured histologically and the wall area percentage of larger airways with a mean
internal diameter of more than 3.0 mm were significantly related (R?> = 0.57).
Therefore, at least for COPD, measuring larger airway dimensions can provide
an estimate of small airway remodeling. From these associations, these authors pro-
posed a new index of airway dimensions that represents small airway dimensions,
namely, AWT-Pi10. Moreover, these associations suggest that the same pathophysi-
ological processes that cause small airway obstruction also occur in larger airways.

4.3 Visibility of Airways and Airway Counts

Recent studies have revealed that the visibility of airways on chest CT images
decreases as the severity of COPD increases [4, 27]. This can be seen in the 3-D
rendered images of airway trees (Fig. 7.1a).

Tanabe et al. also reported that the airway counts for the sixth-generation airways
of the RB1 and RB10 on U-HRCT decreased as FEV, was decreased. However, the
correlation coefficients for these relationships were relatively small (r = 0.28 and
0.30, respectively). Airway counting is not an actual analysis of airway dimensions;
however, a decrease of the airway inner lumen corresponds to a decrease in airway
counts. Thus, the airway counts could be a parameter of airway dimension.

Moreover, this result can extend previous findings showing that total airway
count on conventional CT and the number of terminal bronchioles on micro-CT was
decreased in COPD compared to controls [28, 29].

4.4 Airway Volume Percent (AWV%) [30]

A decrease in airway lumen size and in airway counts results in a decrease in the
total volume of the airway tree. Increased lung volume (hyperinflation) in the paren-
chyma is an important and major structural change in COPD (Fig. 7.5a, b). It is
unclear whether structural changes in both the airway tree and the parenchyma
occur simultaneously, and since the outer wall of the airways is connected with the
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lung parenchyma, the inspiration level also affects airway dimensions [31].
Therefore, the mechanical properties and dynamic conditions of the lung paren-
chyma affect the behavior of the airways, and it can be speculated that these interac-
tions may play important roles in COPD pathophysiology.

We examined these effects by establishing a novel computed tomography (CT)
index, namely, airway volume percent (AWV %), which is defined as the percentage
ratio of the volume of the airway tree to lung volume. The whole airway tree was
automatically segmented, and the percentage ratio of the airway tree volume was
calculated as the AWV% using SYNAPSE VINCENT software (FUJIFILM
Medical; Tokyo, Japan).

Interestingly, AWV % decreased as the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) spirometric grade increased (Fig. 7.5¢, p < 0.0001). AWV %
was more closely correlated with FEV1 (Fig. 7.5d) and other pulmonary functions
than established CT indexes. Moreover, multivariate analyses showed that a lower
AWV % was associated with a lower FEV, independent of the severity of emphy-
sema and airway wall thickness or total airway count (TAC). AWV % is an easily
measured CT biomarker and may elucidate the clinical impacts of the airway—lung
interaction in COPD [30].
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Fig. 7.5 Analysis of airway volume ratio (AWV %) in COPD [25]. (a, b) Representative 3-D ren-
derings of the airway tree and right lung in 2 COPD cases. Case 1 shows mild airflow obstruction
(a), and case 2 shows severe obstruction (b). (¢) Distribution of AWV % among different GOLD
spirometric grades. (d) Correlation between AWV % and %FEV,
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5 Conclusion

While various studies have attempted to evaluate single or multiple airways at single
or multiple sites, the most important issue is the accuracy in estimating the airway
walls, identifying both internal and external borders. To achieve this, a more accu-
rate image acquisition technique with a relatively lower radiation dose is required.
Therefore, ultra-high resolution CT is quite promising; however, even with auto-
mated processing by commercially available software, we can speculate that the
total airway tree volume and its ratio to lung volume (AWV %) may provide more
accurate predictions of ventilatory abnormalities.

Ultra-high resolution CT evaluation of the small airway dimensions may be able
to reveal more precise information on these airways; combined with a direct evalu-
ation of the small airways, these analyses should be incorporated in future studies in
asthma and COPD. Neverthless, “static” image aquisition technique has inevitable
gap to estimate “dynamic” function of respiratory system precisely.
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Chapter 8

Functional Properties of Lower Airway
Estimated by Oscillometry: Is Oscillometry
Useful for Detecting Lower-Airway
Abnormalities?

Hajime Kurosawa

Abstract Oscillometry (forced oscillation technique, FOT) is a noninvasive method
which enables to measure lung mechanics such as respiratory system impedance
(Zrs), resistance (Rrs), and reactance (Xrs) during quiet breathing. Obstruction of
airways can be implied from an increase in Rrs and more negative shifting in Xrs,
in other words, high resonant frequency (Fres). Because oscillometry and spirome-
try is not identical modality, correlation between Rrs and FEV1 is generally weak.
Frequency dependence of Rrs, which comes from several conditions such as shunt
effects, mechanical inhomogeneity, turbulence, and peripheral airway lesion, can be
a marker for smokers, COPD, asthma, infants, and some other conditions such as
space occupied lesion of large central airways. Respiratory cycle dependence of Rrs
or Xrs would be useful to understand the difference of ventilatory mechanics
between inspiratory and expiratory phase, which can be observed as dynamic air-
way narrowing in patients with COPD. In conclusion, oscillometry is useful to
assess the physiology of lower airways.

Keywords Forced oscillation technique - Frequency dependence - Ventilatory
inhomogeneity - Airway resistance - Resonant frequency
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1 Introduction

Oscillometry (also known as the forced oscillation technique, FOT) is a noninva-
sive method which enables to measure lung mechanics [1, 2]. In actual measure-
ment, during quiet breathing, engineered vibration of air is transmitted to the
airway through the mouthpiece as input signals of oscillation (Fig. 8.1). At this
time, the airflow rate and the mouse pressure that are dynamically changing with
breathing are continuously monitored to obtain respiratory system impedance
(Zrs). The real part of the impedance (in-phase component) is called respiratory
system resistance (Rrs), whereas the imaginary part (out-of-phase component) is
called respiratory system reactance (Xrs). Since the first method using mono-
frequency oscillometry in the 1950s [3], several types of equipment have been
evolved. Recently, with the widespread clinical application of broadband fre-
quency oscillometry, a growing number of studies have been investigating their
usefulness in assessing or managing obstructive pulmonary disease, including
asthma and COPD.

2 Parameters of Oscillometry

When the oscillatory signals are added through the mouth, Zrs is defined as the
complex ratio of pressure to airflow rate at the mouth. Zrs consists of its real part,
Rrs, and imaginary part, Xrs, having the following relationship:
(Zrs)* = (Rrs)? + (Xrs)2 Rrs reflects the dissipative mechanical property (such as
frictional pressure loss) of the lung. Xrs is supposed to reflect elastic property of
respiratory system and inertial properties of oscillating gas and respiratory system.

The parameters used for oscillometry are generally expressed as the mean values
during a respiratory cycle (whole-breath). Also, the mean values during inspiratory
and expiratory phases and differences between inspiratory and expiratory phases are
used, if necessary.

a /\/\ Flow rate (\./)

>
N ¢

Pressure (P)

Zrs = P/\'/

Fig. 8.1 Schema of oscillometry. Engineered sinusoidal (A) or impulse (B) vibration transmitted
to the airway during quiet breathing, and the flow rate and pressure are monitored to obtain respira-
tory system impedance (Zrs)
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Rrs indicates the total resistance of the respiratory system, including airway
resistance (Raw), respiratory tissue resistance (Rti), and chest wall resistance (Rcw)
[1, 2]. Although Rrs is not identical to Raw, Raw is a major component of Rrs.
Hence, Rrs is a very sensitive indicator for Raw, and therefore, Rrs is frequently
interpreted as an index of the airway caliber. In broad frequency oscillometry, Rrs at
5 Hz (R5) and 20 Hz (R20) (or sometimes R19 as an equivalent) are routinely used.
Although both the increase in Rrs and the decrease in forced expiratory volume in
1 s (FEV1) reflects airway obstruction [1, 2], the oscillometry and spirometry are
not the identical modality. Therefore, in general, Rrs and FEV1 are sometimes cor-
related with each other [4—-6], but sometimes not.

Xrs is presumed to reflect the summation of elastance and inertia. In practical
measurements in humans, Xrs shows frequency dependency [1, 2] (Fig. 8.2). In
general, Xrs is negative at a low frequency whereas positive at a high frequency. The
frequency at which Xrs = 0 is referred to as a resonant frequency (Fres) (Fig. 8.2).

Fig. 8.2 Frequency a S
properties of Rrs (R) and AN )
Xrs (X) in healthy subjects S< T(lnfant)
(a) and in patients with T~eo
obstructive dysfunction R TTmmmeeao
such as asthma and COPD
(b). Frequencies where ()
Xrs = 0 are called as x
resonant frequency (Fres). °
Healthy infants have E ~ LN . f
physiological frequency X N AN
dependence of Rrs ot AN
(a: dotted line) N \
\
Fres
\
\
\
b ’/ \J
R )
I
1
1
T
1
1
4 1
x v
]
g f
X




140 H. Kurosawa

Generally, more elastic properties result in more negative whereas more inertial
properties result in more positive Xrs. Therefore, elasticity and inertia balance each
other at Fres. Xrs at 5 Hz (X5) and Fres is frequently used as a representative marker
of Xrs. The low-frequency reactance area (Ax, or ALX), which is the integral of X5
to the Fres, is also common.

3 Frequency Dependence of Rrs

In healthy adults, Rrs remains nearly constant over the oscillation frequencies [4,
7]. On the other hand, the predominant increase in Rrs in the lower frequency,
so-called frequency dependence of Rrs, can be observed under certain circum-
stances [8]. Frequency dependence of Rrs in patients with COPD was the most
well-known phenomenon that was firstly reported by Grimby and Takishima [9].
The difference from R5 to R20 (R5-R20) or an equivalent has been frequently
used as a representative marker of the frequency dependence of Rrs in oscillom-
etry. The physiological interpretation of frequency dependence of Rrs remains
uncertain [1]. There are not published findings correlating pathology to fre-
quency dependence so far. Further researches to pursue it are obviously needed.
In this text, therefore, several speculations concerning those will be briefly
reviewed.

3.1 Shunt Effects

Modeling studies concerning oscillometry often have replaced the respiratory
system with electrical circuits and performed various simulations. When a circuit
has a capacitor with a resistor, the higher the frequency, the easier it is for elec-
tricity to pass through the capacitor, and depending on how the circuit is assem-
bled, the current may escape like a shunt and the resistance of the circuit may
appear to be low, resulting in frequency dependence of Rrs [10]. Again, consider-
ing analogy to the airway, enough softness of the airway corresponds to the
capacitor. In fact, this was experimentally confirmed as a causal factor of fre-
quency dependence of Rrs in healthy infants (Fig. 8.2a), which has also con-
firmed to be minimized or disappeared with growing to adults [11, 12]. Besides,
it is quite possible that these shunt effects also occur in the lower airways near
various pathological structures such as bullous lesions both in adults and in
infants.
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3.2 Mechanical Inhomogeneity

As reported by Grimby and Takishima [9], frequency dependence of Rrs can be
observed in COPD and smokers [5, 6, 9, 13]. The phenomenon was originally spec-
ulated as “non-uniform distribution of mechanical properties of the lungs to their
overall mechanical behavior” [9]. It is theorized that the lung parenchyma affects
each other locally which was called as interdependence [14]. Any lesions in the lung
may break local uniformity, resulting in mechanical inhomogeneity. In this condi-
tion, ventilatory unevenness itself [15] and/or shunt effects in local lung paren-
chyma or airways as described above could be candidates to cause the frequency
dependence of Rrs [1].

3.3 Turbulence

Involvement of turbulence in the central airways with Rrs was suggested by Wouters
EF [16]. They assessed Rrs in normal subjects breathing air and helium—oxygen
mixture, and found that breathing helium—oxygen reduced Rrs and frequency
dependence. They interpreted the reduction of large airway turbulence as one of the
main factors. Recently, a case of disappeared increased Rrs and its frequency depen-
dency after resection of tracheal tumors was reported [17]. This could be attributed
not only to some shunt effects discussed above, but also to airflow turbulence result-
ing from airflow passing through the space-occupied lesions such as tumor on the
large airway.

3.4 Peripheral Airway Resistance

Obviously, the peripheral airway is a very important place in various conditions
such as COPD and asthma. For researchers to study those fields using oscillometry,
an assumption that the frequency dependence of Rrs expressed as R5-R20 or an
equivalent reflects lesions in the peripheral airways may be rather common. This
concept is based on the hypothesis that R20 reflects the resistance of central airway
and RS reflects the resistance of overall airway, which was simulated using various
electrical circuit models [18]. Then inevitably, R5-R20 resulted to reflect peripheral
airway resistance. Although this concept itself has not been accompanied by the
basis of established physiological or pathological studies as seen in the shunt effects
as described above so far, many researchers have published various studies in line
with this central-peripheral hypothesis. In fact, some of them have reported correla-
tions with other peripheral airway biomarkers or with image analysis [19, 20].
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However, even if the association is true to some extent, it is unclear how much it
contributes to the dependence. Before identifying them, there may be some contra-
dictions to overcome. First, from the point of view of total cross-sectional areas of
each generation of airway tree, the total area is exponentially larger at the periphery
as taught by the basic respiratory physiology [21]. The lesion of peripheral airway
alone should be apparently indistinguishable until it has progressed to some extent
in terms of airway resistance, which has been known as the reason why the periph-
eral airways are called “silent zone” [22]. This basic concept is, however, inconsis-
tent with the fact that even 60% of smokers with normal FEV1/FVC that could be
implied as holders of very mild lesion have significant findings [13]. Second, to
date, there has been no clear indication of where the border between the peripheral
and central airways lies. Although diameter less than 2 mm historically defines
small airways, there has been no evidence that oscillometry alone distinguishes any
such anatomical locations. Given these things, special care is necessary to interpret
the frequency dependence of Rrs as peripheral resistance or as a kind of biomarkers
of peripheral lesions.

4 Assessment of Lower Airways in Disease

Assessment of lower airway mechanics has been variously performed in clinical
settings. In this text, some of respiratory diseases will be briefly reviewed.

4.1 Asthma

In patients with asthma, increased Rrs is observed as a result of bronchoconstriction
airway remodeling, or both. Frequency dependence of Rrs, in general, is observed
in moderate to severe cases whereas it is not in mild ones [23]. Compared to healthy
subjects, Xrs shifts to more negative and has higher Fres. As reported in studies
performed in patients with asthma [5, 24], there is a close relationship between Fres
and FEV1. There can be a significant correlation between FEV1 and RS (or R20),
but it is not stronger than between FEV1 and Fres. Although fractional exhaled
nitric oxide (FeNO) is known to increase in patients with asthma, there is no corre-
lation between FeNO and Rrs or Xrs [25, 26].

Pharmacological effects can be easily assessed by oscillometry as a decrease in
R5, R5-R20, ALX, and Fres or shifting to less negative side in X5. Bronchial revers-
ibility is assessed by change in FEV1 before and after bronchodilator
administration.
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a Insp Exp b Insp Exp

Rrs '

Fig. 8.3 Examples of Rrs profile in a healthy subject (a: male 47y) and in a patient with COPD (b:
male 65y, GOLD stage 1) expressed by 3D colored graphics. Case A showed no frequency depen-
dence and low Rrs. There was not respiratory cycle dependence. Case B showed remarkable fre-
quency dependence and high Rrs at the expiratory phase though low Rrs at the inspiratory phase.
Respiratory cycle dependence was obvious in this case. Measurements were performed using
MostGraph (Chest MI, Tokyo, Japan)

4.2 COPD

In patients with COPD, an increase in Rrs and frequency dependence of Rrs, and
high Fres are generally observed with severity dependent manner [4, 6, 8]. Greater
variability of FOT parameters during expiration than during inspiration is reported
[4, 6] (Fig. 8.3), which possibly reflects dynamic airway narrowing [27].

Early detection of changes in lung function in smokers is important for the pre-
vention of COPD. Approximately 60% of smokers showed higher Rrs and more
negative Xrs, mainly in the expiratory phase, as observed in COPD patients [13]. A
case—control study of lung function in World Trade Center Health registry area resi-
dents and workers revealed that cases with persistent respiratory symptoms were
more likely than control subjects to have elevated RS and R5-R20 despite normal
spirometry [28]. These studies suggest the potentiality of FOT.

5 Conclusion

Clinical application of oscillometry is useful to assess lower airway mechanics. It
has progressed with the spread of commercially available devices, and increasing
numbers of reported studies have examined the usefulness of oscillometry in the
evaluation of various respiratory diseases such as asthma and COPD. Data interpre-
tation, R5-R20 in particular, is needed to care.
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Chapter 9

Inhomogeneous Distribution

of Ventilation—Perfusion (V,/Q)

and Diffusing Capacity—Perfusion (D/Q)
in the Lung: What Abnormal V,/Q

and D/Q Distributions Are Detected

in Diseased Lungs?

Kazuhiro Yamaguchi

Abstract Anatomical gas exchange unit is given by the acinus that is defined as the
microregion served by the transitional bronchiole. The functional gas exchange unit
conforms anatomical gas exchange unit during expiration but not during inspiration.
Series arrangement of alveoli causing serial distribution of alveolar ventilation,
which is termed “diffusional screening,” is not necessary to be considered while
estimating acinar gas exchange. Thus, distributions of alveolar ventilation (V,) and
perfusion (Q) in the acinus are taken to be arranged in parallel and connected
through the alveolocapillary tissue barrier that configures a part of diffusing capac-
ity (D). Continuous but representative distribution of V,/Q in the lung periphery is
decided in terms of multiple inert gas elimination technique (MIGET) that was
elaborated by Wagner and colleagues. MIGET uses six foreign inert gases as indica-
tors and has been shown to be clinically useful for elucidating structure—function
relationships at acinar levels in various lung diseases. Distribution of D/Q in addi-
tion to that of V,/Q can be estimated based on V,/Q-D/Q concept first proposed by
Piiper. This analysis is possible while making use of nine indicator gases, including
0,, CO,, and CO besides six inert gases enforced for MIGET. V,/QO-D/Q analysis
demonstrated that D/Q heterogeneity-related aqueous-phase diffusion limitation
impairs O, gas exchange, which leads to the emergence of hypoxemia in patients
with fibrotic lung diseases but not in those with COPD.
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1 Introduction

From a historical point of view, the first suggestion that inspired gas is not homoge-
neously distributed to all parts of the lung was made by Keith in 1909 [1]. Based on
the anatomical study using the lung dissection specimens, Rohrer [2] reached a
similar conclusion that the ventilation in the lung may be heterogeneously distrib-
uted. The first recognition that the gas exchange which takes place in any lung
region is decided not only by the ventilation (V,) or by the blood flow (Q), but by the
ratio of one to another (VA/Q), was made by Krogh and Lindhard in 1917 [3]. In
1922, Haldane [4] recognized that V,/Q heterogeneity could cause hypoxemia. In
the late 1940s, Fenn et al. [5] and Riley and Cournand [6] actively addressed the
relationships between V,, O, and gas exchange in the lung. These advances in respi-
ratory physiology stimulated the San Diego group, including West, Wagner, and
others [7, 8], to contrive the multiple inert gas elimination technique (MIGET) that
allows one to predict the continuous V,/Q distribution in patients with various types
of lung disease. The intelligent point of the MIGET is that this method uses six inert
gases that are simply perfusion-limited but neither diffusion-limited nor reaction-
limited in the blood so that it can precisely detect the V,/Q distribution in the acinar
regions where gas exchange takes place. Differing from the paradigm of the story as
mentioned above, Piiper [9] proposed, in 1961, an intriguing concept that in addi-
tion to the heterogeneous distribution of V,/Q, the basic mechanism giving rise to
hypoxemia should include the heterogeneous distribution of diffusing capacity for
O, (D) to perfusion (i.e., D/Q) in the acinar regions, as well. His concept was named
“VA/Q-DIQ field,” the basis of which was that O, is not purely perfusion-limited gas
but it is limited also by diffusion in blood to some extent [10]. The V,/O-D/Q con-
cept of Piiper was challenged by Yamaguchi et al. [11-13], who attempted to deter-
mine the V)\/Q-D/Q distributions under various pathophysiological circumstances.
As such, the physiological aspects that are necessary for profoundly understanding
gas exchange in the acinar regions made a great deal of progress in the late twentieth
century. However, some crucial problems regarding functional parameters such as
Vi/Q and/or D/Q describing the gas exchange kinetics in the acinar regions have
remained unsolved. Among them, the most important question is what anatomical
structure serves for stipulating the functional gas exchange unit, which provides the
essential basis on expanding the concept of V,/Q and/or D/Q distributions into the
clinical practice; that is, if the microstructural aspects forming the functional gas
exchange unit are surely recognized, it can provide an insight into the
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morphological abnormalities in the acinar regions from the functional abnormalities
such as heterogeneous distributions of V,/Q and/or D/Q, i.e., the assessment of
structure—function relationships in the acinar regions judged primarily from the
functional parameters. This is very important when physicians should do patho-
physiological decision-making against a patient with a certain lung disease. This is
because it is not possible to clinically acquire the rigorous morphological informa-
tion about the acinus even when making full use of high-precision diagnostic imag-
ing technologies. In view of these facts and clinical requirements, the present review
highlights the following issues. (1) What is the most appropriate organization serv-
ing as the functional gas exchange unit, which is certainly backed by the structural
design of the lung periphery? (2) Basic rationales describing gas exchange dynam-
ics in functional gas exchange unit with V,/Q or with V,/Q and D/Q. (3) Based on
the distributional measurements of V,/Q alone and those of V,/Q and D/Q in patients
with pathologically and/or radiologically confirmed lung diseases, the attempt was
made to certify the structure—function relationships in the lungs with various types
of specific disease.

2 What Is the Most Appropriate Organization Serving
as Functional Gas Exchange Unit?

2.1 Anatomical Gas Exchange Unit

As extensively argued in our previous papers [14, 15], the anatomical gas exchange
unit is defined by the pulmonary acinus that is consisting of two anatomical units,
including ventilation and perfusion units. Although there are many definitions con-
cerning the acinus, including the acinus of Loeschcke, that of Haefeli-Bleuer (HB),
that of Aschoff, the primary lobule of Miller, and so forth, we selected the HB aci-
nus as the most appropriate anatomically defined organization meeting the defini-
tion of the acinus [15]. This is owing to the fact that in comparison with other acini,
the structure of HB acinus was studied in detail by making full use of the optical
microscopic means such as the scanning electron microscope [16]. The transitional
bronchiole (15th generation of the bronchial tree) forms the entrance of HB acinus.
The acinar airways are characterized by asymmetrical irregular dichotomy, which
branch over 9 generations. The total path-length from the transitional bronchiole to
the terminal alveolar sac averages 8.8 mm. The total acinar volume averages 0.2 cm?
and the acinar size ranges between 7 and 10 mm. The total alveolar surface area
participating in gas exchange reaches about 70 cm? at a full expansion of the lung
tissue specimens, resulting in that about 30,000 acini are contained in one lung.
However, it should be noted that these values were estimated at a full expansion of
the lung tissue specimens, i.e., close to a total lung capacity (TLC). Therefore,
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under a physiological condition, i.e., at a functional residual capacity (FRC), the
dimension of acinar structures, including acinar volume, alveolar surface area, and
airway path-length should be modified accordingly (see Chap. 6). There is no doubt
about the fact that the HB acinus participates in gas exchange as the ventilation unit.
However, there is a problem regarding the perfusion unit formed by the pulmonary
microcirculation. The dense intertwined capillary network embedded in the alveolar
wall forms a continuum of blood flow. The perfusion of the capillary network is
supplied by the adjacent arteriole and is drained into the adjacent venule. The dis-
tance between these two microvessels is of an order between 0.5 and 1.0 mm [17],
resulting in that there are about 12,000 anatomically defined perfusion units in the
acinus. This fact certainly indicates that the perfusion unit is not congruent with the
ventilation unit. However, a couple of investigators [18, 19] identified that the entire
region of acinus is perfused almost homogeneously, indicating that all capillary
networks residing in the acinus are closely connected to each other, which leads to
the conclusion that the acinus can be assigned, in a first approximation, to the ana-
tomical gas exchange unit in which ventilation and perfusion units are virtually
matched.

2.2 Functional Gas Exchange Unit

The absolute condition that should be satisfied while defining the functional gas
exchange unit is the homogeneous distribution of a gas over the region that forms
the unit. Regarding this issue, the important messages were derived from the studies
of Paiva [20] and Swan and Tawhai [21]. A series, stratified heterogeneity of a gas
concentration along acinar airways from the entrance to terminal alveolar sacs does
exist during inspiration, resulting in that the anatomically defined acinus does not
satisfy the absolute condition indispensable for the functional gas exchange unit
during inspiration. However, the situation differs during expiration. A couple of
groups of investigators [20, 21] demonstrated that the inspiration-elicited stratified
inhomogeneity for a gas diminishes rapidly during expiration. Furthermore, the
Martin channels, the communications locating at respiratory bronchioles or alveolar
ducts, may further promote the homogenization of spatial gas difference in the HB
acinus [14, 15]. Hence, we can conclude that the HB acinus serves as the functional
gas exchange unit during expiration. However, we should appreciate the fact that the
HB acinus does not rigorously satisfy the definition of the functional gas exchange
unit during inspiration. These facts lead to an important conclusion that the gas
exchange parameters estimated from the gas samples harvested over expiration can
be interpreted on the basis of the functional gas exchange unit, which implies that
the expiration-associated gas exchange parameters, such as the continuous distribu-
tion of V,/Q and/or that of V,/O-D/Q, reflect the structural abnormalities of bronchi-
oles, airspaces, microvessels, and/or alveolocapillary tissue barriers in the lung
periphery represented by the HB acinus.
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2.3 Series Arrangement of Alveoli: Diffusional Screening

One of the crucial problems while considering the gas exchange in the acinus is the
distributional pattern of alveolar ventilation. Although the classical respiratory
physiology commonly assumes that ventilation and perfusion are arranged in paral-
lel in the lung periphery, the detailed microscopic examination on acinar structures
revealed that alveoli are distributed in series (but perfusion is in parallel), i.e., alve-
oli are arranged laterally along the acinar airway from the entrance to the last gen-
eration. The indicator gas, e.g., O, molecules, entering the acinus from the conductive
airways will diffuse both along the axis of acinar airways and radially into the alve-
oli and toward the alveolocapillary membrane (Fig. 9.1). O, molecules first encoun-
ter the surface of the alveolocapillary membrane in the proximal acinar airways
where O, molecules are preferentially absorbed so that the distal generations receive
less O,; that is, O, molecules are screened at the proximal acinar airways. This phe-
nomenon is first discovered by Sapoval et al. [22] and named the “diffusional
screening.” Based on the concept of diffusional screening, Felici et al. [23]

O : alveolus

Q : O, molecule

Fig. 9.1 Diffusional screening. (a) Scanning electron microscopic image of proximal portion of
HB acinus. T: transitional bronchiole. Black straight arrows: axial diffusion of O, molecules along
acinar airways. Black winding arrows: radial diffusion of O, molecules into alveoli encompassing
acinar airways. Personal provision from Weibel. (b) Schematic presentation of left-side figure. O,
molecules are preferentially absorbed into alveoli attached to proximal airways, where alveoli are
serially arranged along an airway duct. Therefore, distal airways receive less O,, indicating O,
being screened at proximal acinar airways. However, the significance of diffusional screening for
acinar gas exchange is rebutted by Swan and Tawhai [21]
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estimated how much alveolar surface area is used for gas exchange, arriving at the
conclusion that only 30—40% of the alveolar surface is required for gas exchange.
This problematic finding observed by Felici et al. was reevaluated by Swan and
Tawhai [21], who constructed the acinar model using the anatomical data obtained
for the HB acinus and showed that the diffusional screening does exist during inspi-
ration in the sense that O, molecules are absorbed by the alveoli located in proximal
acinar regions before they reach the more peripheral acinar regions, i.e., the strati-
fied PO, gradient from the entrance toward the terminal alveolar sacs during inspira-
tion. However, they [21] identified that the stratified PO, gradient in the acinus is
conclusively caused by the remarkable increase in surface area of acinar airways
with alveolar sleeve as the generation of acinar airways is advanced but it does not
need the diffusional screening-related mechanism. This indicates that the assump-
tion of series distribution of ventilation in the acinus is not required when consider-
ing the acinar gas exchange kinetics. Hence, we conclude that the common
hypothesis in the field of respiratory physiology, i.e., the parallel arrangements of
ventilation and perfusion within and between the acini (i.e., the functional gas
exchange units) are reasonable (Fig. 9.2).

2.4 Physical Properties of Gases Used for Estimating Acinar
Gas Exchange

The classical gas exchange theory postulates that any gas existing in the acinus is
equally prescribed by an effective ventilation-elicited convention that is decided by
converting the effect of gas-phase diffusion occurring in the acinar region to the
equivalent effect of convection [14, 15]. In the capillary blood, however, the gas
transport mechanism differs largely depending on the physical properties of the
gases concerned (Fig. 9.3), which is defined as the limitation by perfusion, aqueous-
phase diffusion, or reaction with hemoglobin (Hb). As extensively argued in
Sect. 4.1, the relative contribution of limitation by perfusion and that by aqueous-
phase diffusion to overall gas transport in the capillary blood is decided by D/(5Q)
[10-13], i.e., when D/($Q) is large, limitation by perfusion is predominant over that
by diffusion. D is diffusing capacity of an indicator gas, which is formed by alveo-
locapillary tissue barrier (i.e., alveolocapillary membrane and plasma layer) and
erythrocytes, while Q is capillary blood flow. f denotes capacitance coefficient of a
gas. ff values of inert gases equal their Bunsen solubility coefficients (a) corrected
for the difference in total pressure, while f value of a reactive gas combined with
erythrocyte Hb (O,, CO,, carbon monoxide (CO), or nitric oxide (NO)), which is
defined as the effective solubility, equals the slope of each dissociation curve. Thus,
the effective solubility of a reactive gas is not constant and appreciably changes
depending on its partial pressure in the blood. Although physical solubility of a
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Terminal bronchiole
(14th generation)

Dead space

(V,/Q= * and/or D/Q=0)

Transitional bronchiole
(15th generation)

Right-to-left shunt

(V/Q=0 and/or D/Q=0) Alveolocapillary

Membrane (D,,)

Erythrocytes (Dg)

HB acini with finite
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Fig. 9.2 Schematic diagram of the functional gas exchange unit. HB acinus assumes a functional
gas exchange unit in which alveolar ventilation (V,) and capillary perfusion (Q) are arranged in
parallel. V, and Q are separated by resistive tissue batrrier, total gas conductance of which is defined
as diffusing capacity (D). D is formed by alveolocapillary tissue barrier including plasm layer
(membrane component of D (Dy;)) and erythrocytes (aqueous-phase diffusion and reaction with
Hb and defined as blood component of D (Dg)). This provides the basic concept of V,/Q-D/Q field
(Fig. 9.7). When D/Q=infinite, the functional gas exchange unit is prescribed solely by V,/Q. Right-
to-left shunt is given by units with V,/Q = 0, while dead space by units with V,/Q = infinite.
However, units with D/Q = 0 provide a shunt effect for capillary blood and dead space effect for
alveolar gas in a simultaneous manner. Models of parallelly arranged functional gas exchange
units are reasonable while considering VA/Q or V,/Q-D/Q distribution in the lung

reactive gas in the blood is of the same order of magnitude as that of an inert gas,
the effective solubility of a reactive gas is very large in comparison with that of an
inert gas because of its combination with Hb. Thereby, the D/(Q) value of an inert
gas is much larger than that of a reactive gas, leading to the conclusion that the inert
gas transport is not limited by aqueous-phase diffusion in general but predominantly
prescribed by perfusion. The pathological condition where inert gas transport is
significantly limited by aqueous-phase diffusion will be discussed in Sect. 4.1. On
the other hand, the gas transport of a reactive gas is limited by aqueous-phase diffu-
sion besides perfusion. For the profound comprehension of the underlying gas
transfer mechanism in the blood, we will first consider the equilibration kinetics of
various gases, including inert gases, O,, CO,, CO, and NO, between capillary blood
and gas phase in the acinus.
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Fig. 9.3 Equilibration kinetics of gases with different physical properties between capillary blood
and alveolar gas. Relative contribution of limitation by perfusion and that by aqueous-phase diffu-
sion is decided by D/($Q), in which D is diffusing capacity of an indicator gas. Q is capillary blood
flow. f denotes the capacitance coefficient of a gas. D/(Q) of an inert gas is much larger than that
of a reactive gas (O,, CO,, CO, or NO). Therefore, inert gas transfer is predominantly prescribed
by perfusion, while the gas transfer of a reactive gas is limited by aqueous-phase diffusion besides
perfusion. Inert gases instantaneously reach partial pressure equilibration between capillary blood
and alveolar gas so that inert gases are useful for estimating lung V,/Q distribution. Although O,
and CO, are significantly limited by aqueous-phase diffusion, equilibration of these gases between
capillary blood and alveolar gas reaches during passage through capillary networks. CO is limited
largely by reaction with Hb/HbO, in erythrocytes, thereby, no equilibration between capillary
blood and alveolar gas is attained. NO is almost completely absorbed by Hb so that it does not
reach equilibration between capillary blood and alveolar gas

2.4.1 Inert Gases

Inert gases in the blood are generally limited neither by aqueous-phase diffusion
(plasma layer and inside of the erythrocyte) nor by reaction with Hb, indicating that
inert gases are purely perfusion-limited in the capillary blood under most of the
pathophysiological conditions. This is true irrespective of gas species such as being
soluble or insoluble as well as being low-molecular weight or high-molecular weight
[10]. Therefore, inert gases reach, almost instantaneously, the complete equilibration
between capillary blood and gas phase in the acinus, which indicates that inert gases
are most appropriate for estimating the gas exchange kinetics simply decided by
VA/Q distribution but neither by aqueous-phase diffusion nor by reaction with Hb.
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2.4.2 Oxygen (O,)

The association rate constant of O, with reduced Hb is slightly larger than that of
NO and tenfold larger than that of CO, indicating that association reaction of O,
with reduced Hb is fastest among the three reactive gases (O,, CO, and NO) that
bind to Hb [24]. This implies that the contribution of reaction limitation to gas
transport is lowest in O, among the three reactive gases. On the other hand, the
dissociation rate constant of O, from oxygenated Hb (HbO,) is quite large as
compared with those of CO and NO, resulting in that the affinity of O, to Hb is
lowest and many free O, molecules are generated in the capillary blood.
Therefore, the partial pressure of O, (PO,) in the blood, which is the representa-
tive of activity of free O, molecules and is approximated by the equilibrium PO,
estimated from the HbO, dissociation curve, increases and reaches the equilibra-
tion with alveolar PO, during passage through capillary networks. As such, O,
transport in the capillary blood is predominantly limited by perfusion in combi-
nation with aqueous-phase diffusion through alveolocapillary tissue barrier
(membrane component of diffusing capacity (Dy)) and inside of the erythrocyte
(blood component of diffusing capacity (Dg)), though the effect of reaction
evoked by the combination of O, with Hb is negligible. Based on these facts, it
can be assumed that O, is useful for detecting the distribution of V,/Q and that of
D/Q in the lung.

2.4.3 Carbon Dioxide (CO,)

CO, in the blood is present in three different forms; namely, physically dissolved
CO, in plasma and erythrocyte, bicarbonate ions in plasma and erythrocyte, and
carbamino compounds (R-NHCOO) in erythrocyte. Among the three forms, CO, in
the erythrocyte is transported primarily by the form of bicarbonate ions, which are
yielded as a result of hydration of CO, catalyzed by the carbonic anhydrase (CA) in
the erythrocyte. The hydration reaction is almost instantaneous owing to the pres-
ence of CA, which indicates that the time required to attain chemical equilibrium is
much smaller than the diffusion time in the erythrocyte. In other words, the uptake
of CO, by the erythrocyte is mainly prescribed by the aqueous-phase diffusion-
limited process. The partial pressure of CO, (PCO,) in the blood, which is yielded
by the free CO, molecules, may be approximated by the equilibrium PCO, esti-
mated from the CO, dissociation curve. These free CO, molecules are transported
by the perfusion-related process, leading to the conclusion that gas transport of CO,
in the blood is predominantly limited by both perfusion and aqueous-phase diffu-
sion, which indicates that CO, is useful for detecting the distribution of V,/Q as well
as that of D/Q in the lung.
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2.4.4 Carbon Monoxide (CO)

The association rate constant of CO with reduced Hb is only 10% of that of O, so
that CO is substantially limited by reaction with reduced Hb in the erythrocyte.
On the other hand, the dissociation rate constant of CO from carbon monoxide-
bound Hb (HbCO) is very small as compared with that of O,, i.e., 4-10~* of O,
[24], as the result of which the affinity of CO with reduced Hb is 234 times larger
than that of O,. Despite this fact, partial pressure of CO (P¢o) in the erythrocyte
and thus in the capillary blood is not zero but shows a low but finite value depend-
ing on PO, surrounding Hb in the erythrocyte [11-13], which indicates that CO
has a nature limited by perfusion, as well. Pco in the capillary blood is represented
by the equilibrium P¢q estimated from the CO dissociation curve constructed in
the presence of O, [11-13]. Furthermore, it should be noted that under physiologi-
cal conditions (normoxic PO, and low Pco), the uptake of CO by the erythrocyte
is predominantly limited by the replacement reaction between CO and HbO,,
which is certified to be much slower than the association reaction of CO with
reduced Hb [24]. Hence, CO can be considered as the gas that is limited by the
combination of perfusion, aqueous-phase diffusion, and reaction with Hb/HbO,,
among which replacement reaction of CO with HbO, may act as a major limiting
process for the CO gas transfer in the blood. These facts suggest that CO is prom-
ising for estimating the diffusing capacity of the lung (D), particularly the blood
component of D (Dg). Furthermore, CO may be useful for predicting the distribu-
tion of D/Q in the lung.

2.4.5 Nitric Oxide (NO)

The association rate constant of NO is of the same order of magnitude as that of O,,
but its dissociation rate constant is 1.5-107° of O,, which results in that the equilib-
rium constant (i.e., affinity) of NO with reduced Hb is 6.25-10° times larger than
that of O, [24]. Therefore, NO is irreversibly absorbed by Hb, resulting in that par-
tial pressure of NO (Pyo) in the erythrocyte (thus, in the capillary blood) is main-
tained at zero independent of erythrocyte PO, surrounding Hb; namely, there are no
free NO molecules to be transported by perfusion, which indicates that NO is purely
limited by aqueous-phase diffusion but neither by reaction with Hb nor by perfu-
sion. These facts suggest that NO is the ideal gas for estimating the aqueous-phase
diffusion-limited steps in the lung; that is, the process through the alveolocapillary
tissue barrier (including plasma layer), which is represented by the membrane com-
ponent of diffusing capacity (Dy), and that through the inside of the erythrocyte,
which is represented by the diffusion-related process of blood component of diffus-
ing capacity (Dg). However, as NO is not limited by perfusion, it is not useful for
predicting the distribution of V,/Q and/or D/Q in the lung.
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3 Quantitation of Ventilation—Perfusion (V,/Q) Distribution

3.1 Basic Rationale of V,/Q Distribution Estimated from Inert
Gas Exchange

Since inert gases are purely prescribed by perfusion but neither by aqueous-phase
diffusion nor by reaction with Hb in the capillary blood, they are fundamentally
promising for estimating the gas exchange that is simply decided by V,/Q distribu-
tion. Under steady-state conditions in which there is no change in the partial pres-
sure of an inert gas (P) against the elapsed time () at any portion of the lung (i.e.,
0P/ot = zero), the partial pressure of a foreign inert gas in the gas phase (P,) and that
in blood phase (P,) in a certain microregion of the lung are described by the simple
equation in accordance with the law of mass balance [25];

P /P, =P P =LI[L+(V,/0)] (9.1)

where P, and P, denote, respectively, the partial pressure of a given inert gas in
end-capillary blood and mixed venous blood, whereas 4 is the blood/gas partition
coefficient of a gas (mL/mL at a given total pressure and temperature). The eq. (9.1)
is valid when an indicator gas is not contained in the inspired air. The eq. (9.1)
implies that the partial pressure of an inert gas in a lung microregion is simply
decided by the ratio of alveolar ventilation (V) against capillary perfusion (Q) dis-
tributed there (Fig. 9.2) [7, 8]. Although there are many physiological assumptions
required for the establishment of eq. 9.1, they were extensively addressed elsewhere
[7, 8, 14]. The important issue that should be emphasized is that eq. (9.1) is implic-
itly prerequisite for the presence of microregion satisfying the definition of func-
tional gas exchange unit. As extensively argued in the previous section, the
microregion given by the HB acinus encounters the definition of functional gas
exchange unit in expiration. The multiple inert gas elimination technique (MIGET),
which predicts the continuous distribution of V,/Q in the lung, uses gas-phase con-
centrations of inert gases collected during expiration (see Sect. 3.2). Therefore, the
Vi\/Q distribution investigated from this method can be interpreted on the basis of
the functional gas exchange unit that corresponds anatomically to the HB acinus
over expiration.

What we should be aware of is that the sum of V}, in each functional gas exchange
unit amounts to the total effective alveolar ventilation defined by the total expired
ventilation (V) minus the dead space ventilation. The dead space ventilation is ficti-
tiously assumed for explaining the relationships between inspired, alveolar, and
expired gases in the classical gas exchange theory. The dead space ventilation
includes the ventilation formed not only by the alveolar regions with infinite V,/Q
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value (i.e., the alveolar dead space) but also by the functional dead space closely
related to the anatomical dead space. The detailed arguments on what are the ana-
tomical dead space, functional dead space, and dead space ventilation are deployed
in Chap. 10.

3.2 Determination of V4/Q Distribution by MIGET

Saline containing a small quantity of six foreign inert gases with a wide variety of
A, including sulfur hexafluoride (SF¢), ethane, cyclopropane, halothane, diethyl
ether, and acetone (Fig. 9.4), is infused through the peripheral vein at a constant rate
of 2 mL/min [7, 8, 26, 27]. After the steady-state is established, expired gas, arterial
blood, and mixed venous blood are simultaneously collected and the concentrations
of six inert gases in these samples are measured by gas chromatography [28]. Using
the data measured for six inert gases, Wagner and colleagues [26, 27] established a
novel method allowing for predicting a continuous distribution of V,/Q in a repre-
sentative manner. In this method, they assumed 50 functional gas exchange units
with different V,/Q values, including right-to-left shunt with V,/Q of zero, dead
space consisting of alveolar dead space with infinite V,/Q value and functional dead
space, and 48 units with finite values of V,/Q ranging from 0.005 to 100, all of
which are arranged in parallel and are equally spaced on a logarithmic scale. The
basic equation used for determining the continuous distribution of fractional Q (g)
along the V,/Q axis is described as [7]:

T 1.0
Gas (ml/ml, 37°C) m\
0.8
@ SFG 0.009 ethane cyclopropane halothane ether acetone
@ Ethane 0.091 n: 0.6
O
o
Cyclopropane 0.583
® ycloprop ol‘l 0.4
Halothane 2.82
@
® Diethyl Ether 14.4 0-21
® Acetone 304 .

0.001

Fig. 9.4 Six inert gases used for estimating lung V,/Q distribution. Retention (R) of an indicator
gas is defined as P, /P,, where P, and P, are partial pressures of a gas in end-capillary blood and
in mixed venous blood, respectively. R indicates gas exchange efficiency in a functional gas
exchange unit. R differs largely depending on blood/gas partition coefficient (1) and Vy/Q value,
which suggests that these six inert gases are promising for separating functional gas exchange units
with varied V,/Q values
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L=ZWi-[Ri—qu-(;ti /(2 + (v /Q)j))T+y ((1-Z¢,)+S*Zo,* ¢’ (9.2)

where L is the objective variable that should be minimized with respect to the frac-
tional perfusion (g;, j = 1, 2 --- 50) distributed to each functional gas exchange unit
with a certain V,/Q value. R; is the measured value of arterial gas concentration for
each inert gas divided by its mixed venous concentration (i=1, 2, --- 6). W, is the
coefficient for weight of each inert gas, which is given by the reciprocal of variance
of R;. The second term of the equation denotes the equality constrain for g;, the sum
of which amounts to 1.0. p is the Lagrange multiplier that is determined and replaced
by an adequate value during computation. The third term designates the correction
based on the enforced smoothing using the Lagrange multiplier of ¢;, which is the
value related to the compartmental weight of each V,/Q unit, while S is the smooth-
ing term that is empirically assumed to be 40. The enforced smoothing is applied for
stabilizing the resultant V,/Q distribution. Replacing g; in the eq. (9.2) by fractional
ventilation (v;), the ventilation distribution along the V,/Q axis is readily decided,
as well.

Recently, a new method for measuring the regional V,/Q distribution has been
developed, which is called the proton magnetic resonance imaging (MRI). This
MRI technique combines arterial spin labeling measures of regional pulmonary
blood flow with oxygen enhanced measures of regional specific ventilation and fast
gradient echo measures of regional proton density [29]. Although the spatial resolu-
tion of the proton MRI method is high (about 1.0 cm?), corresponding to the volume
composed of 5-6 acini, it is not possible to determine the V,/Q distribution of the
whole lung. Thus, we consider that the newly developed proton MRI method does
not surpass the classical MIGET.

3.3 Heterogeneous Distribution of V,/Q in Diseased Lungs

The V,/Q distribution estimated from the MIGET reflects the interregional hetero-
geneity of V,/Q distribution at the acinar level. The basic consideration on the clini-
cal interpretation of V,/Q heterogeneity is extensively discussed in our previous
paper [15] but briefly summarized in Table 9.1. The lesions forming acini with low
VA/Q values are primarily yielded by obstruction and/or destruction of acinar air-
ways as well as microvascular injury with paralysis of hypoxic pulmonary vasocon-
striction (HPV). If the HPV is paralytic in injured microvasculature, the perfusion
there is not decreased so that the formation of low V,/Q acini advances. The HPV
paralysis was identified in some specific lung diseases, e.g., hepatopulmonary syn-
drome (HPS), acute respiratory syndrome (ARDS), and so forth.

The secondary cause for producing low V,/Q acini is the redistribution of perfu-
sion from affected to non-affected regions. This phenomenon is recognized in
patients with microvascular loss or microvascular occlusion without HPV paralysis.
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Table 9.1 Pathophysiological causes for generating acini with low or high V,/Q

Low V,\/Q acini High V,/Q acini
Primary lesions Primary lesions
1. Destruction or obstruction of acinar 1. Microvascular loss
Airways
2. Microvascular injury with HPV 2. Microvascular occlusion without HPV
Paralysis paralysis
3. Aqueous-phase diffusion limitation 3. Aqueous-phase diffusion limitation
(diffusional shunt) (diffusional dead space)
Secondary lesions Secondary lesions
1. Shift of perfusion from acini with microvascular | 1. Shift of ventilation from affected acini
loss or microvascular occlusion without HPV to normal acini
paralysis to normal acini
2. Shift of perfusion from normal acini to
those with microvascular injury with
HPV paralysis

HPYV hypoxic vasoconstriction

However, the primary lesion of microvascular loss or microvascular occlusion with-
out HPV paralysis is the genesis of acini with high VA/Q values because of reduction
in acinar perfusion there.

The secondary cause for forming high VA/Q acini is the redistribution of ventila-
tion from affected to non-affected regions. This is observed in patients with bronchi-
olitis obliterans (BO), COPD, cystic disease, pleuroparenchymal fibroelastosis
(PPFE), and so forth. In a patient with microvascular injury with HPV paralysis, the
perfusion in normal acini may be redistributed to the acini with HPV-paralytic
microvascular lesions, thus converting the acini with normal V,/Q values to those
with relatively high V\/Q values.

Of note, acini simultaneously revealing shunt and dead space effects are gener-
ated under conditions where their D/Q values are zero irrespective of V,/Q values,
i.e., complete aqueous-phase diffusion limitation. This issue will be discussed in
detail in Sect. 4.

To address the considerations described above in a more clinical fashion, we
present the V,/Q distributions in two cases either with secondary alveolar proteino-
sis (AP) or pulmonary veno-occlusive disease (PVOD) in combination with pulmo-
nary capillary hemangiomatosis (PCH) (Figs. 9.5 and 9.6).

4 Determination of V,/Q and D/Q Distribution in the Lung

To deeply understanding the mechanism giving rise to hypoxemia, Piiper [9] elabo-
rated the concept of Vi\/Q-D/Q field (Fig. 9.7), in which D indicates aqueous-phase
diffusing capacity in different regions of the lung. His theoretical analysis suggests
that in addition to V,/Q heterogeneity, D/Q heterogeneity similarly impairs overall
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Fig. 9.5 V,/Q distribution in a patient with secondary alveolar proteinosis (AP). Case is a 56-year-
old, nonsmoking woman, who was observed for myelodysplastic syndromes (MDS) for a long
time. She exhibited abnormal findings on chest X-P and increased serum CEA (10.2 ng/mL) as
well as KL-6 (950 U/mL). Therefore, she was hospitalized for definitive diagnosis. Bronchoalveolar
lavage fluid (BALF) contained significant amounts of PAS-stain positive substances, large foamy
macrophages, and mononuclear macrophages. However, GM-CSF autoantibody was negative in
BALF as well as in blood. Therefore, she was diagnosed as suffering from MDS-induced, second-
ary AP. Chest CT showed crazy paving appearance in which thickened lobular septa, thickened
axial interstitial tissues, and ground-glass opacity (GGO) were identified. Pag, was decreased in
association with widened AaDg,. Dy o was conspicuously decreased but D; -o/V, was moderately
decreased. V,/Q analysis in terms of MIGET revealed the formation of low V,/Q acini that may be
elicited by fluid accumulation in alveolar spaces and injuries of acinar airways

0O, gas exchange, thus eliciting arterial hypoxemia. However, many studies done
after Piiper’s suggestion consistently demonstrated that the aqueous-phase diffusion-
associated mechanism contributes minimally to the emergence of hypoxemia in
patients with a variety of chronic lung diseases. The exception was the patients with
interstitial lung disease during excise [30, 31], in which V,/Q heterogeneity did not
account for all of the hypoxemia and required a small but significant contribution of
diffusion impairment. Although the major involvement of diffusion-related mecha-
nism on hypoxemia was denied, it does not imply that the distribution of D/Q is
homogeneous over the entire lung in any lung disease, but it simply implies that O,
gas does not have a high sensitivity to detect the diffusion impairment, including
D/Q heterogeneity. As depicted in Fig. 9.3, due to the physical natures of O, mole-
cules in the blood, PO, easily reaches the equilibrium between alveolar gas and
capillary blood even when the local diffusing capacity for O, (Dg,) is substantially
impeded. However, if CO gas is used as the indicator, it does not reach the equilib-
rium between alveolar gas and capillary blood under most of the pathophysiological
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Fig. 9.6 V,/Q distribution in a patient with pulmonary veno-occlusive disease (PVOD) and pul-
monary capillary hemangiomatosis (PCH). Case is a 38-year-old, nonsmoking man, who under-
went allogeneic hematopoietic stem cell transplantation (HSCT) against MDS. After HSCT, he
was progressively conscious of the difficulty in breathing on exertion in association with arterial
hypoxemia. CT examination showed thickened lobular septa with dilated peripheral pulmonary
arteries. *"Tc-MAA perfusion scan showed a slight redistribution of perfusion from upper to
lower lung fields. Lung biopsy under video-assisted thoracoscopy (VATS) confirmed the presence
of PVOD concomitant with PCH. Pag, was decreased in association with widened AaDg,. D ¢ and
Dico/Va were significantly decreased. Vi/Q analysis detected both high V,/Q acini formed by
microvascular occlusion (PVOD and PCH) without paralysis of hypoxic pulmonary vasoconstric-
tion (HPV) and low V,/Q acini generated by redistribution of perfusion from affected regions with
microvascular occlusion to non-affected regions

conditions, which indicates that the sensitivity of CO gas for predicting D/Q hetero-
geneity in the lung is much higher than that of O, gas. These facts led the group of
Yamaguchi [11-13] to develop the practical method allowing for simultaneously
predicting the V,/Q and D/Q distribution in the lung based on the measurements of
gas exchange behaviors of nine indicator gases, including six inert gases (the same
as used for MIGET), O,, CO,, and CO.

4.1 Basic Rationale of V,/Q and D/Q Distribution

Yamaguchi et al. [11] took the HB acinus as the functional gas exchange unit, in
which in addition to V, and Q, D is included (Fig. 9.2). D indicates total diffusing
capacity for respective indicator gases prescribed by the component of alveolocapil-
lary tissue barrier (D)) including plasma layer and that of erythrocytes (Dg) residing
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Fig. 9.7 V,\/Q-D/Q field. Functional gas exchange unit is assumed to have two functional param-
eters including V,/Q and D/Q for prescribing gas exchange efficiency there. V,/Q and D/Q values
from zero to infinite are assigned to respective gas exchange units. These values are equally spaced
on a logarithmic scale. 20 (along V,/Q axis) x 20 (along D/Q axis) gas exchange units are assumed
on V,/Q-D/Q filed (i.e., 400 gas exchange units in total). Units with V,/Q = zero and V,/Q = infinite
indicate right-to-left shunt and dead space, respectively. Units with D/Q = 0 express both effects of
shunt (diffusional shunt) and dead space (diffusional dead space) irrespective of V,/Q values there.
Units with D/Q = infinite indicate those with no diffusion limitation, i.e., they satisfy classical
VA/Q concept

in the alveolar septa of a certain acinus. For the sake of simplicity, we first consider
the inert gas exchange in the acinus on the assumption that it is limited by both V,/Q
and D/Q. The restriction of inset gas exchange by aqueous-phase diffusion takes
place when D/Q is less than 10~ mL (STPD)/mL/mmHg regardless of V,/Q values
[11]. The mass balance for inert gas exchange limited by both V,/Q and D/Q in an
acinus under steady-state conditions where inspired gas mixture contains no
intended inert gas is described as:

P /P, =2+(1-K)/[(V,/Q)+1+(1-K)] (9.3)
P /P, =[(Vy/0Q)-K+2-(1-K)]/[(V,/Q)+A-(1-K)] (9.4)

K = )] ©.5)
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where A and f are the blood/gas partition coefficient and capacitance coefficient of
a gas, respectively. For inert gases,  equals the Bunsen solubility coefficient (@)
corrected for the difference in total pressure (= a » (760 — 47)/760), while it equals
the slope of each dissociation curve for a Hb-reactive gas such as O,, CO,, or CO. P,
and PC denote the partial pressure of an inert gas in alveolar space and that in end-
capillary blood, respectively, while P, is that in mixed venous blood. K is the term
defining the effect of D/Q on the inert gas exchange. Of note, when D/Q is infinite
(i.e., no aqueous-phase diffusion limitation), K equals zero, resulting in
P, /P, =P [P, =,/[%+(V,/Q)], which is the same as defined by the eq. (9.2)
that describes the inert gas exchange limited by V,/Q alone. On the other hand,
when D/Q is zero (i.e., complete aqueous-phase diffusion limitation), K is 1.0,
forming the functional gas exchange units where P, and P, equal zero and P,
respectively. Hence, the complete aqueous-phase diffusion limitation simultane-
ously elicits the shunt effect for capillary blood (diffusional shunt) and dead space
effect for alveolar gas (diffusional dead space) (Fig. 9.2, Table 9.1).

In the case of reactive gases such as O,, CO,, and CO, however, the relationships
between P, and P, are not straightforward because f values for these gases are not
constant and change continuously according to their respective dissociation curves.
Furthermore, O, and CO are contained in the inspired gas when attempting to decide
the V)/Q and D/Q distributions (see Sect. 4.2). Hence, the mass balance for a reac-
tive gas is assumed as:

Vasb =V, P, = Q'(CC -C, ) / ﬁg 9.6)

AM =(P,—P,)*AD=Q+AC, 9.7)

where V,; and V, are inspired and expired alveolar ventilation, respectively, while P,
P,, and P, are partial pressure of a reactive gas in an inspired gas mixture, that in
expired alveolar gas, and that at a certain point of capillary blood, respectively. C,
and C, are contents of a reactive gas in capillary blood and mixed venous blood,
respectively. fg indicates the capacitance coefficient of a gas in the alveolar gas
phase, which generally equals 1/(760-47) at the sea level. AM is the transfer rate of
a gas through AD. Eq. (9.7) is the differential equation that expresses the relation-
ship between P, and P, at a certain microregion of A in the alveolocapillary tissue
barrier. The Bohr integration from mixed venous point (P,) to end-capillary point
(PC' ) using eq. (9.7) describes the V,\/Q and D/Q-prescribed equilibration kinetics
between P, and PC' (Fig. 9.8). The O, gas exchange is significantly restricted by
aqueous-phase diffusion and arterial hypoxemia emerges when D/Q is less than
1073, Therefore, the units with the D/Q of less than 1073 is defined as the low
D/Q units.
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Fig. 9.8 Bohr integrations for O,, CO,, and CO. O,, CO,, and CO interact in capillary blood in a
complicated manner and the capacitance coefficient of each gas is not constant, changing depend-
ing on their partial pressures. Therefore, the decision of partial pressure profiles of these gases in
capillary blood requires Bohr integration between mixed venous blood and end-capillary blood.
For this integration, respective dissociation curves for O,, CO,, and CO, in which interactions
between three gases are taken into consideration, should be used

4.2 Determination of V,/Q and D/Q Distributions

To estimate the V,/Q and D/Q distribution in the lung, Yamaguchi et al. [11-13]
infused six inert gases that are used for the MIGET (SFs, ethane, cyclopropane,
halothane, diethyl ether, and acetone) while inspiring the gas mixture containing
21% O, and 0.1% CO. Although CO, is not contained in the inspired gas, the CO,
produced in the body was used as one of the indicator gases. The physical properties
of nine indicator gases are depicted in Table 9.2. After the steady-state was estab-
lished, expired gas, arterial blood, and mixed venous blood were simultaneously
collected and the concentrations and/or contents of nine indicator gases in respec-
tive samples were measured with the appropriate methods.

The first crucial issue in the analysis of V,/Q and D/Q distributions is how to
define the diffusing capacity (D) of each indicator gas in the resistive alveolar septa
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Table 9.2 Physical properties of nine gases used for determining V,/Q and D/Q distributions

A (mL/ MW (g/ Tissue diffusivity (d, Tissue solubility (o, mL/mL/

Gas species | mL) mol) cm?/s) mmHg)

SFs 0.009 146 1.1-1073 1.03-10°°
Ethane 0.091 30 2.4-107° 1.06-10~*
Cyclopropane | 0.583 42 2.0-107° 6.76-10~*
Halothane 2.82 197.5 0.9-10° 3.27-1073
Diethyl ether | 14.4 74 1.5-10°3 1.67-1072
Acetone 304 58 1.7-103 3.53-107!
0, Variable 32 2.3-107° 2.93-107°
CO, Variable 44 2.0-10 6.34-10~
CO Variable 28 2.5-107° 2.49-10-

A: blood/gas partition coefficient. A values are not constant but variable for O,, CO,, and CO. This
is because O,, CO, and CO are combined with Hb in erythrocytes, thus producing dissociation
curves, the slopes of which (effective solubilities) change dependent on partial pressures of O,,
CO,, and CO surrounding Hb. A values of O,, CO,, and CO are much larger than those of inert
gases. MW: molecular weight. d: diffusion coefficient in resistive tissue barrier. a: Bunsen solubil-
ity coefficient in resistive tissue barrier. Values are expressed at 37 °C

composed of the alveolocapillary membrane, plasm layer, and erythrocytes in a
functional gas exchange unit. As discussed in Sect. 2.4, inert gases and O, are pre-
dominantly limited by aqueous-phase diffusion in functional gas exchange units
where D/Q is less than 10 for inert gases and less than 1073 for O,. Therefore,
under the condition with D/Q of less than 10~*, D for an inert gas (Dj,) is calcu-
lated from Dy, as follows:

D,.. =D, (KR, /KR,,) 9.8)

inert inert
where KR;,.. and KRy, are, respectively, the Krogh diffusion constants for inert
gases and O,, which are expressed by the products of Bunsen solubility coefficients
(a) and diffusion coefficients (d) in the resistive tissue barrier (Table 9.2). However,
interrelationships between Dg,, Dcq,, and D¢ are complicated because these gases
react with Hb in qualitatively different manners. Therefore, Dc,/Dg, and Deo/Dos
were adopted from the values measured experimentally under the rebreathing con-
dition where functional heterogeneities influencing the diffusing capacities for O,,
CO,, and CO were greatly diminished [32, 33]. Thus, Dc./Dg, and Dco/Do, were,
respectively, postulated to be 3.3 and 0.85 in the analysis, implying that Dy, was
used as the representative of diffusing capacities for all nine indicator gases.

The second crucial issue is how to treat nonlinear dissociation curves for O,,
CO,, and CO. These dissociation curves are needed when Bohr integrations for O,
CO,, and CO in capillary blood are conducted. In respect of O, and CO dissociation
curves for human blood, Yamaguchi et al. [11, 13] applied those constructed in the
presence of both gases, in which CO,-related Bohr effect and intracellular
2,3-diphosphoglycerate (DPG) in addition to competitive reaction between CO and
O, were correctly considered. On the other hand, they used the CO, dissociation
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curve reported by Kelman [34] on the assumption that the ratio determining the
distribution of CO, between the erythrocyte and the plasma was a function of pH
and total saturation of Hb with O, and CO.

As for the determination of V,/Q and D/Q distributions, 20 units were, respec-
tively, assigned along the V\/Q and D/Q axis (Fig. 9.7); that is, the lung is assumed
to be consisting of 400 functional gas exchange units in total. To minimize the sum
of squares of deviation (L) between the measured arterial concentrations of nine
indicator gases and the values predicted from the Vi\/Q-D/Q lung model, the
enforced smoothing technique qualitatively the same as that used by Wagner and
colleagues [26, 27] for deciding the V,/Q distribution (eq. 9.2) was applied:

L=XW, {Cai 2.4 °C;Lj]2 + y-(l—qu)+ Yo0q; 9.9)

where C, is the measured value of arterial content concerning each indicator gas
(i=1,2,--9), while C;i, ; is the predicted content of each indicator gas in the end-
capillary blood of each functional gas exchange unit (j = 1, 2, --- 400). W, is the
coefficient for weight of each indicator gas, which is given by the reciprocal of vari-
ance of C,. However, the Lagrange multiplier of ¢;, which is the value related to the
weight of each functional gas exchange unit, was not identical to that incorporated
in the MIGET. Instead, it was empirically decided in the V,/O-D/Q analysis [11]:

o =[ 20140 e v 1) e 0@, v Do) Mot o) T 0.10)

where n = 3 when D/Q is less than 0.1 and n = 5 when D/Q is over 0.1. Ot and Vg
denote total perfusion and total ventilation of the lung, respectively.

4.3 Heterogeneous Distribution of V,/Q and D/Q
in Diseased Lungs

The V),/Q-D/Q analysis [13] demonstrated that the low D/Q units (D/Q is less than
1073) that impair O, gas exchange and give rise to arterial hypoxemia are found in
idiopathic pulmonary fibrosis (IPF) with active alveolitis or extensive fibrosis
(Fig. 9.9). In the IPF, about 20% of impaired O, gas exchange is attributed to the low
D/Q units. These findings are explicable from the heterogeneous infiltration of
inflammatory substances into alveolar interstitium and alveolar space (i.e., alveoli-
tis) or from the heterogeneous fibrosis of alveolar interstitium leading to increased
thickness and decreased surface area of alveolar septa (i.e., extensive fibrosis). The
significant D/Q heterogeneity in patients with IPF is anticipated to be enhanced dur-
ing exercise that further increases the D/Q heterogeneity [30]. Canine model with
ARDS also revealed the prominent D/Q heterogeneity [12]. This may be explained
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Fig. 9.9 V,/Q and D/Q distributions in various lung diseases. V,/Q and D/Q distributions in nor-
mal lung (a), in lung with COPD (predominantly emphysema) (b), and in lung with idiopathic
pulmonary fibrosis (IPF) having active alveolitis (¢). COPD patient with predominant emphysema
revealed V,/Q heterogeneity with high V,/Q regions but minimal regions with very low D/Q values.
Patient with IPF in association with active alveolitis exhibited minimal V,/Q heterogeneity but very
low D/Q regions that yield diffusional shunt effect that gives rise to hypoxemia. Very low D/Q
regions may be caused by decreased surface area and/or increased thickness of the alveolocapillary
membrane. Adopted from Yamaguchi et al. [13] with permission of the publisher

by the accumulation of edematous fluid into alveolar interstitium and airspace,
which augments the aqueous-phase diffusion limitation in a heterogeneous manner.
On the other hand, there are no low D/Q units in COPD, suggesting that the major
factor for eliciting hypoxemia in COPD is V,/Q heterogeneities but not D/Q
heterogeneities.

5 Conclusion Remarks

The functional gas exchange unit conforms to the anatomical gas exchange defined
as the acinus during expiration but strictly not during inspiration. However, as most
of the parameters, including V,/Q and D/Q distributions allowing for assessing the
gas exchange dynamics in the lung, are based on the measurements of gas samples
collected over expiration, the gas exchange abnormalities can be interpreted on the
basis of structural alterations of acinar airways, alveoli, microcirculation, and alveo-
lar interstitial organizations, the conclusive judgments of them being not possible
even when the high-precision diagnostic imaging technologies are applied. The
VA/Q distribution decided with the multiple inert gas elimination technique is
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clinically useful for detecting the abnormalities of airways and microcirculation in
the acinus of a variety of lung diseases. On the other hand, the distribution of V,/Q
and D/Q predicts the abnormalities residing in alveolar interstitial tissues in addi-
tion to those in acinar airways and microcirculation. The Vy\/Q-D/Q analysis demon-
strated that the aqueous-phase diffusion exerts a small but significant impact on O,
gas exchange and induces arterial hypoxemia in patients with IPF but not with COPD.
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Chapter 10

Physiological Basis of Effective Alveolar—
Arterial O, Difference (AaD,)

and Effective Physiological Dead Space
(Vo/V1): Are AaD, and V/V; Supported
by Structurally and Physiologically
Correct Knowledges?

Kazuhiro Yamaguchi

Abstract Although determination of ventilation—perfusion (V,/Q) distribution and/
or simultaneous determination of V,/Q and diffusing capacity—perfusion (D/Q) dis-
tribution are needed to precisely diagnose gas exchange abnormalities occurring in
the lung periphery, these analyses cannot be straightforwardly performed in clinical
situation. On the other hand, effective alveolar—arterial Py, difference (effective
AaD,) and physiological dead space (Vp/Vr), both of which are appraised as a base
of the classical gas exchange theory, can be measured with ease. In classical gas
exchange theory, effective alveolar gas compositions (effective Pyo, and Pacos),
effective AaDg,, and physiological V/Vy are clinically important while diagnosing
gas exchange abnormalities concerning O, and CO, in a first approximation. Key
assumption allowing classical gas exchange theory to be applied for clinical prac-
tice is that effective Py, can be replaced with arterial Pco, (P,co2) that is measured
routinely at bedside. If this assumption is not adopted, measurements of Py, and
Pco, in mixed venous blood, which are only possible through right heart catheteriza-
tion, are indispensable for determining representatives of Pyo, and Pyco,. When
effective Pycoy (= Pacoz) is known, other indicators, including effective Paq,, effective
AaD,, and physiological V,/Vy, can be easily decided. Effective AaDg, functions as
the indicator for identifying regions with low V,/Q values, including right-to-left
shunt (VA/Q = zero), while physiological Vp/Vr is useful for detecting regions with
high V,/Q values, including alveolar dead space (Vy/Q = infinite).
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1 Introduction

About 100 years ago, Krogh et al. [1] first described the important principle in the
field of respiratory physiology; namely, the gas exchange taking place in any lung
region is determined by neither the ventilation (V,) nor the blood flow (Q) but by
the ratio of one another. Shortly after this, Haldane [2] recognized that ventila-
tion—perfusion (V,/Q) heterogeneity could cause hypoxemia. These pioneering
works led Fenn and Rahn [3], Riley and Cournand [4], and others into establish-
ment of classical gas exchange theory in a more precise fashion. Rahn [5] pro-
posed the concept of “mean alveolar gas,” while Riley et al. [4, 6] proposed the
concept of “ideal alveolar gas.” These two terms are physiologically identical.
However, to calculate the mean (ideal) alveolar gas, it is necessary to measure Pg,
and Pcg, in the mixed venous blood. As the mixed venous blood sampling is
extremely cumbersome in a clinical setting, Riley et al. [6] proposed the new
concept of “effective alveolar gas,” in which the mean (ideal) alveolar Pcoy (Paco2)
is taken to equal the arterial Pco, (Pyco2), thus allowing for estimating alveolar P,
(Pao2) and Puco, with no information of Py, and Pcg, in the mixed venous blood.
Ever since, the concept of effective alveolar gas has got a great deal of support
from physicians at bedside. This concept has led the alveolar—arterial P, differ-
ence (AaDg,) and the physiological dead space for CO, (Vp/Vr) to be useful in a
clinical situation for rating the impaired gas exchange of O, and CO,, respec-
tively. More recently, Wagner and colleagues [7, 8] established the intriguing
method for measuring the continuous distribution of V,/Q in the lung, i.e., the
multiple inert gas elimination technique (MIGET). Furthermore, Yamaguchi et al.
[9-11] developed the method by which the distribution of V,/Q and diffusing
capacity—perfusion (D/Q) in the lung is simultaneously decided. Unfortunately,
however, these elaborate methods also require the mixed venous blood sampling
through the right heart catheter inserted into the main pulmonary artery, which
indicates that the applications of these methods are largely limited in a clinical
situation while diagnosing the pathophysiological conditions of a wide variety of
lung diseases. Based on these historical backgrounds, the present chapter high-
lights the following issues: (1) basic rationale of classical gas exchange theory,
including mean and ideal alveolar gas; (2) effective alveolar air and effective
alveolar—arterial Py, difference (AaDy,); and (3) physiological dead space for
CO, (Vp/Vy for COy).
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2 Basic Rationale of Classical Gas Exchange Theory: Mean
and Ideal Alveolar Gas

The important assumption underlying the classical gas exchange theory is that the
compositions of alveolar gas (Pao, and Pyco,) are primarily prescribed by the meta-
bolic state of the whole body irrespective of the pathophysiological conditions in
the lung. The circumstance of body metabolism is represented by the total O, con-
sumption (Mg,) and the total CO, production (Mcq,), which define the respiratory
quotient that is alternatively called the CO,/O, gas exchange ratio (R = Mcp,/Mo,).
Under the steady-state condition with room air-breathing, Mo,, Mcq,, and, thus, R
are identical at any portion of the body, including peripheral organs and tissues,
systemic circulation, pulmonary circulation, alveolar region, and mouth level
(Fig. 10.1). Therefore, R in the pulmonary capillary blood (R;) is equal to that in the
alveolar gas phase (R,) and that at the mouth level. Furthermore, as N, is inactive
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Fig. 10.1 Metabolic demand in the whole body under steady-state condition M,: O, consumption
or CO, production. My, is zero. C,,, C,,, and C,: contents of O,, CO,, or N, in tissues/organs,
mixed venous blood, and arterial blood, respectively. Q: cardiac output. V,; and V,: inspiratory and
expiratory alveolar ventilation, respectively. Fy, and F,,: fractional concentrations of O,, CO,, or N,
in inspiratory and alveolar gas, respectively. Mo, and Mco, are constant anywhere in the body
under steady-state conditions, resulting in that R defined as Mco,/Mo, is also constant at any site.
The concept of metabolic demand of the whole body under steady-state conditions decides repre-
sentatives of alveolar gas compositions for O,, CO,, and N, irrespective of morbid states of the
lung, which make V,/Q distribution in the lung heterogenous
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and not metabolized in the body, consumption or production of N, (My,) is zero
under the steady-state condition [12, 13]. These considerations establish the follow-
ing equations under the steady-state condition during room air-breathing in which
inspired CO, fraction (Ficq,) is zero:

Mo, =V Fioy =V Firoo =0(Coor = Coo2) (10.1)

Meos =V, Frcor =V Ficor =Va “Facor =0 (Cocor =Cucoz)  (10.2)
My, =V, Fy, =V, Fy =Q(Coy = Ciy ) = 2810 (10.3)

Fio =1=Fp, (10.4)

Fine =1=Fyo5 = Ficon (10.5)

R, =Mo, I Moy =V, Fyeor | (Var - Foy =Vi " Fros ) (10.6)

R, =My, I My, = (Cvcoz _Cccoz)/(ccoz _Cvoz) (10.7)

R, =R, (10.8)

where V,; and V) are inspired and expired alveolar ventilation, respectively, while
Q is pulmonary blood flow. F; and F, denote inspired and expired alveolar gas
fractions of O,, CO,, and N, respectively. C. and C, are gas contents of O,, CO,,
and N, in capillary blood and mixed venous blood, respectively. Solving these
equations, Pyoy (= Faor-(Pp-47), in which Py indicates barometric pressure) and
Pucoz (= Facor:(Pp-47)) can be expressed by the single value of V,/Q of the whole
lung under the condition where inspired fractions and mixed venous contents of
O, and CO, are fixed. In other words, the intersection of R, and R, lines, con-
structed by changing the relationship between Mg, and Mcq,, defines the single
VA/Q value and the corresponding unique pair of Py, and P, in alveolar gas and
capillary blood of a certain lung. Such graphical analysis has been called the O,-
CO, diagram (alternatively, the Fenn diagram) or the V,/Q line (Fig. 10.2) [14,
15]. The Pyo, and Pyco, values thus estimated were defined as the mean alveolar
gas by Rahn [5] or the ideal alveolar gas by Riley et al. [4, 6], both of which are
the same in a physiological sense.

Of note, although the mean (ideal) Py, and Paco, satisfactorily meet the meta-
bolic state of the whole body, it does not secure that these Php, and Pyco, can
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Fig. 10.2 0,-CO, diagram and V,/Q line (a): 0,-CO, diagram, in which solid and dotted lines
indicate gas R lines (R,, black solid line) and blood R lines (R, black dotted line), respectively.
Intersect of these two lines denoted by red circle provide single V,/Q value and corresponding
unique pair of Py, and Pco,. (b): Va/Q line constructed by connecting each intersection of R, and
R,. I: inspired point, A: alveolar point, a: arterial point, v: mixed venous point. Adopted from
Yamaguchi et al. [17] with permission of the publisher

function as the representatives of alveolar gas compositions even in diseased lungs
with considerable V,/Q heterogeneities. This is because the concept of mean (ideal)
alveolar gas is largely lacking in the considerations on complicatedly intertwined
lung anatomy and intricate physiological gas transfer mechanisms along the air-
ways and in the lung periphery, which are gravely influenced by the lung diseases
(see Sect. 3).
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3 Effective Alveolar Air and Effective Alveolar—Arterial P,
Difference (AaDg;)

3.1 Basic Rationale of Effective Alveolar Air
and Effective AaD ),

To calculate the mean (ideal) alveolar gas, it is necessary to measure Po, and P, in
the mixed venous blood (P,q, and P,cn,). As the mixed venous blood sampling is not
easy in a clinical setting, Riley et al. [6] proposed a clinically important concept of
“effective alveolar gas,” in which the mean (ideal) alveolar Pco, (Paco,) is taken to
equal the arterial Pco, (P,con). Because of the relative flatness of the blood CO, dis-
sociation curve under a physiological condition, the difference between Pyco, and
P.co» is remarkably small (Fig. 10.2), which indicates that it is not unreasonable to
replace Pyco, With P,coo. Hence, P,co, is defined as “effective alveolar Pcp,” and
alveolar Py, calculated therefrom is called “effective alveolar P,.” As it is not nec-
essary to measure the gas pressures in mixed venous blood, the concept of effective
alveolar gas by Riley et al. [6] has been proactively applied for clinical practice in
the field of respirology. Based on the alveolar gas equation, the effective alveolar
Pos (effective Pyg,) is defined as:

al

Effective P, o, = P, + Fo, *Poc, "(1-R)/ R—P,o, / R (10.9)
Simplifying the right side of the equation:

EffectiveP,, =Py, =P,

aCo2

/'R (10.10)

where Pjo, and Fjp, denote inspiratory partial pressure and inspiratory fraction of O,,
respectively. The respiratory quotient, R, is taken to be 0.83 in general. This value is
valid even in patients suffering from a variety of lung diseases as far as their meta-
bolic states are not impaired. Using Eq. 10.10, one can easily predict the effective
alveolar—arterial Py, difference (effective AaDy,) at bedside as:

Effective AaD,, = effective P, ,, —measured P, (10.11)

The first, major study concerning the physiological significance of AaDg, was
undertaken by Lilienthal, Riley, and coworkers in 1946 [16], who measured effec-
tive AaDg, under resting and exercise conditions in young, normal subjects while
breathing the gas containing air or low concentration of O,. They found that the
effective AaD, averages 9 mm Hg at rest and 17 mm Hg at exercise in the young
subjects. Expanding these findings, they considered that the effective AaDg, may
function as an important parameter for assessing pulmonary gas exchange kinetics
of O, in normal subjects with no lung diseases. However, the study by Lilienthal
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et al. [16] does not assure the matter that effective AaDyy, is also useful for identify-
ing O, gas exchange abnormalities in patients with a variety of lung diseases.

3.2 Validation of Effective P co, and Py, in Diseased Lungs

Differing from the V,\/Q theory that promoted the development of multiple inert gas
elimination technique (MIGET) in the 1970s [7, 8], the classical gas exchange the-
ory is not sufficiently warranted by the anatomical and physiological facts in the
lung. Hence, it is necessary for certifying the issue of whether the effective Psco, (=
P.co2) and P,g, indeed act as the representatives of Pcq, and P, in the mixed gas
exhaled from all functional gas exchange units in patients with various lung dis-
eases. For answering this question, it is indispensable to compare the results
obtained from the classical gas exchange theory with those from the MIGET. We
first examined what kinds of V,/Q units are sensitively detected by O, gas exchange.
We calculated Py, in each V,/Q unit on the assumption that Py, equilibration
between alveolar gas and capillary blood is complete (Fig. 10.3). We found that P,o,
changes sharply in the units having V,/Q ranging from 0.1 to 1.0 but not in other
Vi/Q units, resulting in that effective AaDg, is sensitive to gas exchange abnormali-
ties emerging in regions with moderately low V,/Q values but insensitive to those in
regions with high V,/Q values, including true alveolar dead space (V,/Q = infinite).
Furthermore, the effective AaDgy, may not discriminate right-to-left shunt
(VA/Q = zero) from regions with low V,/Q values (Vy/Q = low but finite). These find-
ings indicate that the ability of effective AaDg, for detecting Vi/Q heterogeneity is
substantially limited and does not cover the whole range of V,/Q heterogeneity as
the MIGET does. Next, we investigated the coincidence between Pyco, and Pyo, in
mixed expired gas estimated from V,/Q distribution recovered from the MIGET and
effective Pacos (= Pucoa) and Pyo, calculated from Eq. 10.10 in patients with intersti-
tial pneumonia or COPD (Fig. 10.4). The coincidence between effective Paco, and
Pico» in mixed expired gas is satisfactory. Qualitatively the same tendency was
observed for the relationship between effective Py, and P, in mixed expired gas
obtained by means of the MIGET, as well. These results suggest that effective Pxo,
and, thus, effective AaD, can accordingly change reflecting the formation of mod-
erately low Vi\/Q regions that are related to the emergence of hypoxemia. Hence, we
concluded that effective P,o, and effective AaDy, are practically useful in a clinical
setting for predicting gas exchange abnormalities elicited by low V,/Q regions.

3.3 Significance of aADco, and aADy,

In addition to AaDy,, arterial-alveolar difference for CO, (aADco,) and that for N,
(aADy,) have also been proposed. Since retention of CO, in regions with low Vi/Q
values is balanced by increased elimination of CO, from regions with high Vi/Q
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Fig. 10.3 V,/Q regions detected by gas exchange kinetics of O,, CO,, and N,

Calculations were made under steady-state conditions with air-breathing. Py, in alveolar gas (=
end-capillary blood) changes sharply at V,/Q ranging between 0.1 and 1.0, suggesting that O, is
sensitive to detection of gas exchange in regions with moderately low V,/Q values. Meanwhile,
CO, is susceptible to gas exchange in regions with moderately high V,/Q values ranging from 1.0
to 10. Py, changes sharply at V,/Q raging between 0.1 and 1.0, the tendency of which is qualita-
tively the same as that of O,. However, the ability of N, to separate right-to-left shunt (V,/Q = zero)
from regions with low V,/Q values (low but not zero) is considered substantially higher than that
of O,. This is because Py, changes appreciably, but Po, changes insignificantly, in low V,/Q regions
ranging from zero to 0.1

values, P,co, is close to the ideal (mean) value of Pyco,. However, in a strict sense,
there exists a small but significant aADcq,, which is due mainly to the fact that
regions with high V,/Q values contribute proportionally more than others to the expi-
rate and thereby lower Pycoy. Thus, aADcq, is manifested by a drop of Paco, and
reflects regions with high V,/Q values (Fig. 10.3). However, in a practical sense, the
concept of effective, but not ideal (mean), alveolar gas has been applied for estimat-
ing the effective AaDg, that is the most important parameter for detecting gas
exchange abnormality in the lung. Therefore, aADco, must be taken to be zero in a
clinical setting. When needed, aADcq, should be evaluated using the other value that
represents alveolar Pcg, such as end-tidal Pc,. Instead of aADco,, it is better to apply
the physiological dead space for CO, when attempting to assess the abnormal gas
exchange of CO, in the lung. This is because the physiological dead space for CO, is
also calculated on the basis of the concept of effective alveolar gas (see Sect. 4).
The Py, value in regions with high V,/Q values remains close to the ideal (mean)
value of Py, because in high V,\/Q regions, the increase in P, is accompanied by a
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Fig. 10.4 Validation of effective alveolar gas compositions of CO, and O,. (a) Comparison of
effective Pycon (= Pacon) and Paco, in mixed alveolar gas decided by MIGET. (b) Comparison of
effective Pyo, and Py, in mixed alveolar gas decided by MIGET. Comparisons were made for
patients with interstitial pneumonia (n = 14) and COPD (n =11)

decrease in Pcg,, leaving Py, close to Py, (Fig. 10.3). Blood returning from low
VA/Q regions has an elevated Py, and predominates in mixed venous blood.
Therefore, gas exchange of N, is opposite of that of CO,, indicating that aADy; is
mainly due to a shift in blood away from regions with ideal (mean) V,/Q values,
leading to reflection of gas exchange kinetics in low V,/Q regions like AaDg,. Pyn»
can be calculated based on the equation described below:

Effective Py, = (P, —47)—effective P, —effectiveP,.,,  (10.12)

Although the ability of effective aADy, (P, — effective Pyy,) for predicting
regions with right-to-left shunt (V,/Q = zero) is higher than that of effective AaD,,
effective aADy; has not been routinely utilized in a clinical setting because of the
difficulty in measuring Py, in arterial blood.

4 Physiological Dead Space for CO,

4.1 Anatomical and Functional Boundaries Between Dead
Space and Alveolar Region

The anatomical boundary between dead space and alveolar region is simple, lying
at the level of terminal bronchiole or transitional bronchiole having no alveoli, cor-
responding to the entrance of acinus of Loeschcke or that of Haefeli-Bleuer and
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Weibel, respectively [17, 18]. Namely, the dead space is anatomically conceptual-
ized as the space configured by upper and lower conductive airways up to terminal
or transitional bronchiole [19]. The volume of anatomically determined dead space
varies from 140 to 260 mL depending on the extent of lung inflation and age [20—
22]. The morphological studies consistently showed that ~50% of the dead space
exists in extrathoracic upper airways, indicating that the volume of lower conduc-
tive airways, including central and peripheral airways up to terminal or transitional
bronchiole, ranges between 70 and 130 mL.

The functional boundary between dead space and alveolar gas exchange
region has been examined by many investigators based on single-breath mea-
surements using CO,, N,, and foreign inert gases [23—26]. The functional bound-
ary may be better understood to use the term “imaginary boundary.” Under
resting conditions with air-breathing, the convective flow velocity falls about
100-fold from the trachea to the acinar airways and the contribution of diffusion
to gas transport significantly surpasses that of convection within the acinus [27,
28]. Paiva [29] as well as Swan and Tawhai [30] identified that during inspira-
tion, the front of a gas, which is the concentration profile of a gas having the
sigmoid shape against the axial distance along the acinar airways, lags far behind
the front of tidal volume. The front of tidal volume reaches the 22th generation
of airways (i.e., the alveolar duct) at end-inspiration, whereas the gas front
remains almost stationary in the second-order respiratory bronchiole during
inspiration. The findings demonstrated by these authors suggest that the dead
space can be functionally described as the inspiratory volume decided by the gas
front, but not by the front of tidal volume. The classical gas exchange theory
assumes that the dead space has a sharp, all-or-nothing transition boundary as if
itis formed only by the ventilation-elicited convection (i.e., the effective alveolar
ventilation). The effective alveolar ventilation may be defined by the total venti-
lation minus the ventilation estimated from converting the effect of diffusion to
the equivalent effect of convection (Fig. 10.5). The functional (imaginary)
boundary between dead space and alveolar gas exchange region has been shown
to reside in the second-order respiratory bronchiole, which is slightly distal to the
terminal or transitional bronchiole forming the entrance of anatomical acinus.
Based on these facts, we consider that the term “functional dead space” is physi-
ologically more suitable than the term “anatomical dead space.”

Although this is out of reality, the classical gas exchange theory tactically
hypothesizes that the reduced contribution of ventilation-induced convection to gas
transport in the acinus, which is attributed to the predominant contribution of dif-
fusive mixing process, can be decided if the concept of dead space ventilation (dead
space V) is introduced as (Fig. 10.6):

V,, =V, —dead space V (during inspiration ) (10.13)
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Fig. 10.5 Boundary between functional dead space and gas exchange region in the acinus during
inspiration. Time-dependent, spatial distributions of Py, were calculated based on geometrical data
of human acinus reported by Haefeli-Bleuer and Weibel [34]. O, is assumed to be not absorbed
through the alveolocapillary tissue barrier. Calculations were done under conditions in which con-
vection and axial diffusion were taken as main mechanisms for gas mixing. Time zero: just after
beginning of inspiration, 1 and 2: midways of inspiration, 3: end-inspiration. To know the repre-
sentative point of diffusion front at a certain time, inflection point (intersection of red dotted line
and black solid lines) was obtained by solving equation of 0*C/dx> = 0 under steady-state condi-
tions (dC/dt = 0). The inflection point gives functional boundary (red solid line) between dead
space and gas exchange region, which resided at second-order respiratory bronchiole within the
acinus. 7B terminal bronchiole, 7rB transitional bronchiole, RB respiratory bronchiole, AD alveo-
lar duct, AS alveolar sac. Modified from Yamaguchi et al. [18] with permission of the publisher

Vi P Pe Ve  During expiration:
Dead
Vg-Pg= (dead space V)-P,
space V + VP,
Dead space V = Vg-(Vp/Vy)
Va v, Va=Ve(1-VolVy)
Py - Vo/V1= (Pa-Pe)/(Pa=P)

Fig. 10.6 Relationships of partial pressure of a gas between that measured at mouth level and that
at alveolar gas exchange region based on classical gas exchange theory. V,; and V,: inspiratory and
expiratory effective alveolar ventilation, respectively. V; and Vg: inspiratory and expiratory total
ventilation, respectively. Dead space V: fictitious ventilation that is defined as V; or Vi multiplied
by relative volume of dead space (Vp/Vr). Vi: effective alveolar ventilation expressed by V; or Vg
multiplied by (1 — Vp/Vy)
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V, =V, —dead space V (during expiration ) (10.14)

where V,; and V, indicate effective alveolar ventilation during inspiration and that
during expiration, respectively. V; and Vy; denote total ventilation in inspiration and
that in expiration, respectively. Dead space V indicates dead space ventilation that is
defined as V; or Vi multiplied by relative volume of dead space (Vp/Vr, in which Vj
and Vp are dead space volume and tidal volume of ventilation). One should pay
attention to the fact that the “dead space” actually exists but the “dead space ventila-
tion” does not in a real lung, i.e., the dead space ventilation is fictitious. Using Eq.
(10.14) in combination with the law of mass balance, the relationship between par-
tial pressure of a gas measured at mouth level during expiration and that at alveolar
gas exchange region can be predicted with no physiological inconsistency.

4.2 Physiological Dead Space for CO,

Considering the mass balance of an indicator gas during expiration on the basis of
the classical gas exchange theory, Bohr [31] proposed, in 1891, the equation from
which the physiological dead space volume (V) can be calculated if the expired
tidal volume (Vr) and the partial pressures of a gas in inspired (P;), expired (Pg), and
alveolar gases (P,) are known (Fig. 10.6):

Vo IVy=(P,—P,)/(P,—PF) (10.15)

Although Eq. 10.15 (i.e., the “Bohr equation”) can be applied for any indicator
gas, the measurement of physiological dead space was greatly facilitated when
Enghoft [32] used CO, as the indicator and ideal (mean) P,co, wWas replaced with
P.co» (effective Pyco,) in Eq. 10.15. The idea of Enghoff is basically the same as the
concept of effective alveolar gas introduced by Riley and colleagues [6]. The modi-
fied equation by Enghoff was termed the ‘“Bohr—Enghoff equation” and has been in
constant use so far in a clinical practice. The physiological Vp/Vy for CO, estimated
from the Bohr—Enghoff equation is expressed as (Pico, = zero):

Vi /VT :(Pcoz _PEcoz)/P

:  con (10.16)

Differing from effective AaDq, that is sensitive to the detection of low V,/Q
regions, physiological Vp/Vy is useful for identifying the abnormal gas exchange
elicited by high V,/Q regions, which prescribe the level of alveolar Pcg,. The
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physiological Vp/Vy for CO, may not surely discriminate between the high V,/Q
regions (V,/Q is finite) and the true dead space whose V,/Q is infinite. Thus, the
physiological Vp/Vr for CO, estimated from the Bohr—Enghoff equation includes
the anatomical dead space, which is the functional dead space in a strict sense (see
Sect. 4.1), and the alveolar dead space formed by the regions with infinite V\/Q
value (i.e., true alveolar dead space) and high but finite V4/Q values (i.e., alveolar
dead space-like effect) in patients with a variety of lung diseases.

4.3 Primary and Secondary Alveolar Hypoventilation

The increased P, in the blood (i.e., hypercapnia) is caused by the primary alveolar
hypoventilation or by the secondary alveolar hypoventilation. The primary alveolar
hypoventilation occurs in the impediment of any part of the signal transmission
from the integrated brainstem respiratory motoneurons (including the dorsal respi-
ratory group (DRG) and the ventral respiratory group (VRG)) to the respiratory
muscles [33]. The signals from the central and peripheral chemoreceptors modify
the discharges of the integrated brainstem respiratory motoneurons, as well. The
primary alveolar hypoventilation is generally not related to the lung disease.
Thereby, the primary alveolar hypoventilation is not caused by the increased physi-
ological Vp/Vr. On the other hand, the secondary alveolar hypoventilation is evoked
by the lung disease-associated increase in physiological V/Vy. However, the hyper-
capnia generated by the augmented physiological V/Vy is mostly compensated by
the increased output of the integrated brainstem respiratory motoneurons, which is
caused by the hypercapnic stimulation upon the central chemoreceptor. Thereby,
simple inspection of P,cq, level does not allow one to judge whether the gas exchange
of CO, in the lung is indeed impeded. In this case, the measurement of physiological
Vp/Vr serves for a definitive diagnosis of abnormal CO, gas exchange. Furthermore,
the measurement of effective AaDo, helps the differential diagnosis of the hypoven-
tilation, i.e., the primary alveolar hypoventilation with no conspicuous lung disease
reveals the hypercapnia with no increase in physiological Vp/Vr in association with
normal effective AaDg,. On the other hand, the secondary alveolar hypoventilation
exhibits an increase in physiological Vp/Vr in association with widened effective
AaDy, if the lung disease forms both high and low V,\/Q regions. However, if the
lung disease does not form low V,/Q regions, increased physiological Vp/Vy but
normal effective AaD, is found.

The examples with primary alveolar hypoventilation and secondary alveolar
hypoventilation are depicted in Table 10.1 and Fig. 10.7, respectively.
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Table 10.1 Results of cardiopulmonary function tests in a patient with spinal progressive muscular
atrophy (SPMA)

Blood gases, Dy o, and cardiac | Blood gases at

Pulmonary parameters during awakening spontaneous Blood gases
function tests | and rest hyperventilation during sleep
VC:14L P,o2: 41 mm Hg P.02: 109 mm Hg P.o2: 33 mm Hg
FVC:12L P.cor: 83 mm Hg P.cor: 47 mm Hg P.coa:
100 mm Hg
FEV,:0.99 L AaDg,: 8.7 mm Hg AaDg,: —16 mm Hg" AaDg,:
—3.8 mm Hg"
FEV,/FVC:
80%
Pecor: 60 mm Hg
Vo/Vr: 28%
TLC:39L
FRC: 2.8 L Dy co: 25
RV:22L Dyco/Vy: 4.5
RV/TLC: 61%

PA: 40/22 mm Hg
Mean PA: 28 mm Hg
P.,: 4 mm Hg

Q: 8.3 L/min

Blood gases were measured at room air-breathing. Djco: mL/min/mmHg. D;co/Vy: mL/min/
mmHg/L. PA: systolic and diastolic pressures of pulmonary artery. Mean PA: mean pulmonary
artery pressure. P.,,: pulmonary capillary wedge pressure. Q: cardiac output. Case is a 48-year-old,
nonsmoking women. Based on various neurological examinations (muscle biopsy of biceps, elec-
tromyogram, etc.), her disease was confirmed to be SPMA accompanied by predominant insuffi-
ciency of expiratory muscles (i.e., TLC and FRC are maintained but RV and RV/TLC are increased
remarkably). Although CT images showed no abnormality in lung fields, cardiac size was enlarged
due to chronic right heart failure evoked by alveolar hypoventilation-induced pulmonary arterial
hypertension. Effective AaD, and physiological V,/Vy for CO, were normal under awaked, resting
conditions, suggesting little impairment of pulmonary gas exchange. Hence, the cause of alveolar
hypoventilation is primary, which is attributed to respiratory muscle insufficiency. AaDo, at spon-
taneous hyperventilation and that during sleep showed negative values (*). This may be explained
from the fact that steady-state conditions were not definitely attained under these peculiar
conditions
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VC:1.4L P.o2 : 88 mmHg D\ co:18.7 mL/min/mmHg
FVC:1.3L Pacoz : 47 mmHg D co/Va: 5.0 mL/min/mmHg/L
FEV;:1.0L AaDg, : 4.4 mmHg
FEV1/FVC: 76%
PEC02 1 27 mmHg
TLC:3.0L Vp/Vt: 43%
FRC:22L
RV:15L
RV/TLC : 52%
1.0 4
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Fig. 10.7 Secondary alveolar hypoventilation in a patient with pleuroparenchymal fibroelastosis.
Case is a 42-year-old, nonsmoking woman. Twenty years ago, she underwent allogeneic hemato-
poietic stem cell transplantation (HSCT) against chronic myelogenous leukemia (CML). A couple
of years ago, she was conscious of the difficulty in breathing on exertion in association with sus-
tained dry cough. Chest X-P indicated volume loss in the upper lung field but overinflation in the
lower lung field. CT examination showed fibrotic changes and/or scars just beneath pleura in the
upper lung field. Lung biopsy targeting right upper lobe under video-assisted thoracoscopy (VATS)
confirmed lesion with pleuroparenchymal fibroelastosis (PPFE). Thus, the patient was diagnosed
as suffering from HSCT-induced PPFE. Pulmonary function test demonstrated a decrease in TLC
and VC but an increase in RV and RV/TLC. FVC and FEV, were reduced due to a decrease in lung
volumes but FEV /FVC was normal. D; o was slightly decreased but D; ¢o/V, (Krogh factor) was
maintained, suggesting that PPFE-elicited impediment of alveolocapillary tissue barrier (decrease
in Dyco) was compensated by decreased lung volume that minimized change in Krogh factor.
Although effective AaDg, was kept within normal range, physiological V/Vy for CO, was aug-
mented, which led to the emergence of slight hypercapnia. Analysis of V,/Q distribution by MIGET
identified that augmented physiological Vp/Vyr was attributed to the formation of high V,/Q regions,
which may be caused by redistribution of alveolar ventilation from the PPFE region (upper lung
field) to relatively normal region (lower lung field)
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5 Conclusion Remarks

The classical gas exchange theory is still important even today, not only from the
physiological aspect but also from the clinical point of view. Particularly, the con-
cept of effective alveolar gas has facilitated the diagnosis of abnormal gas exchange
in the lung at bedside. The distinguished assumption underlying the concept of
effective alveolar gas is that the representative of alveolar P, (i.e., effective Pycos)
can be replaced with the measured arterial Pco, (P,co2). In connection with this con-
sideration, the representative of alveolar Py, (effective P,,) and alveolar—arterial
Py, difference (effective AaDg,) can be simultaneously decided. Effective AaDy, is
essentially important in a clinical practice for identifying the abnormal gas exchange
of O,, which is specifically caused by the low V,/Q regions, including the right-to-
left shunt (V,/Q = zero). However, the concept of effective alveolar gas refuses the
estimation of arterial-alveolar P, difference (aADcq,). This is because the concept
of effective alveolar gas assumes that aADco, is invariably zero under any condi-
tion. Fortunately, however, the concept of effective alveolar gas enables one to esti-
mate the physiological Vp/Vy. Based on the measurements of physiological Vp/Vr,
one can predict the abnormal gas exchange of CO, elicited by the anatomical dead
space (strictly, the functional dead space) and the high V,/Q regions (i.e., the alveo-
lar dead space), including the true dead space where V,/Q value is infinite.
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Chapter 11

Oxygen Transport from Air to Tissues
as an Integrated System: What Limits
Maximal O, Consumption in Health
and Disease?

Peter D. Wagner

Abstract Oxygen moves from the air to the mitochondria following a well-known
sequence of steps comprising (a) ventilation, (b) diffusion across the pulmonary
blood:gas barrier, (c) vascular transport to each tissue, and (d) diffusion from the
tissue microcirculation to its mitochondria, where (e) oxidative phosphorylation
uses that O, to sustain cell function. O, transport is therefore a system of intercon-
nected processes, where each of the steps functions in a manner that is affected by
each of the other four. Therefore, to understand O, transport, and especially its lim-
its, every step of the pathway must be considered simultaneously and not separately.
Based on the overarching principle governing O, transport—that conservation of
mass of O, is maintained at every step—simple mass conservation equations can be
written describing O, transport for each step. These equations can then be solved
simultaneously to provide a quantitative understanding of how the transport pro-
cesses function together, how each affects overall transport, and in particular, how
O, transport reaches a limit. This quantitative systems analysis can be applied not
only in health—to understand limits O, transport places on exercise—but also in
chronic diseases to identify which steps may be abnormal.
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1 Introduction

From at least the early twentieth century, and likely long before that, there has been
sustained interest in knowing what limits exercise capacity, and what physiological
properties enable one individual to outpace another and “win the gold medal.”
Interest has not been limited to exercise physiologists seeking scientific understand-
ing. The athletic population in general is very much taken with this concept, and one
of the most common questions on the table remains “What determines Vomax?”
(VO,max being the maximal rate of oxygen utilization by a subject performing at
his or her limits).

Exercise capacity and VO,max however must not be equated. VO,max is only
one determinant of exercise capacity. Moreover, the importance of VO,max as a
determinant of exercise capacity varies greatly with the nature of the exercise under-
taken. Thus, the capacity for brief sprint-, field-, or strength-based sports does not
depend on VO,max. On the other hand, the capacity to undertake endurance events
is very much related to VO,max. But even there, other factors determining exercise
capacity are crucial: including technical expertise, courage (pain tolerance), will,
competition tactics, and how close to VO,max an athlete can come before blood
lactate levels begin to rise.

This chapter will deal just with the question: what determines VO,max? The
central theme is that one must consider the entire O, transport/utilization system [1]
to address this question. Efforts to answer this question by comparing the individual
performance of the different tissues and organs involved in moving oxygen from the
air to the mitochondria constitute the wrong approach. Because O, movement from
air to mitochondria is accomplished by a series of interdependent processes acting
as an integrated system [2—4], the question can only be answered by a systems
analysis of O, transport. It is such an analysis that will be presented here.

To an engineer, the preceding may be obvious, raising the question of why most
physiologists have not understood the need for a systems approach even after
decades of discussion. It likely stems from the well-known Fick Principle, defined
by the following equation as follows:

VO, =Qx[Ca0, -CvO, | (11.1)

This equation conveys only conservation of mass: The amount of O, consumed
per unit time, VO,, can be expressed as the product of blood flow (Q) and the oxy-
gen concentration difference between arterial and venous blood (Ca O, and CvO,
respectively) of the tissue in question. It can be applied at local levels or globally to
the entire body.

When one compares the whole-body values found in elite endurance athletes to
those found in healthy nonathletes, each group measured at their respective maxi-
mal exercise capacities, one finds that VO, and Q are significantly higher in the elite
athletes but that [CaO, — CvO,] is very similar in the two groups. Thus, VO,max
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correlates with cardiac output across subjects. This has been interpreted to support
the idea that cardiac output (i.e., blood flow) is the determinant of VO,max [5, 6].
Furthermore, the similarity in [CaO, — CvO,] between groups is taken to imply that
tissue O, extraction capacity is similar between elite athletes and healthy
nonathletes.

Although the correlation between VO,max and peak cardiac output does of
course exist, the interpretation that this proves that cardiac output is the sole deter-
minant of VO,max is deeply flawed. This becomes very apparent when the systems
analysis described in this chapter is applied to the problem, as will be shown.

Equation (11.1) can be modified slightly by multiplying both numerator and
denominator by CaO,, as follows:

VO, =[QxCa0,]x[(Ca0, -CvO,)/Ca0, | (11.2)

The term [Q x Ca0,] is called O, delivery. It is the amount of O, delivered per
unit time from the left ventricle to the tissue or organ(s) under study. For that tissue
or organ, Q remains the blood flow to that tissue or organ. The term [(CaO, — CvO,)/
Ca0,] is called O, extraction and is a dimensionless fraction. It represents the frac-
tion of O, delivered to the tissues or organ that has been extracted from the blood
and moved to, and used by, the tissue mitochondria.

It may seem like a small step to then claim that O, delivery in eq. (11.2) repre-
sents the “central” cardiothoracic contribution to overall mitochondrial O, avail-
ability and utilization while O, extraction represents the tissue’s ability to transfer
O, from the blood to the mitochondria and thus represents the “peripheral” contri-
bution to O, availability in eq. (11.2). This simple interpretation would be fair only
if the several O, transport steps and processes that constitute the system were inde-
pendent of each other. As soon as one understands that all of the transport processes
influence each other’s function, it becomes clear that one may no longer consider
eq. (11.2) alone as the basis of separating “central” from “peripheral” factors in
their quantitative contributions to mitochondrial O, availability.

Perhaps the most obvious example of this concept is in the effect of blood flow
(Q) on O, transport: The higher the blood flow, the higher will be O, delivery—in
direct proportion to blood flow, just as eq. (11.2) suggests—unless the higher blood
Sflow impairs arterial oxygenation (transport step 2 below) and/or tissue O, extrac-
tion (step 4 below). The higher blood flow does in fact reduce extraction because the
red cells spend less time unloading O, from the tissue microvessels and therefore
are unable to release all of the O, which they would have had the microvascular
transit time been longer. In other words, higher blood flow directly reduces O,
extraction, offsetting to some extent the benefit of the higher flow. This concept can
be generalized: Interactions occur between each pair of steps in O, transport—with
all having effects that offset gains in function at any one step by losses in function
at other steps. Note that higher blood flow not only reduces microvascular transit
time in the tissues as mentioned above but also in the pulmonary capillaries, which
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may reduce arterial PO, and thus also CaO, [7]. Thus, an increase in Q commonly
results in a reduction in CaO, plus an increase in CvO,, reducing extraction and thus
mitochondrial O, availability. In this way, blood flow affects O, transport not only
via its conventional “central” mass transport function but also in its effects on arte-
rial and venous O, concentration. This example should serve to point out that the
traditional mapping of Q to “central” function and CaO,—CvO, to “peripheral”
function is deeply flawed.

Finally, this point of view is not just of academic interest: It has recently been
shown that considering O, transport as an integrated system allows identification
and separation of truly central from truly peripheral contributions to O, transport in
both health and disease [8—11]. While the traditional view of O, transport would
have suggested that Q is its dominant determinant, a systems analysis allowing for
interactions such as described above identifies peripheral factors as often equally
important.

These concepts are now developed quantitatively.

2 O, Transport as a System of Five Linked Processes

There are four fundamental physiological steps in O, transport to tissues and a fifth
step describing mitochondrial O, utilization [1]. The four transport steps are:

1. Ventilation: inspiration of O, in air by breathing, which transports O, from the
external environment to the alveolar gas within the lungs. This is mostly a con-
vective process.

2. Diffusion: transport by diffusion across the alveolar blood:gas barrier from alve-
olar gas into pulmonary capillary blood.

3. Perfusion: another convective process whereby the heart pumps blood with its
O,-containing red cells from the lungs to the tissues.

4. Diffusion: transport by diffusion from red cells within tissue microvessels to tis-
sue mitochondria.

These four steps form the integrated O, transport system. Each step is governed
by the requirement to conserve O, mass at every step. In fact, this simple overarch-
ing principle is sufficient for the understanding of not just each step of the transport
system but also the interactions among all four steps, as will become evident in the
following. Each step is now considered one at a time.

These four steps deliver O, from the environment to the mitochondria but stop
short of describing the mitochondrial use of O,. Moreover, the above four steps are
usually considered “physiological” processes, while mitochondrial use of O, is con-
sidered a “biochemical” process (i.e., oxidative phosphorylation). This distinction
does not prevent mitochondrial use of O, from being considered in the O, system
framework as the fifth step embodying the biochemistry of mitochondrial respira-
tion, and this will be addressed as step 5 as the analysis continues by describing
each step.
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2.1 Step I: Ventilation

It is sufficient for O, transport analysis to consider the mass conservation aspect of
ventilation. What sets the values for tidal volume and respiratory frequency is an
entirely different issue, well beyond the scope of this chapter. Thus, for a given level
of ventilation we can write the following mass conservation equation:

VO, = VIXFIO, - VAXFAO, (11.3)

Here, VO, is the same variable as in eqs. (11.1) and (11.2), i.e., the net amount of
O, taken up from the air, transported to, and used by, the mitochondria per unit time.
Inspired and expired ventilation (VI and VA, respectively) are the volumes of gas
inhaled and exhaled per minute, and FIO, and FAO, are the fractional concentra-
tions of O, in the inspired air and expired alveolar gas, respectively. The term
VI x FIO, is therefore the amount of O, inhaled per unit time while the term
VA x FAO, is the amount of O, exhaled per unit time. In other words, eq. (11.3) says
simply that, over any time period, subtracting the amount of O, exhaled from the
amount inhaled over that period must signify the amount of O, taken out of the air
and transferred into the pulmonary capillary blood over the same period: Said dif-
ferently, all the O, which leaves the environment ends up in the pulmonary capillary
blood, none is “lost” along the way, and O, mass is therefore conserved in eq. (11.3).

One may ask why VI and VA are not identical such that the equation can be sim-
plified to eq. (11.4). In fact, it can, with negligible error. Thus, VI can be equated to
VA so that:

VO, = VAX[FIO, -FAOQ, ] (11.4)

Technically, VI and VA are not generally identical because more O, is taken up
per minute than is CO, eliminated. Typically, resting VO, is about 300 ml/min while
VCO, is about 240 ml/min. The only other gas, N2, is not metabolized so that there
is no net uptake or elimination of N2. Hence, VI is usually about (300-240), or
60 ml/min, greater than VA. With VA usually being about 6 L/min, this makes for a
1% error when one uses eq. (11.4) in place of eq. (11.3). This is an acceptable trad-
eoff in the description of O, transport as a system such as herein, but it should be
noted that this minor approximation can be accounted for with additional
considerations.

2.2 Step 2: Diffusion in the Lung

It is well accepted that O, moves from alveolar gas to pulmonary capillary blood by
simple, passive, diffusion from a region of high to a region of low O, partial pres-
sure (i.e., from alveolar gas to capillary blood). This process can be described by
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another mass conservation equation commonly known as the Fick law of diffusion
(originally described by Adolph Fick in 1855, [12]):

VO, =DL x[PAO, —Pcap0, | (11.5)

Here, VO, is again the same variable as in eqs. (11.1) and (11.2), while PAO,
and PcapQO, are the alveolar and pulmonary capillary O, partial pressures, respec-
tively. DL is the total lung O, diffusing capacity, so that eq. (11.5) states simply
that the amount of O, that is transferred by diffusion across the blood:gas barrier
can be considered as the product of the diffusional transport characteristics of the
blood:gas barrier (expressed collectively as DL, the amount of O, that can diffuse
per unit time per mm Hg driving O, partial pressure), and the P O, difference
“driving” diffusion from alveolar gas to capillary blood, [PAO, — PcapO,], which
is expressed in mm Hg.

There is however a complexity innate to this simple diffusion equation that must
be addressed: Capillary PO, rises from venous to arterial values from beginning to
end of the pulmonary capillary, begging the question of which value of PcapO,
belongs in eq. (11.5). Specifically, as red cells return from the tissues after O, has
been extracted from them and they enter a pulmonary capillary, their PO, (PcapO,)
is low, usually about 40 mm Hg, while alveolar PO, (PAO,) is high, usually about
100 mm Hg. Thus, thinking of an individual red cell at the beginning of the capil-
lary, O, flux from gas into that red cell is rapid, as the PO, difference is 60 mm Hg.
However, this means that PO, in that red cell (PcapO,) must rise quickly, so that
PAO,—PcapO, is reduced. This in turn then reduces, via eq. (11.5), instantaneous O,
flux from alveolar gas into that red cell as it continues to move along the capillary.
If DL is high enough, and if there is time enough spent by the red cell in the pulmo-
nary capillary, PcapO, can rise to a value essentially equal to PAO,. This complexity
can be resolved formally by recognizing that eq. (11.5) is actually a simple differ-
ential equation that must be integrated from start to end of the capillary to reflect the
overall diffusive process. This results in eq. (11.6):

VO, =DLx[PAO, -PmpcO, | (11.6)

in which PmpcO, is the mean pulmonary capillary PO, averaged over the course of
the red cell’s transit through the lung microvasculature. It must have a value greater
than that at red cell entry into the lung, but less than that at the end of the capillary
where the red cell leaves the gas exchange region and starts to move to the left atrium.

In addition, in this analysis, the PO, at the end of the capillary is taken to equal
the PO, that will be measured in the systemic arterial blood, PaO,. This approxima-
tion assumes that the lung is functionally homogeneous and that there is no physi-
ologically significant post-pulmonary venous admixture from bronchial or
Thebesian venous blood reaching the left circulation. If functional inhomogeneity
does occur, as is common in most lung diseases, complexity is further increased, but
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this can be resolved by modern computational approaches. Physiological studies
have not revealed significant bronchial or Thebesian venous admixture (reviewed
in [13]).

Ineq. (11.6), PAO, is usually considered to be constant, but an astute reader may
say that this would violate the underlying principle of mass conservation as: As O,
leaves the alveolar gas and enters the capillary blood, PAO, should fall because O,
molecules are leaving the alveolar gas. This would be true in a closed system, but
ventilation continues and this maintains an essentially constant PAO, by replenish-
ing alveolar gas with O, every breath. Importantly, this underscores the integrative
and interdependent nature of O, transport as a system. Thus, it should be evident
that the first two steps, ventilation and diffusion, are linked (since alveolar PO,
(PAO,) is common to both), and these steps cannot be properly considered sepa-
rately: Ventilation affects PAO, and PAO, affects diffusion.

There is another complexity to consider: All of the preceding can be included in
the treatment of diffusion as a step in O, transport, but in practice there is another
complexity: The shape of the O,Hb dissociation curve, which is sufficiently compli-
cated that the solution of the above diffusion equation cannot be accomplished alge-
braically by equations as simple as (11.5) or (11.6): It requires numerical analytical
approaches, thankfully not problematic to create and use in this computer age. But
if one does simplify the O,Hb dissociation curve by making a linear approximation
(as done by Piiper and Scheid [14] who assigned a slope to the dissociation curve
which they called “f”), an algebraic solution to the diffusion equation can be
obtained, as follows:

PAO, -Pa0, = (PAO, -PvO, )xexp(-DL/( $xQ)) (11.7)

This equation is introduced at this time, despite it being an approximation,
because it beautifully lays out the way in which the diffusive process determines the
arterial PO, (Pa0,). It states that for given values of both alveolar PO, (PAO,) and
venous PO, (Pv0,), arterial PO, (PaO,) is determined by the compound term
DL/(B x Q), which is the ratio of the diffusing capacity of the lung (DL) to the
capacity (f x Q) of the vascular system to carry O, on Hb (p) and then transport it
by blood flow (Q).

2.3 Step 3: Perfusion

This third step in O, transport describes the quantitative transport of O,, essentially
all attached to Hb, from the lungs to the tissues by the circulation. Anatomically this
transport process involves all blood vessels between the lungs and the tissues, both
arterial and venous, as well as the heart itself as the pump. Despite anatomical
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complexity, its function can be described simply by the Fick principle, as set out in
Eq. 11.1 and reproduced here:

VO, =Qx[Ca0, -CvO, | (1L1)

This equation is also nothing more than an expression of O, mass conservation
as O, flows from lungs to tissues. Analogous to eq. (11.3) for ventilation, it states
that, over any given time period, the amount of O, used by the tissues (VO,) is the
difference between the amount delivered from the lungs (Q x Ca0,) in the arterial
blood and the amount not extracted by the tissues and therefore leaving the in the
venous blood (Q x CvO,).

2.4 Step 4: Diffusion in the Tissues

In the tissue or organ microvessels, O, dissociates off Hb in the red cells and then
moves by diffusion to the mitochondria in the various cells of the tissue. This pro-
cess can be described by another mass conservation equation also based on the Fick
law of diffusion, just as for diffusion in the lung, as in eqs. (11.5), (11.6), and (11.7).
In fact the diffusion processes in the lungs and tissues are conceptually and proce-
durally considered identical, and only the anatomy and conditions are differ-
ent. Thus:

VO, =DT x[PcapO, -PmO,| (11.8)

Here, VO, has the same meaning and definition as previously, DT is the diffusing
capacity of the tissue under consideration, and PcapO, and PmO, are tissue micro-
vascular and mitochondrial O, partial pressures, respectively. Microvascular PO,
begins at the (high) arterial value and falls along the microvessels to end up at the
(low) venous PO, as the red cells move into the venules and veins for transport back
to the lungs for reoxygenation. As with the lung, a mean fissue capillary PO, can be
defined as PmtcO,, and the integrated form of Eq. 11.8 is then given by:

VO, =DTx[PmtcO, —-PmO,} (11.9)

The same concepts, rules, and complexities apply in using eqs. (11.8) and (11.9)
as in the lung (egs. (11.5) and (11.6)) and will not be restated here, except to note
that the shape of the O,Hb dissociation curve again precludes a simple algebraic
treatment of tissue diffusion unless one approximates the O,Hb dissociation curve
by a straight line with slope f as discussed above [15]. When one makes this approx-
imation and sets up and solves the corresponding differential equation to that for
diffusion in the lung in eq. (11.5), the result is as follows:

PvO, -PmO, =(Pa0, -PmO, )xexp(-DT/(BxQ))  (11.10)
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This solution, analogous to eq. (11.7) for diffusion in the lung, does assume a
temporally and spatially constant value for PmO,, implying homogeneity of the
ratio of O, supply to O, utilization. Equation (11.10) states that, for a given PaO,
and PmO,, the venous PO, is determined by the ratio of DT to (f x Q), analogous to
the conclusion for the lung where DL replaces DT.

2.5 Step 5: Mitochondrial Utilization of O,

The final step of the O, pathway is mitochondrial use of O, by means of oxidative
phosphorylation. The underlying biochemistry is complex, but fortunately it is not
necessary to incorporate basic individual biochemical equations encompassing each
of the many steps describing both glycolysis and the citric acid cycle to account for
the effect of this last step on O, transport itself. The key is that, due to the law of
mass action, mitochondrial VO, depends on mitochondrial PO, [16] in a hyperbolic
manner (other factors constant), as follows:

VO, = VmaxxPmO, /(PmO, +P50m) (11.11)

Here, VO, again represents O, transported to and used by the mitochondria while
Vmax is the maximal rate of mitochondrial O, use when PO, is in excess, meaning
that it greatly exceeds P5SOm. P50m is the PO, at which VO, is half of Vmax.

3 Integrating the Entire O, Transport Pathway

3.1 Conceptual Basis

Given the five steps in O, transport described above, in which each step is described
by a single equation, the overall system behavior can be analyzed. The five indi-
vidual equations are restated here:

STEP1,VENTILATION : VO, = VAx[FIO, -FAO, ] (A)

STEP2,LUNG DIFFUSION : VO, = DLx[PAO, —PmpcO, | (B)

STEP3,PERFUSION : VO, =Qx[Ca0, —CvO, | (©)
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STEP 4,TISSUE DIFFUSION : VO, =DTx[PmtcO, — PmO,} D)

STEP 5, MITOCHONDRIAL RESPIRATION :
VO, = VmaxxPmO, /(PmO2 +P50m) (E)

To mitigate confusion, these five equations have been retagged A through E, but
are identical to eqs. (11.4), (11.6), (11.1), (11.9), and (11.11), respectively. How are
these five equations used to understand not just O, transport at each step, but how
the five steps come together as a system to govern O, transport?

The example of large muscle mass (i.e., whole body) exercise will be used from
now on as the platform on which O, transport will be analyzed. O, transport to, and
use by, all of the other tissues and organs of the body can be incorporated into such
an analysis, but for simplicity, this will be neglected in the following, which means
that Q represents cardiac output and PvO, represents not just muscle venous PO, but
also mixed venous PO, in the pulmonary artery. This is reasonable because muscle
O, use during intense exercise accounts for the great majority of total body O, use.

To begin the analysis, one must first envision how the body undertakes exercise.

First, the intensity of exercise is governed by conscious decisions. We run at the
speed we wish to—we do not think to target a particular muscle contractile effort (or
cardiac output or level of ventilation). The chosen speed results in the necessary
degree of muscle contractile response. Inspired O, fraction is also a given as a
choice we can make.

Second, there are strong, well-defined empirical relationships between exercise
intensity and the values of ventilation (VA) and cardiac output (Q) seen at any exer-
cise intensity. While it still remains uncertain just how both VA and Q are regulated
to support a given exercise intensity, there are likely many complementary stimuli
involved, something that is well beyond the scope of this chapter to review. Suffice
it to say that both VA and Q are dictated by the chosen exercise intensity, are mea-
surable, and thus considered as known variables in the system.

Third, the muscles possess innate structural and biochemical content determin-
ing both Vmax and P50m (which may of course vary with age, sex, training status,
disease, and so on), so that these are also taken as given (but alterable) parameters
of the system.

Fourth, the O,Hb dissociation curve and [Hb] itself are also considered as known
parameters that change in known ways upon exercise as pH, PCO,, and temperature
change. The slope of the O,Hb curve (p), if the linear approximation is used, is also
considered to be known.

Fifth, the structural properties of the lungs and muscles that determine their
respective diffusing capacities, DL and DM (note the change from DT to DM in
moving from considering tissues in general to muscle in particular) are fixed (over
the short term) and are also considered as given parameters.

What is left unknown in the above five equations? There are five unknown (i.e.,
dependent) variables in total: VO,, PAO,, PaO,, PvO,, and PmO,. This is because
both PmpcO, and PmmcO, (note the change from PmtcO, to PmmcO, also
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reflecting the focus on muscle in particular rather than fissues in general) are deter-
mined by PaO, and PvO,, and are not themselves additional dependent variables.
The five equations thus contain five unknowns, which implies there will a unique
solution in which only one value of each of the five can simultaneously satisfy the
five equations. The five variable values will of course differ from each other, but
there can be only one solution value for each variable. The solution is not difficult
to reach with modern computer methods, which have been published, and this
aspect is therefore not further presented herein.

From the multiple appearances of both given (independent) and unknown
(dependent) variables across the five equations, it can be explicitly seen how each
step interacts with the others to affect the performance of the entire system. Thus,
unexpected performance at any one step may not just be due to a functional differ-
ence within that step, but to interactions among the steps.

In summary, the O, transport system is governed by five O, transport equations
in which the relevant functions of each system component are known, resulting in a
unique solution for both VO, enabled by the system and the unique PO, values that
must exist in alveolar gas, arterial and venous blood, and the mitochondria. Thus,
the values of PO, at each step can be calculated, and overall system performance
(VO,) estimated knowing the values for FIO,, VA, QT, DL, DM, [Hb], the parame-
ters describing the O,Hb dissociation curve, mitochondrial Vmax, and mitochon-
drial P50.

3.2 A Graphical Approach to O, Transport System Function

For most of us, the foregoing textual description of a complex system underwritten
by a series of mathematical equations is not wholly satisfying as a way to compre-
hend the system’s behavior. To mitigate this shortcoming, a graphical analysis of the
O, transport system has been developed [17, 18] in which the key equations are
shown pictorially and in a way that allows their interactions as a system to be easily
appreciated.

To begin with, it will be assumed that in normoxia mitochondrial oxidative
capacity (Vmax in Eq. (E) above) exceeds the capacity to transport O, to the mito-
chondria. This is most commonly the case, since VO,max can be increased by
breathing 100% O, [19] but when it is not the case, such that O, transport capacity
exceeds mitochondrial oxidative capacity, the analysis can still be used, as will be
described later herein.

However, before proceeding, it is important to understand that while the system
described and its underlying equations apply equally at rest, during submaximal,
and during maximal exercise, it is only during intense, (near) maximal exercise that
the following graphical approach is applicable with little need for approximation.
Specifically this means that mitochondrial PO, (PmO, in the equations) is low
enough to neglect in the analysis, for which there is good, albeit indirect, evidence
[20-22]. With PmO, in the low single digits at (near) maximal exercise, and muscle
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microvascular PO, ranging between arterial (~90-100 mm Hg) and venous
(~20-40 mm Hg), the mean value of PO, along the capillaries is commonly between
40 and 50 mm Hg. Thus, whether PmO, is taken to be zero or in the low single digits
will not impact the graphical analysis below. In what follows, PmO, is therefore
approximated to zero, and it thus applies only to intense exercise.

In contrast, at rest, PmO, may be relatively high, in the order of 20-30 mm Hg
[23], and approximating PmO, to zero would lead to significant errors. Note also
that the experimental finding that PmO, during intense exercise is very close to zero,
while PO, in the microvasculature is one to two orders of magnitude greater, by
itself leads to an important conclusion—that the diffusive transport capacity for O,
from the microvessels to the mitochondria is limited and may impede mitochondrial
O, availability. This is because, were there no diffusion limitation, PmO, would be
very close to venous PO, just as arterial PO, is very close to alveolar PO, in the
absence of pulmonary diffusion limitation.

Figure 11.1 exemplifies the basic concept of this graphical approach (adapted
from [18]) and it depicts the loci of two of the equations in the transport system. It
has been called the “Fick” diagram because both equations (as written in the legend
box and shown on the figure as lines) reflect the Fick Principle as stated ineq. (11.1)
(curved line) and the Fick law of diffusion (straight line). The latter is described by

sssese VO9 = QT x [Ca0y - CvO9]
——— VO3 = DM x [PmmcO3 - PmO5]

c =DMx k x PvOg
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Fig. 11.1 The Fick diagram. As laid out in the legend box of the figure, the curved line shows the
relationship between VO, and venous PO, required to satisfy the Fick Principle of mass conserva-
tion (i.e., VO, = QT x [CaO, — CvO,]) while the straight line shows the relationship between VO,
and venous PO, required to satisfy the Fick Law of diffusion. The only place on the entire X-Y
plane where both relationships allow for the same VO, and venous PO, is at their point of intersec-
tion (solid green circle), which marks the unique values for VO, and PvO, for the given conditions.
See text for the definition of symbols and further explanation
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eq. (11.9) restated to focus on the muscles (i.e., replacing T (and t) by M (and m) in
the terms of the equation):

VO, =DMx[PmmcO, -PmO, | (11.12)

where DM is muscle diffusing capacity, PmmcO, is mean muscle capillary PO, and
PmO, is mitochondrial PO, (as previously defined). In accordance with the text
above, PmOQ, is taken to be zero, so that:

VO, =DMxPmmcO, (11.13)

Additionally, it can be shown that mean muscle capillary PO, and muscle venous
(i.e., end capillary) PO, (PvO,) vary in direct proportion to each other over the
physiological range encountered, so that mean PO, (PmmcO, in eq. (11.13)) can be
replaced by a constant of proportionality (call it “k”) multiplying PvO,. Thus,
PmmcO, =k x PvO,. Making this substitution then harmonizes both lines shown so
that both the straight and curved lines can be plotted as a function of the same vari-
able—venous PO,. This action, i.e., replacing PmmcO, by k x PvO,, is required
only for the graphical analysis, and not for the formal mathematical analysis of the
five egs. (A) through (E) above. Thus, for visual presentation purposes, eq. (11.13)
is rewritten as:

VO, =kxDMxPvO, (11.14)

In the end, itis eqs. (11.1) and (11.14) that are plotted in Fig. 11.1 (and in several
of the subsequent figures. It is important to understand the information conveyed by
both lines in Fig. 11.1.

The curved line shows, from Eq. (11.1), what VO, (Y-axis) would have to be in
order that mass be conserved if the venous PO, (X-axis) took any value between its
obvious lower limit of zero and upper limit of arterial PO,. It is a curved line because
it plots O, concentration as a function of PO,, and thus takes the exact shape of the
O,HB dissociation curve, albeit inverted because of the negative sign in eq. (11.1)
before the venous [O,] term. Mathematically it defines the complete range of pos-
sible VO, values across the range of possible PvO, values: VO, must lie somewhere
on the line, or mass conservation is violated. The approximation that PmO, be zero
is immaterial to this equation and line because PmQO, is not a variable within the
Fick Principle Eq. (C).

The straight line represents, via eq. (11.14), the diffusive process. It shows what
VO, (Y-axis) would have to be in order that O, mass be conserved if the venous PO,
(X-axis) took any value between its lower limit of zero and upper limit of arterial
PO,. Mathematically it also defines the complete range of possible VO, values
across the range of possible PvO, values: VO, must lie somewhere on the straight
line, or mass conservation is violated.
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The inescapable conclusion is that the only place on the entire X-Y plane of
Fig. 11.1 where mass conservation is guaranteed by both equations simultaneously
is at their point of intersection. That point defines not only the unique VO, that must
exist but the unique coexisting venous PO, value that must be present to be compat-
ible with that VO,.

A discerning reader will see that Fig. 11.1 displays only two of the five equa-
tions. That is true, however, the equations representing ventilation and diffusion in
the lungs (Egs. (A) and (B) above) are implicit to the figure because of their role in
determining arterial PO,. In addition, for the purposes of presentation, the final
equation has been ignored as explained previously because the value of PmO, is so
low that it can be taken to be zero in the context of the scale of Fig. 11.1.

Therefore, while a very useful way to visualize the O, transport pathway during
intense exercise as an interactive system, Fig. 11.1 remains an approximation to the
more formal mathematical approach defined above using Eqs. (A)—(E), in which
there is no requirement for the approximation that mitochondrial PO, is zero, nor
that there is a proportional relationship between mean muscle capillary PO, and
muscle venous PO,.

It is very important to note the determinants of the pathways taken by the two
lines in Fig. 11.1. The curved line depends on:

¢ Blood flow (QT).

e [Hb].

* The shape and position of the O,Hb dissociation curve.

e Arterial PO,. Arterial PO, is, as stated, in part determined by ventilation (VA)
and diffusion (DL), via Egs. (A) and (B).

The straight line depends only on muscle diffusion via DM as in Eq. (D).

The inescapable conclusion is that VO, is affected by the function of every part
of the O, pathway—Ilungs, heart, blood, and muscle. There can be NO SINGLE
VARIABLE that uniquely determines (or limits) VO, (such as cardiac output).
Since the figure represents O, transport at maximal exercise and uses the values of
independent variables determined at maximal exercise, it shows what the value of
maximal VO, must be, given the values of those independent variables. It also shows
what the associated venous PO, must be in order that mass is conserved. From a
practical standpoint, the figure can be applied “in reverse” to use measured values
of PvO, and VO, from an individual subject to estimate the subject’s muscle diffus-
ing capacity (DM) from the slope of the line joining the origin to the measured data
point (VO,, PvO,) on the diagram.

It is very helpful to further understand the behavior of O, transport as a system
to ask how would things change when only one individual contributing factor was
altered? First, the effects of acute changes in inspired PO, are examined, assum-
ing no other changes in O, transport variables have occurred. Fig. 11.2 (adapted
from [18]) shows how moderate and extreme hypoxia (i.e., reduced P1O,) would
change the analysis, all other factors unchanged. The straight line would be unaf-
fected because DM is dependent on muscle structural factors such as capillarity
and muscle fiber size and not on PIO,. However, the curved line will change
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because arterial O, concentration (CaO,, Eq. (C)) must be lower as P1O,, and thus
PO, at every step of the O, pathway falls with hypoxia. In the examples shown,
Ca0, is reduced by about 25% with moderate hypoxia, by about 50% with severe
hypoxia and even more with extreme hypoxia. There is no change to [Hb] or QT
in Fig. 11.2 because the objective is to ask how the drop in PIO, alone will change
the behavior of the system. As the figure shows, the points of intersection between
the straight and curved lines progressively fall with greater hypoxia. The key
observation is that the four intersection points (solid green circles) lie on the sin-
gle (red) diffusion line. The result is that maximal VO, and the associated PvO,
fall together and do so in proportion, with increasing hypoxia. This is an easily
tested prediction, requiring only measurement of both maximal VO, and PvO,
simultaneously as PIO, is acutely reduced. This experiment has been performed
and follows the prediction very closely in both isolated canine muscle [24] and in
intact humans [25], as described later herein. Note that dependence of VO,max on
both ventilation and pulmonary diffusion (via Egs. (A) and (B) above) will have
qualitatively similar effects as changes in PIO, because all three factors act
through altering arterial PO,.

Figure 11.3 shows how changing another of the variables in the system—cardiac
output (or muscle blood flow)—will affect V O,max and PvO,. It can be seen that
again, that the straight line representing diffusion in unaffected because blood flow
is not a part of the diffusion equation per se, which depends only on DM. However,
the curved line representing the Fick Principle is directly affected because it con-
tains blood flow, QT, as the figure legend box indicates. Arterial PO, is unaffected
in this example because the question is about the effect of a change in QT only on
the system. Should changes in QT affect the completeness of diffusional transport
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Fig. 11.3 The Fick
diagram showing how VO,
and PvO, must change
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in either the lungs or muscles, these secondary effects can be included in the figure,
but are omitted in Fig. 11.3 in order that the pure effect of blood flow change can be
appreciated. Although the curved lines underlying each value of QT clearly differ in
configuration from those seen when only PIO, is reduced (see Fig. 11.2), the final
result is quite similar to what is seen when PIO, is reduced: there is a linear and
proportional relationship between VO,max and QT as QT is altered, as found in
isolated canine muscle [26]. The same outcome was seen if [Hb] was altered [27]
(again without changes in any other transport component) because [Hb] can be fac-
tored out of the terms CaO, and CvO, and thus has the same numerical effect on
transport as QT:

VO, = QT x[Hb]x[Sa0, -SvO, | (11.15)

Equation (11.15) does assume that the only way in which O, is transported in the
blood is bound to Hb, but it is common knowledge that in room air, ignoring the
second mode of O, carriage in blood (i.e., as physically dissolved O,) imparts neg-
ligible error due to very low solubility of O, in plasma and water.

Finally, a change in DM can be examined within the structure of the Fick dia-
gram, and this is shown in Fig. 11.4. As DM falls, so does VO,max, but since the
parameters of the curved line do not depend on DM, that line remains unchanged.
Hence, as the slope of the diffusion line falls (because it is proportional to DM),
PvO, increases as DM falls, the opposite of how the system responds when PIO, or
QT are changed.
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Fig. 11.4 The Fick
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The outcome of this analysis is that by examining how VO,max and PvO, change
as conditions change, or when comparing different subjects, great insight is gained
into the individual steps of the O, transport system, not just qualitatively but also
quantitatively. For example, it would be easy to examine how exercise training
affects the O, transport system in terms of relative contributions from every one of
the transport variables involved by comparing changes in VO, and PvO, on the Fick
diagram and plotting the underlying equations (as in Fig. 11.1) for both pre-training
and post-training measurements. This will be addressed in the final section of this
chapter.

The preceding discussion raises the question of how quantitatively important
each step of the O, transport chain is in affecting VO,max, were that step to change,
while all other steps remained unchanged. This question cannot be realistically
answered in vivo because it is not possible to change just one step independently of
all others. The question can however be addressed theoretically, as Figs. 11.2-11.4
suggest. The outcome is shown in Fig. 11.5. This figure (adapted from [28]) shows
calculated VO,max changes when the function of each step of the O, pathway is
increased or decreased from typical normal values, one step at a time. The abscissa
of this figure is normalized to % values of each variable in order to plot the results
on a single graph. Perhaps surprisingly, the effects of each step are very similar to
one another. Importantly, raising the function of any step conveys very little benefit.
On the other hand, reducing the function of any one step has a substantial negative
impact on VO,max. This is exactly the kind of behavior expected of an in-series
“bucket brigade” type of system: Suppose several people are passing buckets of
water from one to the next. Having one person who is stronger than all the rest does
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Fig. 11.5 Calculated VO, (equivalent to mitochondrial O, availability) as each major determinant
of O, transport is increased or lowered from normal (i.e., 100%) values, without changing the
values of any other variables in the system. The main findings are that (1) every step of the O,
pathway has a similar effect on VO, when its ability to transport O, is changed and (2) enhancing
any one variable does little to raise VO, while reducing any one variable significantly compro-
mises VO,

not raise bucket throughput over that seen when all persons are of similar strength;
however, having one person weaker than all the others materially reduces throughput.

The inclusion of how mitochondrial ability to use delivered O, affects the system
is now addressed. Recall that it was mentioned above that Fig. 11.1 assumes that
mitochondrial Vmax exceeds the capacity to deliver O, to the mitochondria. The
figure and analysis can still be applied should the converse be the case—that O,
transport exceeds Vmax (the capacity of the mitochondria to use O,). Note that both
conditions (i.e., Vmax > O, transport as in Fig. 11.1, and Vmax < O, transport)
result in measurable O, remaining in the muscle venous blood, and may or may not
show the same VO,. This implies that looking at one pair of VO, and PvO, values
alone is insufficient to distinguish between these two possibilities. The two possi-
bilities and the associated uncertainty can be resolved by the construct of Fig. 11.6.
This figure simply adds two horizontal straight lines to Fig. 11.1. Each line depicts
the values of VO, at one of two hypothetical values of mitochondrial Vmax: a)
where Vmax < O, transport (lower green horizontal line) and b) the converse, where
Vmax > O, transport (as assumed for Figs. 11.1-11.4, upper purple horizontal line).
For the case where Vmax > O, transport capacity to deliver O,, the outcomes
depicted in Figs. 11.1-11.4 apply, as reflected by the solid purple circle. However,
in the event that Vmax < O, transport capacity, VO,max can only equal and not
exceed Vmax, by definition. At the same time, O, mass conservation must still
apply, and therefore, the operating point of the subject must also lie on the curved
line for the Fick Principle. The result is that VO, and PvO, lie at the point indicated
by the solid green circle.
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Fig. 11.6 Adding the concept of metabolic capacity to consume O, to the Fick diagram. Maximal
metabolic capacity may exceed the capacity to deliver O, (purple line, text, and circle) or it may be
less than the capacity to deliver O, (green line, text, and circle). The solid circles show in each case
the requisite values of VO, and PvO,

The Fick diagram can be used to determine experimentally whether Vmax > O,
transport or whether Vmax < O, transport, as follows. The experiment would be to
measure VO,max and PvO, over as wide a range of arterial PO, as possible and plot
the results on the Fick diagram. The simplest way to do this is to have the subject
breathe O,/N, mixtures having a range of PIO,, within the limits of safety.
Figure 11.7 shows the expected result of such a study, were the severe levels of
hypoxemia depicted in the figure able to be tolerated. The key result is that once O,
supply exceeds Vmax, VO, will not increase as PIO, is increased (three right-most
solid green circles in Fig. 11.7) but when Vmax exceeds O, supply, VO, will fall
along the red line for diffusive transport (two left-most solid green circles in
Fig. 11.7). Thus, Figs. 11.2 and 11.7 contrast the behavior of VO, as PIO, is altered
according to the relationship between Vmax and O, supply capacity. Studies based
on these expectations are described in the next section.
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Fig. 11.7 The Fick diagram showing the effects of altering inspired O, levels on VO, and PvO,
(solid green circles) when the mitochondrial capacity to use O, is less than O, deliverable. The
nonlinear result should be contrasted with the outcome in Fig. 11.2 which reflects the same mea-
surements when the mitochondrial capacity to use O, exceeds the capacity to deliver it
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4 Experimental Observations Supporting the Systems
Approach to O, Transport

Measuring VO,max in normal subjects over a range of acutely altered values of
PIO, to test the prediction shown in Fig. 11.2 that VO,max and muscle venous PO,
fall in proportion is feasible. This experiment was done in isolated canine muscle by
Hogan et al. [24] and in exercising humans by Roca et al. [25]. The results of the
human study are shown in Fig. 11.8. Here, the values of VO,max are plotted against
both mean muscle capillary PO, (closed circles) and muscle venous PO, (open cir-
cles). The former embodies eq. (11.13), while the latter reflects eq. (11.14). The
relationship between mean capillary PO, and VO,max is closely proportional, as
expected from eq. (11.13) and is also approximated well by using muscle venous
PO,. Had the data of Fig. 11.8 not fallen on a line of proportionality, this experiment
would have cast doubt on the way the O, transport system is described above.
However, compatibility with the predicted behavior is not per se proof of
correctness.

Two additional interventional studies lend support to the way in which O,
transport is described in the preceding text. The concept in these studies was to
change the affinity of O, for Hb while maintaining both muscle blood flow and
arterial O, concentration constant. Changing affinity should change mean capil-
lary PO, (high affinity leading to lower mean capillary PO, and vice versa). This
required an in situ, pump-perfused, maximally electrically stimulated contract-
ing muscle preparation using normal blood and also blood for which HbO, affin-
ity (P50) had been changed pharmacologically. Maintaining 100% O, saturation
by inhalation of 100% O, assured constant O, concentration independent of P50.
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Fig. 11.10 Experimental
confirmation that altering
hemoglobin P50 alters VO,
in proportion to mean
capillary (or venous) PO,.
Top panel shows effect of
reducing P50 (i.e,
increasing HbO?2 affinity);
bottom panel shows effect
of increasing p50. See text
for more detail
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In this way, O, delivery into the muscle vascular bed could be held constant as
P50 was altered. Figure 11.9 shows the concept underlying this experiment and
how it predicts systematic changes in VO,max as a function of P50. First, Hogan
et al. [29] lowered P50 and separately, Richardson et al. raised P50 [30]. The
results are shown in Fig. 11.10a and b: At constant O, delivery into the muscle
bed, VO,max indeed fell with increased Hb O, affinity and increased with

reduced affinity.
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5 Applications in Health and Disease

In this final section are shown some applications of the systems analysis of O, trans-
port in health and cardiopulmonary disease. Returning to the issue of whether
VO,max is determined by O, supply or by mitochondrial oxidative capacity,
Fig. 11.11 shows experimental data [31, 32] from two groups of subjects—trained
athletes (red symbols) and untrained sedentary subjects (blue symbols). The ath-
letes clearly show how VO,max increases with PIO,, at least up to that seen during
pure O, breathing, proving that O, availability, and not mitochondrial oxidative
capacity, determines VO,max. In untrained subjects, the picture resembles that of
Fig. 11.7, suggesting that the subjects were approaching maximal mitochondrial
metabolic rate as PIO, was increased. The implication of these two data sets is that
exercise training results in a relatively greater increase in mitochondrial oxidative
capacity than in O, supply capability.

A question of longstanding interest has been to understand how some healthy
humans (i.e., elite mountaineers) can ascend the summit of Mt. Everest without
breathing supplemental O,. While there is no question that courage, determination,
and skill are all important, the feat cannot be accomplished by most climbers with-
out supplemental O,. However, when Oelz et al. [33] examined several elite climb-
ers in the laboratory, they could find no differences, compared to control subjects, in
common physiological parameters important to O, transport such as ventilation,
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Fig. 11.12 Fick diagram in patients with heart failure (low ejection fraction) before (red) and after
(blue) muscle training. Normal untrained subjects are shown by the black circle. Pre-training,
patients show subnormal blood flow as expected, but also subnormal diffusing capacity. Both per-
fusion and diffusion are enhanced after training, bringing the patients into the normal range

diffusion, and arterial O, saturation. That said, they noted that muscle capillary den-
sity was 40% greater than in controls. This finding may well answer the question, as
higher capillary density increases muscle O, diffusive conductance (DM in
Fig. 11.4).

Systems analysis of O, transport has been applied using the Fick figure approach
in patients with heart failure—both those with reduced [34] and with maintained
[35] ejection fraction. In both groups a substantial factor contributing to the low
VO,peak was reduction in muscle diffusing capacity for O,. Thus, it was not only
impaired cardiac function that lowered O, delivery to muscle but also impaired
intramuscular O, diffusion. When muscle exercise training was then employed (in
patients with reduced ejection fraction) and the measurements repeated, exercise
capacity improved, along with muscle O, diffusing capacity, also with some
improvement in central cardiac function. Figure 11.12 shows pre- and post-training
outcomes in those patients [34, 36]. It is important to note that muscle venous PO,
was essentially unchanged by training, which might lead some to suggest a lack of
improvement in muscle O, extractability. The figure shows however that this com-
ponent of O, transport was increased by 52%, while O, delivered to the muscle was
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increased much less (by 22%). It is evident in the figure that the gain in peak VO,
shown in the figure was due more to the diffusive improvement than to O, delivery
changes.

A similar outcome has been found in patients with COPD as shown in
Fig. 11.13—a substantial contribution of impaired muscle O, diffusive transport to
low exercise capacity that is reversible with exercise training despite no improve-
ment in central cardiorespiratory function [37].

6 Conclusions

The traditional framework for considering the determinants of maximal VO, has
been to examine each step of the well-known O, transport pathway and ask “which
step of the pathway is the limiting factor to VO,max?.” The O, pathway is however
an integrated system of transport steps in which every step has the power to affect
VO,max. This chapter has laid out the framework for understanding the O, transport
pathway as an integrated system—both qualitatively and quantitatively. Critical to
understanding is that the various steps in the pathway interact with, and affect, one
another. While this makes analysis more complex that it would be by studying each
step separately, it is amenable to a pictorial analysis that enables understanding of
the role of each pathway step in determining VO,max. Importantly, the pictorial
approach provides a practical basis for quantifying the transport function of any step
and determining how each step may be impacted as a result of exercise training, or
by common disease states such as heart failure and COPD. Properly identifying the
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site(s) of impaired O, transport is the first step toward generating targeted therapies
in these complex diseases.
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Chapter 12

Pathophysiological and Clinical
Implication of Diffusing Capacity for CO
(DLco) and Krogh Factor (Kco): How Do
Di.co and K¢ Differentiate Various Lung
Diseases?

Kaoruko Shimizu

Abstract The single-breath diffusing capacity of carbon monoxide (DLco) pro-
vides independent measurements of kCO, the rate constant of removable CO from
the alveolar gas during the breath-holding time, and accessible lung volume (V,)
calculated by the dilution of helium (He), a nonabsorbable gas, in the lung at the
time kCO is measured. Those two components of kCO and V, determines the value
of DLco. DLco/V,, i.e., Kco is the rate constant for carbon monoxide uptake per
unit barometric pressure, which is different from kCO in three constant factors:
barometric pressure, 1000, and 1.2. Therefore, kCO and Kco are physiologically
equivalent, and Kco does not correct DLco by lung volume. Changes in Kco is
explained by changes in V,/the pulmonary capillary volume.(Vc), i.e., Vc/Vy
because V,/the membrane diffusing capacity (DMco) remains almost constant. Due
to the pathogenesis, high, normal, or low Kco may be found together with low
V,. Therefore, DLco should be in practical use, combined with the proper interpre-
tation of Kco and V,
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1 Introduction

The single-breath diffusing capacity of carbon monoxide (DL¢o) (known in Europe
as the transfer factor, TLco), which was introduced by Krogh in 1915 [1], is one of
the primary tested parameters of pulmonary function tests. kCO is the rate constant
of removable CO from the alveolar gas during the breath-holding time. DLco is
determined by the two independent components: kCO (the rate of uptake of CO
from alveolar gas) and accessible lung volume (V,) [2, 3].

2 Components of the Carbon Monoxide Diffusing Capacity

2.1 kCO

kCO is the measurement of the exponential decay in fractional concentration of CO
during breath-holding time.

kCO = (loge(COo/COL))/ breath - holding time (12.1)

where COo and COt are the alveolar CO concentrations at the beginning and com-
pletion of the breath-holding time, respectively (Fig. 12.1).

2.2 Alveolar Volume

The lung volume during breath-holding is calculated by the dilution of helium (He),
a nonabsorbable gas, in the lung at the time kCO is measured [4]. The measurement
starts from residual volume, completes at maximal inspiration near total lung capac-
ity (TLC), which is defined as the inspired volume (VI). V, is derived from the
helium dilution volume of a single breath, calculated by subtracting the estimated
anatomic dead space from VI.

Mean of V, measured in a single breath divided by TLC measured in multiple
breaths is 93.5 + 6.6% (mean + SD) in normal subjects. Heterogeneity in ventilation
augments incomplete gas mixing during the ten seconds of breath-holding com-
pared with multiple breath methods and causes low V,/TLC ratio.

2.3 kCO and DLco/V, (Kco)

The total CO transfer of the entire lungs is then calculated as:

DLco = (kCO*V, STPD)/(P, —P,,,) (12.2)
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Fig. 12.1 Carbon monoxide (CO) and helium (He) kinetics in a single breath. Concentrations of
the marker gases CO and He after rapid inspiration from residual volume to total lung capacity
(TLC) were plotted against breath-holding time. Definitions of abbreviations: BHT: breath-holding
time; COO0, COt: alveolar concentration of CO at the beginning and completion of the breath-
holding time, respectively; COi: inspired concentration of carbon monoxide; DLco: carbon mon-
oxide diffusing capacity; Hei, Het: inspired and expired concentrations of inert marker gas helium,
respectively; kCO: rate constant for carbon monoxide uptake; Kco; rate constant for carbon mon-
oxide uptake per unit barometric pressure (KCO/Pb* ~ DLco/V,); Va: alveolar volume; VI: inspired
volume; VDanat: anatomical dead space. Calculations: The rate constant kCO = log e (CO0/COt)/
BHT; for points = 0 and 7 = 10 seconds

where Py and Py, are barometric pressure and water vapor pressure at 37°C,
respectively.
STPD: standard temperature and pressure, dry

DLco/V, LBTPS=(kCO/Pb)*1000/1.2=Kco (12.3)

BTPS: body temperature and pressure, saturated.

Kco is the rate constant for carbon monoxide uptake per unit barometric pres-
sure, which is different from kCO in three constant factors: Pb*, 1000, and 1.2.
Therefore, kCO and Kco are physiologically equivalent.

DLco/V, should be recognized as the pressure-adjusted rate constant for alveolar
CO uptake, other than the CO diffusing capacity per unit alveolar volume, which
could be misinterpreted as DLco/V, is DLco corrected for lung volume. While
DLco linearly changes to different levels of V/Var ¢, DLco/V,; however, it does not
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Fig. 12.2 Effect of voluntary changes in lung volume on DL, and Kco, plotted as the percentage
of value at full inflation (approximately TLC) against alveolar expansion expressed as alveolar
volume at percent maximum (Vurrc 2~93.5% TLC). Kco/KcoTLC at various values of V,/V,TLC
was calculated from eq. 12.7 [Kco/ KcoTLC = 0.43+0.57/(Va/Varic)], and DLco/DLco(TLC) as
Kco/KcoTLC x VA/VATLC. Definitions of abbreviations: DLco: CO diffusing capacity; Kco: rate
constant for CO uptake per unit barometric pressure (kCO/Pb* z~DLco/V,); Va; alveolar volume

show a linear association with V,/Vyp ¢, which means that DL.co/V, is not DLco cor-
rected for lung volume (Fig. 12.2). Moreover, DLco/V, does not include the values
of V,. Therefore, Hughes and Pride referred Kco as essentially the rate constant for
alveolar CO uptake [2], in contrast to the belief that Kco is of no clinical value
because Kco does not correct DLco by lung volume.

2.4 Kco in Normal Lungs

Figure 12.2 shows that as V,/V, rc % decreases, DLco decreases while Kco
increases [5, 6]. Due to this compensation, DLco does not fall to 50% of the TLC
value at 50% V,, where Kco increases to 158%.

Roughton and Foester [7] have established the methodology of estimating single-
breath diffusing capacity for CO and determined three components that affect DLco.
Their research substantially enhanced the clinical applicability of the assessment of
CO transfer in the lungs. The Roughton—Foester equation. 1/DL = 1/DM + 1/@*Vc
explains the increase in Kco with the decrease in the expansion of the lungs,
as follows

V,/DLco=1/K, =V, /DMco+V, /@bLco*Vc (12.4)
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* DMco is the membrane diffusing capacity.

e ObLco is the rate of reaction of CO with blood, adjusted to standard hemoglobin
(Hb) concentration.

e Vc is the pulmonary capillary volume.

Fall in V,/DLco (increase in Kco) is explained by a decrease in V,/Vc, i.e., Vc/
V, increases because V,/DMco remains almost constant.

Anemia, alveolar PO, and Pco are the factors affecting Kco measurements. Low
Kco is found in subjects with anemia where decreased Hb levels lead to a decrease
in ®bLco.

®bLco decreases as P,O2 increases, resulting in decreased Kco. Recent smoking
or multiple measurements of DLco increases Pco in plasma, which interferes with
the further measurements of DLco.

Age, sex, and height can predict DLco [8], while sex and height affect the
V,. Meanwhile, Kco is inversely related to age and height [9]. The maximum value
of Kco occurs just before puberty. This phenomenon may imply that the develop-
ment of pulmonary capillary vessels precedes the formation of alveoli. The effect of
mismatch in V/Q in the apex of the lungs on Kco is more apparent in taller subjects
in the upright position due to gravity. Moreover, substantial variation exists in the
reference equations; however, no consensus on the reference value is available.

2.5 Kco and V, in Diseases
2.5.1 Clinical Causes of Increase or Decrease in Kco

Alveolar and/or microvascular damage and destruction can reduce the rate of CO
uptake via decreased DM and Vc. Emphysema and interstitial lung diseases can
cause alveolar damage, while bronchiolitis obliterans and severe chronic heart fail-
ure can lead to microvascular damage. Incomplete alveolar expansion in alveoli
with a preserved structure can elevate Kco because of high Vc/V,, i.e., increased
pulmonary blood flow (Fig. 12.3). In cases of the left-to-right shunt, Vc/V, is evi-
dent in the whole lung, while after pneumonectomy, high Vc/V, is evident in the
remaining part of the lung.

Redistribution of blood flow to the normal part of the lung can lead to increase in
Kco in the early stages of interstitial pulmonary fibrosis and sarcoidosis, where the
damage of the interstitial part or vasculature has not extended to the entire lung.
Regarding high Kco, increased perfusion has been reported in the apices of the
lungs in patients with asthma. This could also be attributed to the raised capillary
volume and decreased DM in some obese subjects. Further, pulmonary vascular
congestion has been reported in severe chronic heart failure.

Increase in Kco after pneumonectomy is calculated based on the following equa-
tion [10],

AKco(%predicted ) = 0.4x +2.1 (12.5)
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Fig. 12.3 Kco/KcoTLC plotted against volume loss (V4/V,TLC) from two causes: (a) reduced
alveolar expansion (e.g., FRC vs.TLC) and (b) loss of units as in lobectomy or pneumonectomy.
The calculations of reduced expansion are shown in Fig. 12.2. Loss of units can be calculated from
eq. 12.5 (Kc¢o [% predicted] = 0.4x+2.1) assuming that “x” (percentage of blood flow to the lung to
be resected) reflects the percentage of lung volume to be resected; DLco/DLco (TLC) calculated as
Kco/KeoTLC x V4/V,TLC. Note that the difference between DLqo/DL¢o (TLC) and Kco/KcoTLC
is for 50% loss in volume according to the mechanism of the volume deficit

x: percentage of blood flow to the resected lung.

The reason for the increase in Ko is the expected doubling of blood flow per unit
volume in the remaining lung.

Additional CO transfer to the extravascular part can raise Kco in pulmonary
hemorrhage; although, alveolar capillary uptake is not increased. Kco is more sensi-
tive to pulmonary hemorrhage than DLco, change in which is masked by a slight
decrease in V,4.

2.5.2 Clinical Causes of Decreased Accessible Alveolar Volume

Hughes and Pride have suggested three categories of low V,. associated with an
increase in Kco, normal Kco, and decrease in Kco (Table 12.1).

Low V, with an Increase in Kco

e Incomplete alveolar expansion, i.e., inspiratory muscle weakness, chest wall or
pleural restriction, and inadequate expansion to TLC. (Fig. 12.3).

e Poor mixing affecting normal alveolar function, i.e., asthma.

Low V, with Normal Kco

e Localized loss of units, i.e., Pneumonectomy, local destructive or infiltrative
pathology (Fig. 12.3).

e Poor mixing and localized loss of units, i.e., bronchiectasis.
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Table 12.1 Causes of low V, and typical Kco findings

Normal or near-normal V,

Low Kco (Low DLco) High Kco (High DLco)
Mechanism Disorders Mechanism Disorders
Microvascular Idiopathic pulmonary | Increased pulmonary | Left-to-right
destruction hypertension [11] blood flow or intracardiac shunts
redistribution or asthma
Microvascular Hepatopulmonary
remodeling and syndrome
dilation Pulmonary
arteriovenous
malformation
With reduced VA
Low Kco (Low DLco) High Kco (Low~high DLco)
Mechanism Disorders Mechanism Disorders
Alveolar Emphysema Incomplete alveolar | Inspiratory muscle
destruction expansion to TLC weakness/chest wall
restriction
Alveolar Idiopathic pulmonary | Increased pulmonary | Pneumonectomy
destruction fibrosis, blood flow to residual
Microvascular Bronchitis obliterans/ | Lungs Obesity
destruction chronic heart failure Microvascular Anti-GBM disease, SLE
congestion/dilation
Alveolar hemorrhage

Anti-GBM disease: Anti-glomerular basement membrane disease
SLE systemic lupus erythematosus

Low V, with the Decrease in Kco

» Diffuse loss of units, i.e., interstitial lung disease.

* Poor mixing and some alveolar loss/disorganization, i.e., bronchiolitis obliterans.

e Poor mixing and diffuse alveolar disorganization, i.e., chronic obstructive pul-
monary disease (COPD).

Airflow limitation can cause ventilation heterogeneity, which can lead to
decreased V, compared to TLC measured with plethysmography or multiple breath
methods. Kco with a decreased V, caused due to poor mixing can vary according to
the pathology. When the diseased unit is localized, redistribution of capillary flow
to normal units compensates for the value of Kco, while diffuse lung diseases pre-
clude the compensation for Kco.

3 The Clinical Implication of DLco, Uncorrected Kco

3.1 Asthma with or Without Smoking and COPD

Recently, the overlap between features of asthma and COPD has been studied from
the various points of views. Regarding the diffusing capacity of CO in the lungs, a
document issued by the joint collaboration of the Global Initiative for Asthma
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(GINA) and the Global Initiative for Chronic Obstructive Lung Disease stated that
DLco is normal (or slightly elevated) in patients with asthma and often is reduced in
patients with COPD [12, 13]. The change in Kco levels, however, has not been
elaborated in the document. Moreover, few studies have studied the changes in
DLco and Kco levels in smokers with asthma, while several studies have shown
normal or increased DLco levels in nonsmokers with asthma.

The clinical role of DLco and Kco is further elaborated in the following sec-
tions [14].

3.1.1 DLco and Kco in Nonsmokers and Smokers with Asthma

The relationship between airflow limitation and DLco or Kco was studied.
Nonsmokers with asthma (N = 143) were predominantly females, while smokers
with asthma (N = 77) were predominantly males. Nonsmokers with asthma had
significantly higher % FEV,, FEV,/Forced vital capacity (FVC), and % Kco values,
and lower % Residual Volume values than smokers with asthma. (Table 12.2).

% DLco did not show any significant correlation with % FEV, in both nonsmok-
ers and smokers with asthma (Fig. 12.4a, ¢). Meanwhile, as % FEV, decreased, %
Kco increased significantly in nonsmokers with asthma (Fig. 12.4b), whereas it
decreased significantly, though, to a lesser extent (Fig. 12.4d), in smokers with
asthma (Fig. 12.4b).

Table 12.2 Characteristics of nonsmokers or smokers with asthma

Nonsmokers with asthma Smokers with asthma p-value
Patients, n 143 77 N.S.
Sex, male, % 21.0 70.1 <0.001
Age, years 58.7+15.0 61.4=+11.5 N.S.
Body mass index, kg/m? 248 +4.6 252 +5.6 N.S.
Severe asthma, % 24.5 33.8 N.S.
P%FVC, % 1094 £ 15.7 108.8 £16.9 N.S.
%FEV |, % 90.1 = 20.1 81.9x19.6 0.004
FEV//FVC, % 67.5+12.6 62.2+12.8 0.004
%RV, % 108.2+21.2 115.5+£22.7 0.03
RV/TLC, % 355+69 36.6 6.8 N.S.
%TLC, % 1122 +13.7 1122+ 14.2 N.S.
%DLco, % 102.8 +£19.7 104.0 £24.9 N.S.
%Kco, % 1143 +21.0 99.4 +20.7 <0.001
V,, (male/female), L 44+0.7/32£0.6 4.6 £0.6/3.1 0.6 N.S.

Data are shown as means _ SD. As-NS, nonsmokers; As-Sm, smokers with asthma; DLco, diffus-
ing capacity of the lung for carbon monoxide; FEV,, forced expiratory volume in 1 s; FVC, forced
vital capacity; FEV1/FVC, forced expiratory volume in 1 s/forced vital capacity (absolute %value);
Kco, transfer coefficient; NS, not significant; RV, residual volume; TLC, total lung volume; V,,
alveolar volume. P values were obtained using a chi-square test, t-test, or Wilcoxon test as
appropriate
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Fig. 12.4 The relationship between %FEV, and %DLco or %Kco in non-smokers and smokers
with asthma. %FEV, decreased, %Kco increased in non-smokers with asthma (b), decreased in
smokers with asthma (d). Such a unique and contrasting correlation relationships were not evident
in the case of % DLco. (a, ¢) % FEV,: forced expiratory volume in one s; % DLco: carbon mon-
oxide diffusion capacity; % Kco: transfer coefficient

Vasoconstriction may divert flow and volume of blood from the gas-exchanging
units to the “accessible” units, which leads to increased Kco. V, is calculated con-
sidering these measurements based on the assumption that helium gas is in equilib-
rium in all parts of the whole lungs. Thus, if ventilation were unequal in the lungs,
the calculated V, would be smaller consequently compromising % DLco both in
nonsmokers with asthma and smokers with asthma. n smokers with asthma, emphy-
sematous changes, however, prevent the compensatory increase in Kco Hence, %
DLco will be normal or decreased depending on the values of V,.

These results may suggest that % Kco is a more sensitive parameter compared
with % DLco in patients with asthma, which could reflect their pathophysiology
more precisely either way.

3.1.2 DLco and Kco in Obstructive Lung Diseases
A study comparing smokers (pack-years>10)(N = 69) and nonsmokers (pack-

years<10)(N = 53) with asthma and pre-bronchodilator FEV/FVC < 0.7 and the
COPD(N = 34) was conducted. Nonsmokers with asthma were predominantly
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females, whereas the other two groups comprised predominantly males. No signifi-
cant differences were found in age among the three groups. Patients with COPD
showed the highest pack-year value, followed by smokers with asthma and non-
smokers with asthma. There were no significant differences in % FVC, % FEV,,
FEV/FVC, RV/TLC, and %TLC among the three groups. (Table 12.3).

% DLco was significantly lower in patients with COPD compared to that in non-
smokers and smokers with asthma, despite the similar levels of % FEV,, FEV,/FVC
(Fig. 12.5). No significant differences were found in % DLco between two asth-
matic groups (Fig. 12.5a). Nonsmokers with asthma showed a significantly higher
% Kco compared with smokers with asthma. As expected, % Kco was lowest in
patients with COPD (Fig. 12.5b).

Collectively, % Kco was significantly associated with % FEV; and may have a
role in differentiating between the three groups of nonsmokers with asthma, smok-
ers with asthma, and patients with COPD.

Shimizu et al. performed morphometrical assessment of emphysema and small
vessels in the lungs using computed tomography, by analysing the low attenuation
volume (LAV) [15] and percentage cross-sectional area of small pulmonary vessels
(%CSAs)) [16].

Patients with COPD showed the highest % LAV, followed by smokers with
asthma, and nonsmokers with asthma. Conversely, patients with COPD had the low-
est % CSA_s, while no significant differences were observed between the asthmatic
groups in %CSA_s. Both % LAV and % CSA_s had stronger correlations with %
Kco (Fig. 12.6b, d) than with % DLco (Fig. 12.6a, c).

Table 12.3 Characteristics of nonsmokers or smokers with asthma and patients with COPD

Nonsmoker with asthma | Smokers with asthma | COPD p-value
Patients, n 69 53 34
Male/female, n 16/53 43/10 29/5 <0.001
Age, years 65.4 = 10.6 64.9 +9.1 69.7 + 8.0 N.S.
Pack-years 1.1£22 34.6 £21.7 62.0£26.1 |<0.001
%FVC, % 108.7 +17.2 109.6 +17.2 109.9 +19.3 |N.S.
%FEV,, % 78.5 +16.1 759 +17.9 78.0+17.9 |N.S.
FEV//FVC, % 58.0x7.2 56.6 £ 10.4 57073 N.S.
%RV, % 1109 £21.5 119.3+23.3 112.3+26.3 |N.S.
RV/TLC, % 385+6.2 38.0+6.6 37.7+7.6 N.S.
%TLC, % 1122 +13.7 1122 +14.2 1122+ 142 |N.S.
V,, (male/female), L | 4.2 +0.6/3.1 £0.5 45+0.7/ 43+0.8 N.S.

32+05 /3.7+0.6

Data are shown as means _ SD. As-NS, nonsmokers; As-Sm, smokers with asthma; DLco, diffus-
ing capacity of the lung for carbon monoxide; FEV, forced expiratory volume in 1 s; FVC, forced
vital capacity; FEV1/FVC, forced expiratory volume in 1 s/forced vital capacity (absolute %value);
Kco, transfer coefficient; NS, not significant; RV, residual volume; TLC, total lung volume; V,,
alveolar volume. P values were obtained using a chi-square test, ¢-test, or Wilcoxon test as
appropriate
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Fig. 12.5 % DLco or % Kco in nonsmokers with asthma, smokers with asthma with, FEV1/
FVC < 0.7, and COPD with similar airflow limitations. (a) % DLco was the lowest in patients with
COPD compared to that in nonsmokers with asthma, or in smokers with asthma with despite simi-
lar airflow limitations. There was no significant difference between nonsmokers with asthma and
smokers with asthma in % DLco, regardless of the smoking status. (b) % Kco was significantly
lower in smokers with asthma compared to that in nonsmokers with asthma and it was the lowest
in patients with COPD. % DLco: carbon monoxide diffusion capacity; % Kco: transfer coefficient;
COPD: chronic obstructive pulmonary disease; FEV,/FVC < 0.7: the ratio of forced expiratory
volume in one sec to forced vital capacity <0.7

Presumably, % Kco is sensitive to increased (often secondary to an increase in
blood flow) or decreased blood volume in the entire lungs and/or greater blood flow
and volume redistribution to the efficiently ventilated areas [17, 18] in nonsmokers
with asthma, led to an increase in % Kco, especially in cases where airflow limita-
tion was severe. However, DLco is influenced by both Kco and V,. Ventilation
inequality should concurrently occur in asthmatic lungs.

In smokers with asthma, emphysematous changes prevent the compensatory
increase in Kco, which occur in nonsmokers with asthma with reduced % FEV,, and
hence, % DLco could be normal or decreased depending on the values of V,. In
patients with COPD, Kco typically showed a stronger correlation than DLco with
emphysema scores. These findings suggest that Kco may be more sensitive than
DLco for the detection of emphysematous changes. In this study, we extended these
observations to smokers and nonsmokers with asthma.

Therefore, these results show that % Kco is a more sensitive parameter than %
DLco, because we found a significant difference between smokers and nonsmokers
with asthma in % Kco, and not in % DLco, despite the similar level of airflow
limitation.

Kco is essentially the rate constant for alveolar uptake of CO measured while
holding breathing in a single breath and independent of V, In contrast, Kco and V,,
both of which are mutually independent, affect DLco, at the suggested V,, Kco may
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Fig. 12.6 Correlation between the CT parameters of %LAV or %CSA_s, and %DLco or %Kco.
%XKco showed the stronger correlations with %LAV (b) or %CSA_s (d) than did %DLco. (a, ¢)

vary according to the pathogenesis of the disease. In other words, uncorrected Kco
can provide information regarding the physiological alterations in individual lungs.
In conclusion, for the value of uncorrected Kco, VA and DLco make the best use of
single breath, instead of correcting Kco or single use of DLco.

3.1.3 Further Analyses Using the Alternative Equation for Diffusion
Capacity Indices

Burrows equation was used in the main assessment [19]. Overall, alternative equa-
tions for DLco and/or Kco led to similar results. We found significant positive cor-
relations between % FEV, and % DLco in smokers with asthma and not in
nonsmokers with asthma; these results were contradictory to the results obtained
from the Burrows equation. However, the other results were reconfirmed using the
other two equations. When Nishida [20] and Crapo’s equations [21] were used, %
FEV, and % Kco were negatively correlated in nonsmokers with asthma, while no
significant correlation was observed in smokers with asthma.

% Kco of nonsmokers with asthma with FEV,/FVC < 0.7 was higher compared
to the % Kco of smokers with asthma with FEV,/FVC < 0.7, while % DLco was not
significantly different between the two asthma groups.
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3.2 DLco in Interstitial Lung Diseases

Compared with DLco, Kco has been claimed to be of no use and a misleading
parameter in interstitial lung disease (ILD) [5, 22] because decreased lung volume
causes a much larger effect (predominantly an increase), subsequently rendering
Kco a less sensitive parameter.

3.3 The Implication of Corrected Kco

DLco/V, is not an adjusted or corrected value of DLco, as shown in Fig. 12.2, which
demonstrates that DLco/V,, i.e., Kco is not constant to V,. This discrepancy led to
the belief that DLco/V, is an arithmetically flawed index with no clinical value.
Therefore, some corrections had been suggested. The typical relationships in nor-
mal subjects between changes in lung volume and DL¢o/V, (Kco) are shown [5].

DLco/DLco,, . =0.58+0.42%(V, / V,y . )where DL, TLC (12.6)

and V,TLC are expected values for DL and V, at a normal predicted TLC.

Kco/Kcoy . =0.43+0.57/(V, /V (12.7)

ATLC )

Johnson proposed the formula for the conversion of % Kco to % DLco for
patients with asthma, emphysema, extrapulmonary restriction, interstitial lung
disease, and lung resection [5]. After adjusting the value of K¢ for a low Vj,
DL¢o and K¢ values tended to converge, where uncorrected %Kco exceeded
more than 50% compared to % DLco in several diseases. Frans and colleagues
[23] also adjusted the DL¢o and Ko values for the low V, in diffuse interstitial
lung disease. Returning to the high % Kco in extrapulmonary restriction to
90-100% of the predicted range and in interstitial lung disease to 50-75% of the
predicted range, was more in line with the uncorrected DL, to prevent us from
having the false impression of normal because the volume restriction had “mis-
leadingly” increased the Kco.

3.4 DLco, Kco in Combined Pulmonary Fibrosis
and Emphysema (CPFE)

Both emphysema and fibrosis are factors that reduce DLco. Thus, patients with
CPFE show remarkably low DLco. Assessment of DLco is of great importance
because values of spirometry may be normal due to the presence of opposite
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physiology in the lungs; obstructive in emphysema and restrictive in fibrosis [24].
Combined fibrotic changes may be suspected in patients with COPD when FEV,/
FVC has been normalized despite an additional decrease in DLco.

3.5 DLco in Pulmonary Hypertension

Treatment for pulmonary arterial hypertension (PAH) has improved dramatically in
recent years, and hence, early and accurate diagnosis of PAH has been in great need.
For the diagnosis of pulmonary hypertension, right heart catheterization (RHC) is
mandatory. RHC is, however, highly invasive and is recommended to be performed
by well-trained physicians in high-volume PH centers, according to the current
guidelines for PH.

Thus, noninvasive assessment methods have been investigated for the screening
of PH. Pulmonary function tests are noninvasive and values of DLco might be
abnormal in patients with pulmonary hypertension. Meyrick and Reid [25] sug-
gested that muscularization of smaller, more peripheral pulmonary arteries, medial
and intimal thickening of the muscular arteries, and a reduction in peripheral vascu-
lar bed may be involved in the mechanism of decreasing DLco. Low DLco has been
reported to be associated with a poor prognosis in PH [9]. Patients with pulmonary
veno-occlusive disease (PVOD)/pulmonary capillary hemangiomatosis (PCH)
show remarkably low values of DLco.

3.5.1 Pulmonary Arterial Hypertension

Three-quarters of IPAH patients have decreased DLco with a mean value across
studies of 59-71% of the predicted values [26]. Even after the adjustments for
smoking, values of DL.o remained abnormal in patients with idiopathic PAH
(IPAH). V,/TLC values are preserved in PAH, so that this reduction in values of
DLo may not be completely explained by the ventilation perfusion mismatch.
Further analysis revealed that both pulmonary membrane diffusion capacity and the
pulmonary capillary blood volume contributing to alveolar gas exchange were
reduced [27]. Reductions in Dm may be caused by thickening of the alveolar capil-
lary membrane due to endothelial cell proliferation, while reductions in Vc may be
the result of increased pulmonary vascular resistance, reduced cardiac output, and
local thrombosis.

3.5.2 Connective Tissue Disease-Associated Pulmonary
Arterial Hypertension

DL is reduced in systemic sclerosis in conjunction with PAH, even in the absence
of interstitial lung disease [28]. Isolated, as well as disproportionate reductions in
DL in relation to other lung function parameters, can represent the presence of
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associated PAH [29]. Increased values of % VC/% DLco, ranging from 1.5 to 2.0,
have been reported to be a diagnostic marker of combined PAH.

3.5.3 Pulmonary Hypertension Due to Chronic Lung Disease

PH is more prevalent in patients with severe COPD and ILD, compared with non-
severe diseases [30]. However, the severity of PH does not parallel with the severity
of the lung condition [31]. Moreover severe PH can be found in patients, who have
disproportionate or relatively preserved lung function [32]. This is also a frequent
finding in patients with combined pulmonary fibrosis and emphysema. Moreover,
the development of PH in patients with chronic lung disease is not always accompa-
nied by worsening of the physiology in respiratory system Thus, regarding associ-
ated PH, patients without severe lung diseases should also be managed with caution
PH should be suspected in patients with chronic lung disease, where the DL is
disproportionately low in relation to other lung function values.

3.5.4 Chronic Thromboembolic Pulmonary Hypertension (CTHPH)

DL is reported to be reduced to 40-60% in patients with CTEPH, though this has
been reported in a case series with small numbers of patients. This reduction in gas
transfer is due to a proportional reduction in pulmonary capillary blood. Patients
with low Kco in CTEPH reveal poor prognosis even after 5 years of treatment.

4 Conclusions

DLco is the product of the rate of carbon monoxide uptake from alveolar gas to
pulmonary capillary blood and V,, accessible alveolar volume. Kco and V, are
mutually independent and change due to their own underlying pathophysiology.
Several causes can reduce V, and hence, universal adjustment might not be ade-
quate for practical use. The precise interpretation of DLco, Kco, and V, is the best
use of single-breath DLco assessment. DLco and Kco may have a clinically useful
role in ACO and PH on diagnosis, chronic lung diseases such as COPD, ILD on the
screening of associated PH, together with spirometry and lung volume
measurements.
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Basic Perspective of Simultaneous
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Estimating D; o and D no?
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Abstract It is technically feasible to use two different hemoglobin-reactive gases,
namely nitric oxide (NO) and carbon monoxide (CO) inhaled from the same reser-
voir in a single breath-holding maneuver to measure lung diffusing capacity to both
NO (Dyno) and CO (D, o). Although it is tempting to apply the equation published
in 1957 by Roughton and Forster to decipher alveolar-capillary membrane conduc-
tance and pulmonary capillary volume, this might not be advisable in the case of
D no—Dico simultaneous measurement as there remain unknowns and controver-
sies regarding the values of the specific transfer conductance of blood for NO
(®NO) and CO (OCO). Instead, it is now proposed to discuss the interpretation of
either Dyco and Dyyo separately with Dyyo being weighted by the membrane gas
conductance, while the D; ¢ is dominated by ®CO. Alternatively the Djno/Dyco
could be an acceptable ratio to explore lung gas transfer conductance or
disturbances.
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1 Introduction

Respiration and gas exchanges are vital processes underlying the status of health of
all living organisms, including humans. From its origin in the inspired ambient air,
gas molecules must undergo different steps before they eventually reach hemoglo-
bin (Hb) inside the red blood cells which are continuously flowing through pulmo-
nary capillaries of perfused ventilated lung areas. The first step is a hydrodynamic
convection process enabling the gas to flow down from the upper airways to the
acini entrances. After entering the alveolar region, gas molecules are transported by
both hydrodynamic convection and diffusion inside the breathing acini. The follow-
ing step of gas transfer involves its extremely rapid (almost instantaneous) dissolu-
tion in the alveolar membrane. Once dissolved, gas molecules diffuse across the
membrane and capillary plasma to reach the red blood cells. The gas molecules then
have to cross the very thin red blood cell membrane to enter the inner cytoplasm in
which they diffuse to reach, and subsequently react with, Hb to form the combined
Hb-gas whose rate of reaction will depend on the nature of the binding gas mole-
cule. More than 60 years ago, Roughton and Forster [1] have proposed a model
describing the transfer of carbon monoxide (CO) or any diffusible gases, including
oxygen (O,) and nitric oxide (NO), from air to blood as a two-step process in which
the gas has to overcome two resistances in series according to eq. (13.1) (Fig. 13.1):

1/DL=1/DM+1/6-VC (13.1)

where

* 1/DListhe total resistance of the blood—gas barrier to gas transfer (mmol !-min-kPa
in ST units or mL'-min-mmHg in traditional units),

* DM is the membrane diffusing capacity, whereas 1/DM is the resistance to pas-
sive diffusion across the alveolar-capillary membrane and intracapillary plasma,

* 0 is the specific transfer conductance of blood (measured in vitro) for a specified
gas, VC is the pulmonary capillary blood volume (measured in mL), whereas 1/
©-VC is the resistance to gas transfer of the red blood cell for reactive gases such
as CO, NO, or oxygen.

From the above, Roughton and Forster viewed lung gas transfer as a journey that
a given gas molecule has to undertake by flowing through two successive resis-
tances whose inverse values are known as conductance. The first is membrane con-
ductance, related to the diffusing capacity of alveolar-capillary membrane. This
conductance is the result of passive diffusion through a very thin tissue barrier,
consisting of the alveolar epithelial type 1 cell, a basement membrane, and a capil-
lary endothelial cell (Fig. 13.1). Additionally, there is an intracapillary component
consisting of a plasma layer of variable thickness between the endothelium and the
red cell membrane. The second is lung capillary blood conductance which depends
on both the reactivity of the gas with Hb and the mass of Hb in the lung capillaries
which in turn depends on lung capillary blood volume (VC).
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Fig. 13.1 Transport of gas from alveolar space to red blood cell

In the clinical setting, the most commonly used technique for measuring gas
transfer from the alveolus to the pulmonary capillary blood is the single-breath dif-
fusing capacity, or transfer factor, of the lung for CO (D; o or TLCO, respectively)
[2, 3]. The breath-holding technique for the clinical measurement of Djco has
undergone little change since its original description in 1957 by Ogilvie et al. [4]. In
the 1980s, the single breath measurement of diffusing capacity of the lung using
different hemoglobin (Hb)-reactive gases, namely nitric oxide (NO), was almost
simultaneously, but independently, introduced by two European groups of investi-
gators based in Bordeaux (France) [5] and Cambridge (UK) [6, 7]. Both groups of
investigators applied the same single breath technique, whereby both tracer gases
(CO and NO) were inhaled from the same reservoir together with an inert volume-
marker gas (usually helium). Using two different Hb-reactive gases, namely CO and
NO, would allow solving the equation established more than 60 years ago by
Roughton and Forster [1].



242 A. T. Dinh-Xuan

Although questioned by a French group of investigators who criticized the
Roughton and Forster model for its apparent oversimplification of supposedly com-
plex phenomena related to gas transport and capture [8, 9], the current chapter will
focus on recent evidence deciphering specific blood transfer conductance for NO
and CO from their membrane diffusing capacities based on the initial Roughton and
Forster equation [1].

2  Dino Versus D, ¢o: Differences and Similarities

As previously mentioned, according to Roughton and Forster [1] the conductance of
CO from the alveolus to the pulmonary capillary blood can be described by the clas-
sical equation:

1/ Do =1/DMCO+1/©CO-VC (13.2)

where

e 1/Dy¢o is the lung resistance to CO transfer (the reciprocal of the conductance),

e 1/DMCO (the molecular diffusion resistance of the lung membranes—from the
surfactant lining layer to the red cell membrane, and

¢ 1/®@CO-VC is the resistance to CO transfer within the red blood cell.

The sum of the red cell and membrane resistances, which are in series, are the
components of the overall resistance, 1/D;co. The same equation applies to
NO uptake:

1/D,y, =1/DMNO+1/®NO-VC (13.3)

2.1 Differences Between NO and CO Blood Diffusivity
and Hb Reactivity

Although NO and CO follow the same path while crossing the blood—gas barrier,
both gases are differently handled by the lung tissues and pulmonary capillary blood
as they do not share the same chemical properties and behaviors with regard to Hb
capillary blood. NO diffusivity (solubility/MW?) in plasma is 1.97 times faster than
that of CO, and its specific conductance (®), i.e., the rate of NO uptake per mmHg
of NO tension per mL of blood is 5.75 times faster than the uptake of CO at a PO2
of 100 mm Hg [10]. The chemical reactions of NO and CO with Hb also differ. NO
reacts directly with the oxygen of oxyhemoglobin to form nitrate (NO;) plus a deox-
ygenated form of Hb called methemoglobin (metHb) in which the iron atoms of the
heme ring are oxidized from the ferrous (Fe**) to the ferric (Fe**) forms [11]:
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NO +Hb(Fe* )0, — metHb(Fe* )0, + NO,” (13.4)

Unlike NO, CO does not react with O,. Rather, CO competes with O, to occupy
the Fe?* site on the heme ring:

CO+Hb(Fe™ )0, — Hb(Fe’* ) CO+Hb(Fe™" )0, (13.5)

The increased affinity of CO for Hb is due to the different angles of attachment
of CO and O, to the heme ring [12]. Both NO and CO are tightly bound to Hb
through their extremely slow dissociation constants but unlike NO, the rate of reac-
tion of CO with oxyhemoglobin is PO, dependent, as shown by the linear relation-
ship between PO, and 1/@, the specific resistance reaction rate. The higher the
PO, the greater the resistance rate to CO transfer within the red blood cell. Do, on
the other hand, is independent of the level of alveolar PO, (PAO,) [13] because NO
reacts readily with hemoglobin (eq. 13.4) instead of competing with oxygen for Hb
binding sites as does CO (eq. 13.5).

From the above, one might question the existence of a significant blood resis-
tance to NO uptake, assuming 1/©NO negligible and consequently consider from
eq. (13.3) that 1/D;no might approximately equate to 1/DMNO and conclude that
Do reflects lung membrane diffusing capacity [5]. Experimental evidence how-
ever suggests that resistance to NO uptake, which does not relate to the extremely
fast chemical combination of NO with Hb, might stem in the red blood cell mem-
brane or its vicinity, including the stagnant layer of plasma immediately surround-
ing the cell. Consistent with this view is the demonstration that red blood cell lysis
(by the addition of water to blood in a membrane oxygenator model of NO and CO
transfer [14]), or red blood cell substitution, in anaesthetized dogs, with cell-free
heme-based oxyglobin [15] markedly increased Dy o Without affecting D co.

2.2 ONO and ©@CO and Absolute Values of DMCO and VC

Accurate evaluation of ®NO and ©CO is essential for the calculation of the mem-
brane and red blood cell conductance for these gases from Dj o and D ¢o measure-
ments [16]. There are however ongoing debates regarding the choice of ®NO and
OCO values that should be used when computing DMCO and VC according to the
initial concept proposed by Roughton and Forster in 1957 (eq. 13.1) [1]. In 2017,
members of a taskforce endorsed by the European Respiratory Society have pub-
lished a report [17] recommending the use of a ®NO of 4.5 mLNO/min/mmHg/mL
blood, a DMNO to DMCO ratio (DMNO/DMCO) of 1.97 and values of ®CO
derived from the study published by Guénard et al. in 2016 [18]. This recommen-
dation is not unanimously followed as investigators from the Mayo Clinic
(Rochester, Minnesota, USA) [19, 20] prefer to calculate DMCO and VC using an
infinite ®NO, a DMNO to DMCO ratio of 2.26, and ®CO values derived from
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Reeves and Park’s formula published in 1992 [21]. To justify their choice, these
investigators [19, 20] have argued that the combination of an infinite ®NO, an
empirical value for DMNO/DMCO (>2.0) and Reeves and Park’s ®CO gives a
value of DMCO (using a combined D;no—Dico analysis) which agrees with the
DMCO value calculated separately by the classical two-stage oxygen technique of
Roughton and Forster [1]. To reconcile those two opposite views, Borland et al.
have elegantly put forward a plausible hypothesis based on the fundamental rules
of combined diffusion and chemical reaction to a red cell to explain why ®@NO
could be finite in vitro but effectively infinite in vivo [22]. If this hypothesis holds
true 1/D;no would mainly reflect the resistance of the alveolar-capillary membrane
(~60%) with a smaller contribution from plasma and minimal contribution from
the outermost layers of the red cell (Fig. 13.2) [17]. But if this hypothesis is

Red blood
cell

Capillary
membrane

1/Dyno

Interstitial tissue

Alveolar membranel

Fig. 13.2 Diagram of the uptake pathways for inhaled nitric oxide (NO) and carbon monoxide
(CO) from the alveolar membrane to their combination with hemoglobin (Hb) within the red blood
cell, in terms of the Roughton and Forster equation [1], 1/DL=1/DM+1/(®-VC), where 1/DL is the
total resistance to NO or CO uptake, 1/DM is the resistance from the alveolar membrane to the red
cell membrane (membrane resistance) and 1/(®-VC) is the diffusion and chemical combination
resistance (red cell resistance) within the erythrocyte (1). The chief barrier to CO uptake is within
the red cell (~70-80%); the ~25% remaining resistance to CO diffusion is located in the alveolar
membrane (2). The main resistance (~60%) barrier for NO lies within the alveolar-capillary mem-
branes (3), while the red cell resistance (4) only accounts for less than 40% of the resistance to NO
diffusion [15]. Reproduced and adapted from [16] with permission from the publisher
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correct, this would also imply that one cannot accurately calculate DMCO and VC
in a combined D;no—Dico maneuver since these variables would differ for NO and
CO [22].

3 Conclusion

In clinical studies, the fact that Dyyo, unlike Do, was relatively independent of
changes in the inspired oxygen concentration, and thus alveolar oxygen pressure
[13, 18] and hematocrit [23], which operate through variations in the ® value for
blood, seemed to support the original notion that ®©NO was “effectively” infinite,
and that Dyyo is a surrogate for the alveolar membrane diffusing capacity, i.e.,
Dino = DMNO = 1.97-D; ¢o; this view is still held by some investigators [19, 20].
But the current consensus is that ®NO could be finite in vitro but effectively infinite
in vivo [22] and that Dy yo is weighted, but not dominated, by the membrane gas
conductance, while the D, ¢, is dominated by ®CO (Fig. 13.2) [17]. The D;no/Di.co
ratio has been studied in several clinical situations [24, 25] and will be reviewed in
Chap. 15.
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Chapter 14

Reference Equations for Simultaneously
Measured D; o and D;no: How Are
Reference Equations Influenced by Age,
Sex, and Anthropometric Variables?

Mathias Munkholm and Jann Mortensen

Abstract To this date, only a few reference equations for the simultaneously mea-
sured Dy co and Dyxo (D1, co.no) method have been published in adults. For children,
the number is even less. However, the different reference equations are largely alike.
Independent variables for most of the outcomes for the Dy o no method are sex,
height, age, and/or age squared. Outcomes increase with increasing height and are
generally higher in males than in females. In adults, there seems to be an accelerated
loss of diffusing capacity with increasing age. Weight is not an independent variable
for any of the outcomes. The possible influence of ethnicity on the outcomes has yet
not been investigated.

Keywords Reference equations - Dy o no - Independent variables - Dy ¢ - Dino

1 Introduction

To this date, a rather limited number of reference values for the simultaneously
measured D; o and Dyyo (Dy, co. no) method have been published. For adults, some
of these studies include only a small number of subjects (10-70 subjects) [1].
However, 2 studies include around 130 subjects each [2, 3], while 2 other studies
include around 300 subjects each [4, 5]. The latest of these has a rather large age
span ranging from 18 to 97 years [5]. In addition, one study has combined and
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reanalyzed data from three of the before mentioned studies to achieve one combined
set of reference equations [6]. This study has an age span from 18 to 93 years.

When it comes to children, one larger study exists. It comprises 312 children
being 5—17 years of age [7]. Apart from this, only a few smaller studies on children
exist [8, 9].

2 Independent Variables in the Reference Equations

Since the Dy, ¢o, no method has many different outcomes such as Dy o, Dy no, Dm,
Ve, Keo, Kno, and V,, naturally many different reference equations have to be estab-
lished for this method. As one could expect, the independent variables vary some-
what between the different reference equations. However, in general the reference
equations include sex, height, age, and/or age squared.

Age: All outcomes decrease with age in adults. Furthermore, there seems to be
an accelerated loss of diffusing capacity with age, which has been observed in all
studies including a relatively high number of old people (Fig. 14.1). This acceler-
ated loss can be taken into account by including age squared in the reference
equation.

Sex: Generally, outcomes are higher in men than in women (Fig. 14.1). However,
as suggested by two of the largest studies, the opposite seems to be the case when
looking at Vc/VA [5, 6].

Height: When it comes to Dy co, Dy no, Dm, and Vc, increasing height renders
higher outcomes.

Weight: No studies have found weight to be a significant independent variable.

Ethnicity: To this date, no studies have explored the potential significance of
ethnicity on the outcomes of the Dy co no method. Most studies have been per-
formed on Caucasians, while one study has examined North African children [8].

3 Children

Not surprisingly, reference equations for the Dy o no method in children are more
limited than for adults. Two smaller studies have been published. One involving 85
children and the other involving 50 children over 8 years of age [8, 9]. In addition,
in 2014 a larger study comprising 312 children in the age of 5-17 years was pub-
lished [7]. However, because these reference equations are presented in a rather
complex way including exponential functions, direct comparison to the other refer-
ence equations is difficult. In general, increasing height renders higher outcomes in
children.
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Fig. 14.1 Reference equations for diffusion capacity for CO (a) and NO (b) from five publications
in adults. We acknowledge the European Respiratory Society (ERS) for letting us reproduce this
figure from: Munkholm M, Marott JL, Bjerre-Kristensen L, et al. Reference equations for pulmo-
nary diffusing capacity of carbon monoxide and nitric oxide in adult Caucasians. Eur Respir J
2018; 52: 1500677. [https://doi.org/10.1183/13993003.00677-2015]

4 Conclusion

Independent variables for most of the outcomes for the Dy ¢o no method are sex,
height, age, and/or age squared. Outcomes increase with increasing height and are
generally higher in males than in females. In adults, there seems to be an accelerated
loss of diffusing capacity with increasing age. Weight is not an independent variable
for any of the outcomes. The possible influence of ethnicity on the outcomes has yet
not been investigated.
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Chapter 15 )
Differential Diagnosis Based on the Newly
Developed Indicator of D;xo/D;co: What
Are Pathophysiological Backgrounds

on DLNO/DLCO?

Check for
updates

Anh Tuan Dinh-Xuan

Abstract The diffusing capacity of the lung for nitric oxide (Dino) can now be
measured simultaneously with the diffusing capacity of the lung for carbon monox-
ide (Dy o) in a single breath-holding maneuver. The Dy no/D) o ratio has the advan-
tage of remaining stable over time in a given healthy individual, unlike the
well-known decline in Dj ¢o and Dy yo values with aging, making the D yo/D) o ratio
an interesting parameter to consider when assessing alveolar-capillary gas exchange
in the elderly. In clinical studies, three patterns emerged for the D;no/Dico ratio. A
high Dy no/Dyco ratio is associated with pulmonary vascular disease, a normal ratio
is associated with mild to moderate COPD, chronic heart failure, and morbid obe-
sity, and a low Dyno/Dyco ratio is seen in lung disease with alveolar destruction
(severe COPD with emphysema), or interstitial fibrosis including cystic fibrosis and
interstitial fibrotic lung disease.

Keywords Lung gas diffusion capacity - Nitric oxide - Carbon monoxide
Pulmonary capillary volume - Alveolar-capillary membrane conductance

1 Introduction

More than 60 years ago, Roughton and Forster [1] have proposed a model describ-
ing the transfer of carbon monoxide (CO) or any diffusible gases, including oxygen
(O,) and nitric oxide (NO), from air to blood as a two-step process in which the gas
has to overcome two resistances in series according to eq. 15.1 (Fig. 15.1):
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Fig. 15.1 Ratio of carbon monoxide (CO) membrane diffusing capacity (DMCO) to pulmonary
capillary volume (VC), DMCO/VC, and red cell diffusion resistance (Rrc) for CO as a percentage
of total (Rtot) CO diffusion resistance, Rrc/Rtot%, plotted against ratio of diffusing capacities for
nitric oxide (NO) and CO, D;no/D; co, for normal male, aged 45 years, height 175 cm. Individual
points calculated using the computer program in the online supplement of Zavorsky et al. [14]. The
relationship is given by the equation DMCO/VC = 0.0536-exp?7#5PINODLCO  and  Rre/
Rtot% = 69.805 In(D;xo/Drco) — 31.963. Reproduced and adapted from [10] with permission from
the publisher

1/DL=1/DM+1/©®-VC (15.1)

where

 1/DListhetotal resistance of the blood—gasbarrier to gas transfer (mmol~!-min-kPa
in ST units or mL~!-min-mm Hg in traditional units),

e DM is the membrane diffusing capacity, whereas 1/DM is the resistance to pas-
sive diffusion across the alveolar-capillary membrane and intracapillary plasma,

e O is the specific transfer conductance of blood (measured in vitro) for a specified
gas, VC is the pulmonary capillary blood volume (measured in mL), whereas 1/
©-VC is the resistance to gas transfer of the red blood cell for reactive gases such
as CO, NO, or oxygen.

In the 1960s and 1970s, the Roughton and Forster’s approach (eq. 15.1) was
applied by means of repeated measurements of diffusing capacity of the lung for
CO (Do) using two different partial pressure of oxygen (PO,) to derive DM and
VC [2, 3]. This approach was time consuming and was therefore not very often
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applied. As a result, the single breath D o method without computing DM and VC
remained the most commonly used technique for measuring gas transfer from the
alveolus to the pulmonary capillary blood in the clinical setting [4, 5]. In the 1980s,
two European groups of investigators based in Bordeaux (France) [6] and Cambridge
(UK) [7, 8] had the idea of mixing a second hemoglobin (Hb)-reactive gas, namely
nitric oxide (NO), together with the already used gas CO in the same reservoir from
which the patient can inhale both tracer gases (NO and CO) together with an inert
volume-marker gas (usually helium), a maneuver is known as the simultaneous
single breath D;no—D\co technique [8]. However, as discussed in Chap. 13, while
VC alveolar-capillary membrane diffusing capacity for carbon monoxide (DMCO)
may be calculated from the Roughton and Forster technique (eq. 15.1) using two
different PO,, there remain unknowns and controversies regarding the choice of
ONO and OCO values that should be used when computing DMCO and VC accord-
ing to the initial concept proposed by Roughton and Forster in 1957 and it is now
proposed to focus the Dy no/Dico ratio [9, 10] or to discuss on the interpretation of
either Djco and Dyyo separately (see Chap. 13). The present chapter will review
evidence from the literature on the physiological significance and clinical implica-
tions of the D no/Dyco ratio.

2  Dino/Dico Ratio: Physiological Interpretation

With the classical analysis proposed by Roughton and Forster [1] and from eq.
(15.1), the two resistances (1/DMCO and 1/©@CO-VC) are approximately equal,
with a 50:50 split for CO [11]. For NO, the total resistance to alveolar-capillary dif-
fusion (1/D;xo) is much less, 20-25% of that for CO, thus D; o is four to five times
greater than Dj o [9]. On clinical grounds, the Do data from pulmonary vascular
disease and anemia seemed to favor a 25:75 partition between the membrane resis-
tance, 1/DMCO (25%) and the red cell resistance, 1/@CO-VC (75%), and this was
supported by calculations of DMCO and VC, using more recent estimates [12] of
the 1/@CO-PO, relationship [13]. Recent work using the Djxo—Djco method with
finite values for ®©NO and O@CO [14] suggests that the red cell resistance percentage
for 1/Dyno is much less (37%) and that 1/D; o is weighted, but not dominated, by
the membrane gas conductance (63%) [14, 15]. When computing theoretical D; o,
D\ o values and the resulting Dy no/Dy oo ratios using the generally accepted value
for ®NO [16] and the newly published equation for the 1/@CO-PO, relationship
[13], we found a curvilinear relationship between DMCO/VC and D xo/D co, Which
is independent of the absolute values of Djyo and Do (Fig. 15.1). A comparable,
but not superimposable, curvilinear relationship was also found between red cell
diffusion resistance (Rrc), expressed as a percentage of the total resistance (Rtot) to
CO diffusion (Rrc/Rtot%) (Fig. 15.1) [10]. In other words, 1/Dyxo represents 1/
(DMCO-1.97), and 1/D; ¢ reflects 1/VC. As a result the D;yo/Dyco ratio can be
viewed as an expression of two other related ratios, DMCO/VC and the Rrc/Rtot%
fraction for CO (Fig. 15.1).
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3 D;no/Dyco Ratio in Health and Disease

3.1 Normal Aging

As DL has two components (VA & K) and since VA is common to Do and D co
the effects of aging on Dy no/Dyco should only depend on the rate of change in the
KNO/KCO ratio. As KCO and KNO decline with aging at the same rate [17-19],
D no/ D) o ratio remains stable over time, unlike the well-known decline in D, oo and
Dy no values with increasing age [9, 10, 14]. Thus, age independence is a benefit
when D) no/Dy o ratios in the elderly are being considered.

3.2 Physical Exercise in Healthy Individuals and Patients
with Lung Diseases

As cardiac output and oxygen consumption increase during physical exertion, both
Dino and Dy increase linearly during moderate to heavy (maximum oxygen
uptake 46.5 mL min~! kg™!) exercise [14, 20]. With exercise, pulmonary vascular
pressures increase and more alveolar surface is available for gas exchange from the
opening up of closed capillary units in the alveolar septa (recruitment) and dilata-
tion of already patent vessels. This recruitment and dilation increase DMNO and
DMCO. In addition, D, oo will increase as VC increases. As the increase in D yo will
be smaller than that of Do, the resulting Djno/D)co ratio decreases linearly with
increasing power output [21] by about 17-28% from rest to maximum exercise [14].
In patients with pulmonary sarcoidosis and lung fibrosis, the Dy no/Dico ratio fell
similarly from rest to exercise [22].

3.3 Change in Lung Volume
3.3.1 Healthy Individuals

During the single breath test, D;yo and Dy o are measured at maximum lung infla-
tion, i.e., when the subject reaches his total lung capacity (TLC) before holding his
breath. The breath-hold lung volume is then measured by inert gas (usually helium)
dilution from the expired gas. A subtraction of dead space volume (instrumental
plus anatomic dead space) is made and an “alveolar volume” (VA) calculated. This
VA at TLC (~VAmax) is about 94% (SD 7%) of a separately measured TLC by
multi-breath dilution [23, 24]; this difference (from 100%) is 3—4% greater than
expected from the anatomic dead space and reflects incomplete alveolar mixing dur-
ing the 10 s breath-hold time. Healthy subjects can voluntarily stop the initial inspi-
ration to TLC at a submaximal volume (1/2VAmax to 0.9VAmax) and D, yo and
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Fig. 15.2 Plot of diffusing 100 75 50
capacities for nitric oxide 100 I I
(NO) and carbon monoxide
(CO) and their ratio
(Dyno/Di o), membrane
diffusing capacity for carbon
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D co and their components measured at different levels of alveolar expansion [24].
In Fig. 15.2, as the alveoli reduce in size (down to 50% VAmax), the reduction in
D no exceeds that of Do and the D no/D; o ratio falls. This is because AD; o 18
more driven by ADMNO than the more VC-weighted D;co. As the change in
DMCO/VC is similar to the change in DMCO itself, VC changes little as the lung
becomes smaller. This explains why extrapulmonary restriction which reduces VA
to half its maximal value only decreases the D no/D) o ratio by 20% (Fig. 15.2).

3.3.2 Patients with Lung Diseases

In patients with lung diseases or lung involvement from systemic diseases, VA can
be reduced by alveolar destruction or filling with fluid or inflammatory tissue. This
may be local (e.g., pneumonectomy) or diffuse. A 50% loss of VA in pneumonec-
tomy only results in a 40% (and not 50%) reduction of D) o of predicted maximal
values. Capillary dilatation and recruitment increasing blood flow and alveolar vol-
ume in the remaining lung explains explain this relatively smaller than expected fall
in Dico [5]. This “compensatory” effect (mediated by an increase in KCO to
110-120% predicted) might be less for Djyo (though Do is also blood volume
sensitive), so Dy no/Dyco might theoretically fall; but there is no data to date one way
or the other. The third cause of VA reduction is poor distribution of the inhaled
marker gases (usually helium); this occurs in airflow obstruction when the sepa-
rately measured TLC exceeds the single breath VA. The effect on Dy no/D) co is dif-
ficult to predict in those circumstances.



256 A. T. Dinh-Xuan
3.4 Altitude-Induced Hypoxia

Several studies [25-29] have looked at the effects of acute and chronic exposure to
hypoxia of altitude dwelling (Table 15.1). All values, including those for permanent
residents (highlanders) are expressed as percent of that at sea level in the “lowland-
ers.” A fall in Dy no/D) o ratio is seen in a majority of studies, whereas the rise in VC
is unanimously observed by all investigators (Table 15.1). This increase in VC is
probably due to an increase in cardiac output and pulmonary capillary recruitment
and dilatation. When comparing lowlanders and highlanders (acute versus chronic
exposure), highlanders have large increases in Dy o, Dico, DMCO, and VC, with
reductions in Dy no/Dyco. Highlanders have secondary polycythemia, which is par-
ticularly marked in those with chronic mountain sickness [26]. The high hemoglo-
bin concentration explains a large part of the high D;, and VC.
In summary, altitude-induced hypoxia causes the following changes:

— An increase in pulmonary blood flow (as a result of increased cardiac output) on
acute exposure thus explaining high Dy xo, Dy co, and VC.

— Polycythemia (as a result of chronic hypoxia) thus accounting for increased D o
and VC through an expansion of the alveolar membrane surface (tDMCO).

— Capillary recruitment (tDyco and 1VC) also likely occurs in lowlanders after
2/3 day exposure to altitude-induced hypoxia [27, 28].

Table 15.1 Acute and chronic effects of altitude-induced hypoxia in lowlanders and highlanders.
All results are as % of sea level controls for each study

Altitude exposure | DLyo/ DLyo Dmeo

Authors n |and locations DLco % DLco % | % Ve % Ref

Healthy lowlanders

de Bisschop 16 | 4 days at 4000 m. 86 84 97* 73 111 [25]

et al. Bolivia.

Groepenhoff | 15| 4 days at 4300 m. 83 127 155 102 183 [26]

et al. Peru.

Martinot et al. |25 | 2-3 days at 4300 m. | 92 121 131 108 138 [27]
Peru.

Faoro et al. 13 2-4 days at 5150 m. | 93 103 112 94 120 [28]
Nepal.

Taylor et al. 7140 days at 5150 m. | 106 117 110 126 104 [29]
Nepal.

Highlanders

de Bisschop 8 | 4000 m. Bolivia. 83 110 133 (Hb | 129 161 [25]

et al. 17.1) (137%)

Groepenhoff 15 14300 m. Peru. 79 132 167 (Hb | 101 208 [26]

et al. 18.0) (169%)

Faoro et al. 28 | 5150 m. Nepal 82 153 185 (Hb | 125 222 [28]

17.6) (196%)

2Corrected for polycythaemia to the standard hemoglobin level (13.4-14.6 g dL™)
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3.5 D;no/D;coRatios in Respiratory Disease

In Table 15.2, there are listed clinical studies [22, 30-39] that have specifically used
Dy no/Dy oo ratios to distinguish patients from healthy controls and/or to differentiate
one group of diseased individuals from another. One important feature is that all
studies reported here had their own controls (normal subjects) to report patients’
values as “% control.” This is important because, at this early stage in the develop-
ment of the Do, the “normal” value of D no/D\co ratios, i.e., the ratios found in
healthy control subjects, varies widely (from 3.9 to 5.4) from one study to another.
Studies reported in Table 15.2 are also arbitrarily divided into three groups (A, B &
C) depending on the values of Djyo/Dico ratios as compared with controls in a
given study.

Studies in Group A [30-32] reporting high (>110% control) Dy no/D) o ratios are
associated with pulmonary vascular disease, either associated with remodeling and
dilatation in the pulmonary capillary as seen in the hepatopulmonary syndrome [30]
or pulmonary arterial hypertension [31, 32]. In all three studies, D; o and D ¢ val-
ues are low, but the DMCO/VC ratio is high as the reduction in VC is greater than
the reduction in DMCO.

Table 15.2 Clinical studies of Dy no/D) o ratios with related values and indices. All values are as
percent of study controls

Authors Diagnosis n 'DLyo/DLco | DLno % |DLeo % | Ref
Group A

Degano et al. HPS 11 111 71 66 [30]
Borland et al. PAH 12 111 65 62 [31]
van der Lee et al. |PAH 26 114 58 65 [32]
Group B

van der Lee etal. |ILD 41 105 58 65 [32]
van der Lee et al. | Smokers: GOLD 0 168 | 107 95 89 [33]
id COPD: GOLD 1 68 | 110 95 86 id
id COPD: GOLD 2 26 97 88 86 id
Magini et al. CHF 107 82 77 [34]
Farha et al. PAH 28 | 100 70 71 [35]
Zavorsky, 2008 Morbid obesity 10 103 108 95 [36]
Group C

Phansalkar et al. ILD (sarcoidosis) 25 80 35 43 [22]
Moinard et al. COPD: GOLD 34 10 94 52 56 [37]
Dressell et al. Cystic fibrosis 21 86 77 87 [38]
Barisione et al NSIP? 30 91 52 58 [39]
id UIP-ILD 30 89 32 37 id

CHF chronic heart failure, COPD chronic obstructive pulmonary disease, GOLD Global initiative
for chronic obstructive lung disease, HPS hepatopulmonary syndrome, /LD interstitial lung dis-
ease, NSIP non-specific interstitial pneumonia, PAH pulmonary arterial hypertension, UIP Usual
interstitial pneumonia. Rows are arranged in three sections (A > 110%, B < 110% > 95%,
C<95%)
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Studies in Group B reported normal (110-97% control) D no/D) o ratios [32—
36]. Those studies with a reduced D;co (<80% control) are also associated with
pulmonary hypertension (PH), either associated with chronic heart failure (postcap-
illary PH) [34] or arterial (precapillary) PH [35].

Studies in Group C reported low D no/Dco (<95% control) ratios seen in patho-
logical conditions reducing lung gas exchange surface, e.g., destructive emphysema
[37] cystic fibrosis [38] or interstitial lung disease [39], including sarcoidosis [22].

4 Conclusion

When measuring NO transfer from alveolar gas to pulmonary capillary blood one
can consider that D;yo mostly reflects alveolar capillary membrane conductance
(DM) as NO readily reacts with red cell hemoglobin thus making negligible lung
capillary blood resistance to NO diffusion. On the other hand, because CO has a
much slower reaction with oxygenated hemoglobin, one can consider that Djco
mainly reflects red cell conductance. As a result, D ¢ will be reduced when pulmo-
nary capillary volume (VC) is compromised. According to the Roughton and Forster
equation, the Dy no/D;co ratio is positively related to the DMCO/VC ratio and the
CO red cell resistance fraction (Rrc/Rtot) in a curvilinear manner. The relationship
between Djxo/Dico and DMCO/VC or Rrc/Rtot% is independent of the absolute
values of Dy o or D co. In clinical studies, three patterns emerged for the Dy xo/Di co
ratio. A high Dyno/Di o ratio is associated with pulmonary vascular disease, a nor-
mal ratio is associated with mild to moderate COPD, chronic heart failure, and
morbid obesity, and a low Djno/Dico ratio is seen in lung disease with alveolar
destruction (severe COPD with emphysema), or interstitial fibrosis including cystic
fibrosis and interstitial fibrotic lung disease.
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Chapter 16

Clinical Significance of Simultaneous
Measurements of D; o and Dy no: Can Dy o
and D, o Differentiate Various Kinds

of Lung Diseases?

Kazuhiro Yamaguchi

Abstract The advantages and disadvantages of simultaneous measurement of Dy ¢
and Dy yo are systematically reviewed. We have learned many important phenomena
about abnormal behaviors of Dy ¢ and Dy o in a variety of lung and cardiac diseases
from papers published so far. They showed that sensitivity to detecting pathological
changes in alveolar septa is higher in Dy yo than in Dy o, but it is almost identical in
a practical sense. The most attractive point of simultaneous measurement of Dy g
and Dy o is to partition Dy ¢o and Dy o into membrane component of Dy (Dyco) and
pulmonary capillary blood volume (V). However, there are serious problems with
this partitioning. Relative Krogh diffusion constants of NO against CO in various
diffusion paths, i.e., Ynoco (Dyno/Duco)s and specific gas conductance of NO in
blood (Byo) are not conclusively warranted. Therefore, the author considers that one
should wait for partitioning Dy co and Dy o into Dyco and V¢ until reliable Yyo,co
and Oyo values are ensured. Instead, the author advises one to use Dj nyo/Dyco, which
is certified to act as representative of Dyco/ V¢ under any pathophysiological condi-
tions. Important role of Dy yo/Dyco was identified in patients with IPF, NSIP, alloge-
neic stem cell transplantation, lung transplantation, and so forth, who showed
decreasing Djno/Dico, reflecting a decrease in Dyco (including heterogeneity of
Dyico distribution), which is caused by augmented injury of alveolocapillary tissue
barrier. On the other hand, patients with pulmonary arterial hypertension showed
increasing Dy no/Dico, reflecting a decrease in Vc (including heterogeneity of V¢
distribution), which is elicited by augmented injury of pulmonary microcirculation.
As such, Dyyo/Dyco works as a good, clinical indicator for differentiating between
pathophysiological abnormalities in the alveolocapillary tissue barrier and those in
pulmonary microcirculation without awareness of actual values of Dyco and V.
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Keywords Diffusing capacity (D) for CO or NO (D o, Dino) - Membrane
component of Dy, (Dyico, Duno) - Blood component of Dy, (Dgco, Dgno) - Pulmonary
capillary blood volume (V) - Specific gas conductance of CO or NO in blood (6co,
9NO) : DLNO/DLCO

1 Introduction

More than 100 years ago, Marie Krogh developed the method to measure the single-
breath uptake of carbon monoxide (CO) from alveolar gas to hemoglobin (Hb)
packed in the erythrocyte (breath-holing time: 6 ~ 10 s) [1]. Since then, the single-
breath diffusing capacity for CO (D; o) has gradually gained a position as the most
clinically useful pulmonary function test after spirometry and lung volume exami-
nation. The practical method to measure the single-breath D, ¢ was established by
Ogilvie et al. [2] and has been utilized in the field of clinical practice to date. At the
same time, Roughton and Forster [3] proposed a model describing the gas transfer
of CO in the lung. They postulated that CO transfer process from alveolar gas to Hb
packed in the erythrocyte is prescribed by aqueous-phase diffusion and reaction
with Hb but not by capillary perfusion, leading them to simplify the CO transfer
process into two distinct processes, i.e., (1) the membrane component of diffusing
capacity for CO (Dyco) that reflects the aqueous-phase diffusion limitation across
the effective alveolocapillary membrane consisting of alveolocapillary tissue barrier
and plasma layer surrounding the erythrocyte, and (2) the blood component of dif-
fusing capacity for CO (Dgco) that is defined as the product of specific gas conduc-
tance of CO in the blood (8¢o) and pulmonary capillary blood volume (V¢), i.e.,
Dgco = 0o Ve. The B¢q signifies the diffusive and reactive process across the inte-
rior of the erythrocyte (including erythrocyte membrane, if it has any resistance)
incorporated with the competitive, replacement reaction of CO with oxyhemoglo-
bin (HbO,). As the reciprocals of Dyco and Do are the gas transfer resistances that
are connected in series, the total resistance for CO transfer, 1/D; ¢, is expressed as
(Fig. 16.1):

/Dy =1/ Dy +1/(9co'Vc) (16.1)

Eq. 16.1 allows one to decide Dy;co and V¢ from D, o values measured at two
different alveolar partial pressures of O, (PO,) (Roughton—Forster’s (R—F) classic
two-step PO, method [3]).

About 30 years ago, Guénard et al. [4] and Borland and Higenbottamet [5] inde-
pendently proposed a novel method, in which D, ¢ and diffusing capacity for nitric
oxide (Dyno) are simultaneously measured (simultaneous one-step CO-NO method).
Differing from the R-F classic two-step PO, method, the simultaneous one-step
CO-NO method requires only the single measurement of D o and Dy yo at a certain



16 Clinical Significance of Simultaneous Measurements of D; ¢o and D yo... 263

Effective alveolocapillary
Membrane (Dy,)

o

M = Cross-section
of a capilla
Alveolocapillary pran

tissue barrier  asma layer

!
o Erythrocyte (Ds= 6-Vc)
Diffusion
in gas phase Replacement reaction
e between CO and HbO»
coO CcO CO Diffusion
NO NO NO CO + HbO, «>HbCO + O,
Alveolar air Diffusion I_. NO + HbO,—> MetHb + NO,~
Diffusion Almost complete consumption
of NO by Oz in HbO2

Fig. 16.1 CO and NO transfer from alveolar gas to hemoglobin (Hb) in erythrocyte. Membrane
component (Dy) of diffusing capacity is prescribed by diffusion through the effective alveolocapil-
lary membrane that includes gas-phase diffusion (stratified heterogeneity of inspired gas), alveolo-
capillary tissue barrier, and plasma layer, while blood component (Dg = 0-V¢) is prescribed by
diffusion in erythrocytes for NO but diffusion and chemical reaction in erythrocytes for
CO. Reaction of CO with oxyhemoglobin (HbO,) is replacement reaction, while that of NO with
HbO, is oxidative reaction in which ferrous HbO, is converted to ferric methemoglobin (MetHb)
that loses the ability to bind to O,. Oxidative reaction by NO produces NO;~ simultaneously.
Scanning electron microscopic images of alveolar septa are personal provision from Weibel

alveolar PO, for determining Dyco (or Dyno) and Ve under some unique assump-
tions. Replacing CO with NO, Eq. (16.1) can be applied for estimating D; o, as
well. The growing demand for the D; yo measurement in a clinical practice compels
the Task Force Panel organized in the European Respiratory Society (ERS) to estab-
lish the standardization on the method and interpretation concerning the simultane-
ous measurement of D; o and D; no [6], which is called the 2017-ERS Standards in
the current study. If the assumptions adopted by the 2017-ERS Standards are valid,
the simultaneous one-step CO-NO method is clinically more convenient than the
R-F classic two-step PO, method and curtails the time required for D, measure-
ment. Unfortunately, however, the validity of basic assumptions underlying the
simultaneous one-step CO-NO method has not been firmly certified. Furthermore,
it has not been well understood about the matter of what should be cautious when
interpreting the measures of Dy o and Dy o in a clinical setting. The current study,
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therefore, shed light on the following issues: (1) physical and chemical properties
that build Dy ¢ and Dy o, including physical and chemical properties of CO and NO
in various tissue components, including effective alveolocapillary membrane and
erythrocytes; (2) what are the most appropriate values of 8o and Oyo in capillary
blood?; (3) considerations for various assumptions introduced by Roughton and
Forster for describing diffusing capacity; (4) precautions on Do and D;yo mea-
sured in clinical practice; and (5) learning from D; ¢ and Dy yo measures in a variety
of lung and cardiac diseases.

2 Physical and Chemical Properties Building D; o and Dy no

2.1 Physical Properties of CO and NO in Different
Diffusion Paths

The solubility (o, Bunsen solubility coefficient expressed in mL/mL/atm) in water
is 0.0189 for CO and 0.035 for NO (Table 16.1). Although reliable values concern-
ing the solubility of these gases in lung tissue have not been reported, Power [16]
identified that the solubility of CO in human lung tissue is depressed by ~5% in
comparison with that in water. Differing from CO and NO, the physical properties
of O, have been well studied under a variety of aqueous conditions. Therefore, the
author discusses the general difference in gas solubility in various diffusion paths
based on the ag, measured in water, protein solution, erythrocytes, or lung tissue.
The o, in water is 0.0238, which is decreased as the solvent density (p, g/cm?) is
increased by the addition of albumin, while the o, in erythrocytes is 1.2-fold that
in water due to the solvent effect of Hb [17, 18]. The o, in human lung tissue is
0.0213, which is 10% lower than that in water [16]. The evidence harvested for o,
indicates that although the solubility of a certain gas differs depending on the sol-
vent conditions, the difference is tolerably small. These facts suggest that the solu-
bility of a gas in various diffusion paths from the alveolocapillary tissue barrier to
the interior of the erythrocyte is nearly identical and approximated by that in water.

On the other hand, the diffusivity (d, cm?s) of CO or NO in various diffusion
paths has a critical problem. Since trustworthy values of d¢o and dyo in plasma
layer, erythrocyte, and lung tissue have not been investigated so far, the author
thinks over the behavior of d of a certain gas under different solvent conditions
based on the well-recognized do, data. The dg, in water is 2.83-1073 at 37 °C [19],
which is reduced as the viscosity (p, g/cm/s) of the solvent is increased by the addi-
tion of albumin or serum proteins [20, 21]. The dg, in the solution with a normal
albumin concentration of 5 g/dL is 2.49-107%, which is 88% of that in water. Stein
et al. [22] demonstrated that the dg, in erythrocytes is greatly reduced as the solvent
p is augmented by a high Hb concentration, resulting in that the do, at a normal Hb
concentration of 33 g/dL packed in erythrocytes is 7.5-107%, which is only 27% of
the do, in water. These facts surely indicate that differing from the gas solubility, the
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Table 16.1 Physical and chemical properties of CO and NO
CO NO

Bunsen solubility coefficient in water* (o, mL/mL/atm) 0.018 0.035
Molecular weight (g/mol) 28 30
Relative diffusivity in water® by Fick/Graham’s law 1 0.97
Relative Krogh diffusion constant in water (Y'yo/c0)* by Fick/ 1 1.97
Graham'’s law

Measured diffusivity in water® (cm?%sec) 3.26-107 4.80-10°
Relative Krogh diffusion constant in water (Ynoico)® estimated 1 3.35
from measured diffusivity

Association rate constant with Hb¢ (x”: pM~"-s7") 6.0 60
Dissociation rate constant with Hb® (k: s~!) 0.008 0.00003
Equilibrium constant with Hb¢ (K: pM™!) 750 2-10°
Relative affinity with Hb® in contrast to the affinity of O, with 234 6.25-10°
Hb

PO,-dependence of 0¢ + -
Hematocrit-dependence of 6¢ + +

0 under in vivo conditions recommended by 2017-ERS 0.56 4.5
Standards®* (PO, = 100 mmHg and normal Hb concentration) (Guénard (Carlsen and
(mL/min/mmHg/(mL-blood)) et al.g) Comroeh)
6 under in vivo conditions recommended by Coffman et al.” 1.23 Infinite
(PO, = 100 mmHg and normal Hb concentration) (mL/min/ (Reeves and | (Boland
mmHg/(mL-blood)) Park?) et alj)

Hb: reduced Hb. 2017-ERS Standards [6]. *Wise and Houghton [7]. “Chakraborty et al. [8] mea-
sured for human Hb at a temperature of 20 ~ 25 °C and pH of 7.0. ‘Boland et al. [9]. “Borland et al.
[10]. ‘Coffman et al. [11]. eGuénard et al. [12]. "Carlsen and Comroe [13]. ‘Reeves and Park [14].
‘Borland et al. [15]

gas diffusivity is distinctly varied along diffusion paths from alveolocapillary tissue
barrier to erythrocytes. However, it can be assumed that although the absolute dif-
fusivity of a gas differs greatly among alveolocapillary tissue barrier, plasma layer,
and interior of the erythrocyte, the relative diffusivity defined by dyx/dy (X, Y: two
indicator gases) may be approximately the same in any of the diffusion path. This is
ascribed to the fact that the dx/dy in a binary diffusion system is approximated by
the reciprocal ratio of the square root of molecular weight (MW) of the two gases
concerned, which is called the Fick/Graham’s law and expressed as:

1/2

dy /dy ~ (MW, )" /(MW,) (16.2)
Since the molecular weight of CO and NO is 28 and 30 g/mol, respectively, the
dno/dco 1s expected to be 0.97. This value is taken to be the same in any lung tissue
forming aqueous-phase diffusion paths, including alveolocapillary tissue barrier,
plasma layer, and interior of the erythrocyte (Table 16.1).
The diffusive process of CO and NO in aqueous-phase diffusion paths is pre-
scribed by the Krogh diffusion constant that is defined as (a-d). The a for each



266 K. Yamaguchi

indicator gas is roughly equal along whole diffusion paths. Furthermore, the relative
diffusivity (dno/dco) is approximately the same in any diffusion path. Thereby, the
relative Krogh diffusion constant of NO against CO, which is defined as Yxo/co, 1S
expressed by the following equation:

TNorico = (a'd)NO /(a'd)co (16.3)

Y'noico equals the ratio of membrane diffusing capacity for NO (Do) to that for
CO (Dwmco)- Based on the oo and oo in water summarized by Wilhelm et al. [23]
and the dyo/dco estimated from the Fick/Graham’s law, the 2017-ERS Standards
considered that the best value of Yyo,co 18 1.97 and the Dyno/Dumco is described as:

Do / Dyeo =1.97 (16.4)

However, it should be noted that the Fick/Graham’s law is approved to be true
only in the gas-phase binary diffusion system but not in the aqueous phase. Wise
and Houghton [7] measured dco and dyo in water and found that they are, respec-
tively, 3.26-1075 and 4.80-107 at 37 °C (Table 16.1), resulting in that dyo/dco in
water is 1.47. The measurement by Wise and Houghton [7] indicates that dyo in
water is clearly larger than dco, which is the opposite of the result derived from
the Fick/Graham’s law (dno/dco = 0.97). The peculiar behaviors of NO and CO in
water are explained by the fact that although both NO and CO are polar mole-
cules, they carry different electronic dipole moments in aqueous-phase condi-
tions [7, 24]. Assuming that the relationship between dyo and d¢o in any diffusion
path is the same as that measured in water by Wise and Houghton [7], Kang et al.
[24] thought that the most appropriate value of dyo/dco in aqueous-phase diffu-
sion paths in the lung is 1.47, resulting in that Yyo,co in lung tissue is 3.35
(Table 16.1). In the analysis by Kang et al. [24], aco Was taken to be 0.018 and
ano Was 0.041. If the Ynyo,co value predicted by Kang et al. [24] is adopted, the
relationship between Dyno and Dy differs substantially from that described by
Eq. (16.4). Supporting the concept of Kang et al. [24], Coffman et al. [11] dem-
onstrated that the exercise-induced increase in Dyco and V is better predicted
from Yyosco value of 4.4 rather than 1.97. Based on these facts, the author feels
that the further in vitro and in vivo validation against the issue of what is the most
appropriate value of Yyo,co 1S needed.

The diffusivity of Hb in the erythrocyte should be considered, as well. This is
because a slow diffusion of Hb in the erythrocyte induces facilitated diffusion of a
gas which is bound to Hb. However, the diffusivity of Hb in the erythrocyte is
4.5 ~ 6.4-107% at 37 °C and normal Hb concentration [21], which is only 1.8% of
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free O, in water. Therefore, the facilitated diffusion caused by the ligand-bound Hb
in the erythrocyte may be ignored.

2.2 Chemical Properties of CO and NO Reacting with Hb

Association rate constant of CO with reduced Hb is 10% of that of O,, while dissocia-
tion rate constant of CO from carboxyhemoglobin (HbCO) is 4-10~* of O, [8], as the
result of which the affinity of CO with reduced Hb is 234 times higher than that of O,
(Table 16.1). Despite this fact, the partial pressure of CO (Pco) in the erythrocyte and
thus in the capillary blood is not zero and shows a low but finite value depending on
PO, surrounding Hb in the erythrocyte [25], which indicates that CO has a nature
limited by perfusion, as well. In addition, it should be noted that under physiological
conditions (normoxic PO, and low P¢q), uptake of CO by erythrocytes is predomi-
nantly limited by the replacement reaction between CO and HbO,, which is much
slower than the association reaction of CO with reduced Hb [8]. Hence, CO can be
regarded as the gas that is limited by the combination of perfusion, aqueous-phase
diffusion, and reaction with HbO,, among them the replacement reaction of CO with
HbO, being a major limiting step for CO gas transfer. These facts suggest that the
estimation of Dy ¢ using Eq. (16.1), which is only validated under conditions with no
perfusion limitation, may make an error (see Sect. 16.4.1).

The association rate constant of NO with reduced Hb, which is the oxidative
reaction transforming ferrous irons (Fe?*, reduced Hb) to ferric irons (Fe**, met-
hemoglobin (MetHb)), is of the same order of magnitude as O, combining with
reduced Hb forming HbO,, but the dissociation rate constant of NO from Hb is
1.5-107% of O,, resulting in that the equilibrium constant (i.e., the affinity) of NO
with Hb is 6.25-10° times larger than that of O, (Table 16.1) [8]. In in vivo condi-
tions where abundant O, is present, NO reacts directly with O, in HbO, and yields
a nitric anion (NO;") and a MetHb (Fig. 16.1). The association and dissociation
rate constants of this NO-elicited oxidative reaction with HbO, are thought to be
almost equivalent to those in the oxidative reaction between NO and reduced Hb.
Hence, NO is irreversibly consumed by HbO,, resulting in that partial pressure of
NO (Pyo) in the erythrocyte (thus, in the capillary blood) is maintained at zero
independent of erythrocyte PO, surrounding Hb; namely, there are no free NO
molecules to be transported by perfusion in pulmonary capillaries during the sin-
gle-breath Dy yo measurement with a short period of time, which indicates that NO
is purely limited by aqueous-phase diffusion but neither by reaction with Hb nor
by perfusion and gas transfer of NO from alveolar gas to Hb is correctly described
by Eq. (16.1) under a quasi-steady-state condition during a single-breath mea-
surement of Dy yo.
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3 What Are the Most Appropriate Values of Specific Gas
Conductance of CO (0co) and of NO (0yo)
in Capillary Blood?

3.1 0O in Capillary Blood

The molar ratio of CO against Hb in in vitro rapid-reaction or stopped-flow appara-
tus is about 1:1 whereas in in vivo single-breath measurements of D, the molar
ratio of CO to Hb is about 1:1-10%, implying that CO uptake is largely different
between in vitro and in vivo conditions. However, the main limiting process of CO
uptake is the replacement reaction of CO with HbO, irrespective of the condition in
which Hb exists with or without encapsulation by erythrocytes. Thus, the PO,—1/6¢¢
relationships measured with various in vitro methods [3, 26, 27] may work well as
those allowing for estimating D, ¢ in in vivo conditions. Furthermore, the direct
in vivo PO,-1/8¢, relationship was investigated by Guénard et al. [12]. They
searched the best-fit relationship of PO,—1/8¢, based on the D, ¢ values measured
at two different PO, over a narrow PO, range (inspired O, concentrations: 15 and
21%). They determined the optimal relationship between capillary PO, and 1/6¢¢ in
ten healthy subjects by minimizing the difference in Dyco/Vc. The result obtained
by Guénard et al. [12] was quantitatively consistent with most of the relationships
of PO,—1/8¢o measured in in vitro conditions (Fig. 16.2). Based on these facts, the
equation of PO,—1/6¢ reported by Guénard et al. [12] was adopted as giving the
most appropriate relationship between PO, and 1/6¢o in pulmonary capillaries by
the 2017-ERS Standards. The author has no objection against this selection and
postulates that 8¢ value is 0.56 mL/min/mmHg/(mL-blood) at PO, of 100 mmHg
and normal Hb concentration in blood, which is calculated from the equation pro-
posed by Guénard et al. [12].

3.2 Oyo in Capillary Blood: Finite or Infinite?

Carlsen and Comroe [13] measured the association kinetics of CO and NO bound to
free Hb and Hb packed in erythrocytes using a rapid-reaction, constant-flow appa-
ratus, in which the artifact evoked by the stagnant water layer surrounding the eryth-
rocyte is sufficiently removed. They found only a small difference in association
kinetics of CO between free Hb and packed Hb, suggesting that CO uptake by
erythrocytes is mainly prescribed by the reaction of CO with Hb. On the other hand,
they identified a large difference in association kinetics of NO between free Hb
(very fast) and packed Hb (very slow), indicating that NO uptake by erythrocytes is
limited by the aqueous-phase diffusion in the erythrocyte interior. The Oyo of human
biconcave erythrocytes calculated from the Carlson’s experiment is 4.5 mL/min/
mmHg/(mL-blood). Although several values of Oy, have been reported to date, the
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Fig. 16.2 Relationship between PO, and 1/0¢o. Group A includes relationships demonstrated by
(1): Roughton and Forster (1957) [3], (2): Forster (1987) [26], (3): Holland (1969) [27], and (4):
Guénard et al. (2016) [12]. Group B includes relationships demonstrated by (5): Roughton and
Forster (1957) [3] and (6): Reeves and Parks (1992) [14]. Measurement of Reeves and Parks was
made neither with rapid-reaction nor with stopped-flow but with a special procedure using blood
thin film with no flow. The findings of Reeves and Park have not been replicated. Lines belonging
to each group overlap each other without a large difference. However, lines assigned to group A
and those to group B are radically different. Of the lines belonging to group A, the line reported by
Guénard et al. [12] was accepted by 2017-ERS Standards as giving the most valid relationship for
PO,-depnedent change in 1/6¢ in in vivo conditions. A denotes the ratio of CO permeability of
erythrocyte membrane to that of erythrocyte interior introduced by Roughton and Foster [3].
However, A has been certified to be almost infinite, i.e., no gas transfer resistance through erythro-
cyte membrane

Ono reported by Carlsen and Comroe [13] is only the estimate directly measured
with a reliable method. Thus, the 2017-ERS Standards recommended to use the
constant value of 4.5 as the most appropriate value of Oy, in in vivo conditions.
Further disavowal against reaction limitation during NO uptake by erythrocytes was
ascertained by Borland et al. [9], who identified that D, is PO,- and hematocrit
(Ht)-dependent, whereas Djyo is PO,-independent but Ht-dependent. The PO,-
independent D;yo implies that NO uptake is not limited by chemical reaction
between NO and Hb. The Ht-dependent D, v indicates that NO uptake is impeded
with decreasing density of erythrocytes (i.e., anemia), which increases plasma layer
thickness. However, due to a larger Krogh diffusion constant of NO than that of CO
(Table 16.1), the relative contribution of diffusion limitation elicited by the
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Ht-dependent change in plasma layer thickness is anticipated to be small during NO
transfer. Indeed, Borland et al. [10] certified that the Hb adjustment for Do is
unnecessary until Hb concentration reduces to ~4 g/dL. Based on these facts, the
constant and finite value of Oyo has been considered to be valid under a wide variety
of in vivo conditions.

However, the opposition against the finite value of Oyo has been filed by a couple
of investigators [8, 11, 15, 24]. Of them, the theoretical analysis reported by Boland
etal. [15] deserves special attention. Carlson and Comroe [13] measured NO uptake
through the erythrocyte in a rapid-reaction apparatus under an equimolar condition
of NO and Hb, i.e., NO and Hb are 0.15 mmol/L and 0.11 mmol/L, respectively, just
after mixing. On the other hand, when measuring the single-breath Do in in vivo
condition, the subject inhales a gas mixture generally containing 40 ppm of NO for
10 s. Thereby, the NO concentration in the alveolocapillary tissue barrier will be
5.7-107 mmol/L just after the beginning of the D;yo measurement. Hb concentra-
tion in capillary blood is 20 mmol/L, which indicates that the molar ratio of NO
against Hb is 1:3.5-10° in in vivo measurement of Dy (i.e., the great excess in Hb
concentration), which differs largely from that in in vitro condition where the molar
ratio of NO against Hb is 1:1. Solving the one-dimensional diffusion-reaction equa-
tion for NO uptake by erythrocytes under the steady-state condition, Boland et al.
[15] found that NO is absorbed only by the Hb present in the vicinity of erythrocyte
surface, i.e., the “surface capture” of NO in in vivo D; yo measurement. On the other
hand, in in vitro measurement of NO uptake in a rapid-reaction apparatus, NO
should penetrate more deeply into the erythrocyte interior for seeking for Hb that
can bind NO, i.e., “deep penetration” of NO in in vitro NO uptake measurement.
These considerations suggest that the intracellular diffusion path is short (thus, dif-
fusion resistance is small) when D, o is measured in in vivo condition, while the
intracellular diffusion path is long (thus, diffusion resistance is large) when NO
uptake is measured in in vitro condition. Based on these facts, Boland et al. [15]
concluded that the aqueous-phase diffusion resistance against NO uptake yielded by
the erythrocyte is virtually zero and the By is practically infinite in in vivo condition
during single-breath measurement of D yo. Qualitatively the same conclusion was
attained by Kang et al. [24], who analyzed NO uptake by erythrocytes in coopera-
tion with the three-dimensional model of capillaries and erythrocytes under the
steady-state condition. Chakraborty et al. [8] expanded the theoretical analysis for
NO uptake by discoidal erythrocytes under the condition with no unstirred plasma
layer surrounding them and concluded that the in vivo Oy should be 4.2-10% mL/
min/mmHg/(mL-blood) in most cases of practical interest, the value being virtually
infinite. Supporting the aforementioned theoretical results, Coffman et al. [11] dem-
onstrated that while estimating Dyco from Do and Dy o measures, the exercise-
elicited increase in Dy,co is well predicted by infinite Oyo but not by finite Oyo of 4.5.
These theoretical and clinical observations suggest that although it is not known at
present whether By, in in vivo conditions is actually infinite or a large finite value,
it is certainly conceivable to exceed at least 4.5. Since the determination of the most
appropriate value of Oy during D;yo measurements is one of the most critical
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matters while estimating Dyco and V¢ from D;¢o and D;yo measures, the author
sincerely feels that this matter should be vigorously addressed again.

4 Considerations for Various Assumptions Introduced by
Roughton and Forster for Describing Diffusing Capacity

The unique assumptions that are needed for establishing the classical Eq. (16.1)
proposed by Roughton and Forster [3] are summarized as follows: (1) CO uptake
through alveolocapillary tissue barrier, plasma layer, and Hb layer within the eryth-
rocyte is predominantly prescribed by aqueous-phase diffusion and/or reaction with
Hb but not by capillary perfusion; (2) no gradient of P in the plasma; (3) no paral-
lel heterogeneity in the distribution of D, (to be exact, that of D;¢q to alveolar
volume (V,) defined as the Krogh factor [28]); and (4) no series (stratified) hetero-
geneity of CO in the alveolar gas phase. It is necessary to ascertain each of these
assumptions one by one.

4.1 Contribution of Perfusion-Limited Gas Transfer
to Diffusing Capacity

When an indicator gas has a nature limited by capillary perfusion besides aqueous-
phase diffusion and reaction with Hb, the following equation should be used for
estimating the total resistance for gas transfer from alveolar gas to Hb inside the
erythrocyte (Fig. 16.3):

1/D, =1/D, +1/D',, (16.5)

Dy =Dy +B-Q (16.6)

where D’ is the effective blood component of Dy, which is given by the sum of Dy
(true blood component of Dy yielded only by erythrocytes) and perfusion (Q) com-
ponent of Dy, i.e., (§-Q). (B-Q) indicates the perfusion-related gas conductance, in
which f is the capacitance coefficient of a gas in the capillary blood, corresponding
to the effective solubility of a gas [29]. Eq. (16.6) implies that the transfer efficiency
of perfusion-limited gas in the capillary is significantly augmented under conditions
where effective gas solubility and/or perfusion are increased. As argued in the previ-
ous section, NO transfer from alveolar gas to Hb in erythrocytes is predominantly
limited by aqueous-phase diffusion imposed by effective alveolocapillary mem-
brane and erythrocyte interior. However, the contribution of reaction with Hb and
perfusion is negligible in NO transfer. On the other hand, CO transfer from alveolar
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Fig. 16.3 Contribution of perfusion-limited gas transfer under steady-state condition. Ry: gas
transfer resistance prescribed by the alveolocapillary tissue barrier and plasma layer, which equals
1/Dy. Rp: gas transfer resistance prescribed by erythrocytes, which equals 1/Dg. Rp: gas transfer
resistance prescribed by capillary perfusion, which equals 1/(B-Q), where p is capacitance coeffi-
cient of an indicator gas in blood and Q is capillary perfusion. Gas entering into capillary blood is
divided into two paths, i.e., that transported by capillary perfusion (limited by Rp) and that captured
by erythrocytes (limited by Rp). Thereby, Rg and Rp are taken to be connected in parallel, resulting
in that gas transfer resistance, R’p, prescribed by Ry and Rp is described as 1/R’; = 1/
Rp + 1/Rp. Replacing 1/R’g by D', 1/Rp by Dg, and 1/Rp by (B-Q), D’ = Dg + (B-Q). Since Ry, and
R’ are connected in series, total gas transfer resistance, R, is described by Ry + R’g. Hence, 1/
Dy = 1/Dy + 1/(Dg + (B-Q))

gas to Hb in erythrocytes is limited by aqueous-phase diffusion through effective
alveolocapillary membrane and erythrocyte interior as well as reaction with Hb, in
which reaction with Hb plays a major role in limiting CO transfer. However, there
is a certain possibility that CO transfer is also influenced by perfusion to some
extent. This is inferred from the fact that HbCO concentration in the blood increases
by 0.6 ~ 0.7% after a single-breath measurement of D, ¢ is terminated [30], indicat-
ing that the P in capillary blood (i.e., free CO molecules) corresponding to the
equilibrium P¢, of HbCO dissociation curve also increases perceptibly during a
single-breath measurement of D) ¢o. The free CO molecules thus generated are pro-
cessed by the perfusion, thus increasing the Dy outwardly. To estimate the extent of
perfusion limitation in overall CO transfer from alveolar gas to Hb in erythrocytes,
the value of Dy co/(Pco-Q) was calculated using the diffusion—perfusion equation
proposed by Piiper and Scheid [29]. 1/D, ¢ is the total resistance for CO transfer
generated during the passage of CO from alveolar gas to Hb in erythrocytes, while
1/(Bco-Q) is the resistance generated by capillary perfusion (Fig. 16.3). The (1/
(Bco'Q))/(1/Dy o) value, i.e., the Dy co/(Peo-Q), is 0.01 ~ 0.02, resulting in that the
perfusion resistance is only 1 ~ 2% of the total resistance for CO transfer. Hence, the
author concludes that CO transfer is influenced by capillary perfusion but its contri-
bution to overall CO transfer is small, resulting in that CO transfer from alveolar gas
to Hb in erythrocytes can be reasonably described by Eq. (16.1). Regarding this
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issue, the persuasive experiment was performed by Boland et al. [9]. Using a mem-
brane oxygenator circuit in which gas flow, perfusion, and blood volume were
changed accordingly, they examined the contribution of perfusion to CO and NO
transfer under a condition that mimics the single-breath maneuver. They found that
the transfer of CO and NO from the gas phase to Hb in erythrocytes is independent
of blood flow over a 25-fold variation from 0.1 to 2.5 L/min, which confirms that the
transfer of CO and NO is practically not perfusion-limited in the single-breath
maneuver. However, it should be noted that perfusion-related CO transfer plays a
significant role when measuring the steady-state Do, in which a small amount of
CO (0.1% CO 1in air) is inhaled in minutes [25, 31].

4.2 Contribution of Incomplete Mixing in Capillary Blood
to Diffusing Capacity

If the mixing in the capillary blood is incomplete, 1/D; may be expressed by the
equation as [3]:

1/D, =(1+F)/Dy +1/D, (16.7)

where F is a constant defining the extent of mixing in the capillary blood. When
F = zero, mixing is complete, i.e., there is no partial pressure gradient of an indicator
gas in the capillary plasma. However, when F has a finite value, it indicates the pres-
ence of incomplete plasma mixing-elicited partial pressure gradient of a gas, which
results in the underestimation of Dy by a factor of 1/(1 + F). The mixing of capillary
plasma is ascribed to convection generated by erythrocyte motions in the capillary.
Even today, however, we do not know how complete (or incomplete) such mixing
is. Therefore, it is very difficult to estimate the actual effect of incomplete plasma
mixing (i.e., the determination of F) on Dy o and Dy yo measures.

4.3 Contribution of Parallel Heterogeneities
to Diffusing Capacity

To estimate the effect of parallel heterogeneities on gas transfer of CO and NO dur-
ing the single-breath measurement of D, o and D;yo in a simple way, the lung is
assumed to be configured by two acini (i = 1, 2) with varied properties of gas trans-
fer, including inspired/expired alveolar tidal volume (Vyr), alveolar volume (V,),
and diffusing capacity (D) for CO (Do) and for NO (Dyo). In the current study, the
“whole lung” in this simple model is termed the “virtual lung” (Fig. 16.4a). As the
acinus is regarded as the functional gas exchange unit, the distributions of Vyr, V,,
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Fig. 16.4 Effects of parallel inhomogeneities on D¢ in a lung model with two distinct acini. (a)
Acinus is assumed to configure functional gas exchange unit with constant alveolar ventilation,
capillary perfusion, and diffusing capacity (i.e., diffusive process through effective alveolocapil-
lary membrane as well as erythrocyte interior and reactive process in erythrocytes). Two acini
(i =1, 2) with varied properties for gas transfer are considered in this virtual lung model. Inspired/
expired alveolar tidal volume ((Vyr);), alveolar volume ((V,);), and diffusing capacity ((D);) for CO
are taken to be different between two acini. Inspired CO gas pressure (P;) is assumed to be identical
in two acini. (P,); is gas pressure of CO in each acinus, while P, is CO gas pressure of mixed
expired gas from two acini. Perfusion heterogeneity is not considered and partial pressure of CO
in each capillary network ((P,);) is taken to be zero. Although results obtained only for CO transfer
are depicted here, these are also applied for NO transfer because the qualitative effects of various
gas transfer properties are nearly identical between CO and NO. (b) CO uptake with time in acini
1, 2, and virtual lung under condition with heterogeneous distribution of (D/V,); but homogeneous
distributions of (Vx/V,); and (Vari/Var). Conditions of calculation are as follows: (D/V,), = 0.24,
(D/VA)2 = 0.4, (Vari/Va) = (Var/ Vi) = 0.16, and (Vari/Var) = (Vara/Var) = 0.5. Although the initial
point of logarithmic value of Phco/Pico just after the beginning of breath-holding is the same
between respective acini and virtual lung, CO uptake rate differs between them. Furthermore, CO
uptake process in the virtual lung is represented by a curved line rather than a straight line.
Therefore, simulation of this curved line by a straight line underestimates the slope, resulting in
that apparent Dy of virtual lung calculated under assumption with no functional heterogeneity of
D, /V, is underestimated by 6.3% compared to true D; expressed by (D, + D,). (¢) CO uptake with
time in acini 1 and 2, and virtual lung with heterogenous distributions of both (Vy/V,); and (Var/
Vi) but homogeneous distribution of (D/V,);. Conditions of calculation are: (D/V,), = (D/
Va)2 =0.08, (Var1/Va) = 0.08, (Vara/ V) = 0.24, (Var1/Var) = 0.25, and (Varo/ Var) = 0.75. Logarithmic
values of Pyco/Pico in both acini and virtual lung decay linearly with the same slope. Logarithmic
values of Pyco/Pico just after the beginning of breath-holding are different between both acini and
virtual lung. Apparent Dy of virtual lung estimated under assumption with no functional heteroge-
neity is identical to true Dy given by (D; + D,)
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and D within the acinus are homogeneous, whereas they differ between the acini.
Perfusion is homogeneously distributed in the acinus but differently distributed
between the acini. Back pressure of CO and NO in any pulmonary microcirculation
is supposed to be zero. The tissue components forming D include the surface area
and thickness of the alveolocapillary tissue barrier (Dy;) and that of capillary blood
volume (V¢). As discussed in detail in Sect. 5.3, the relationship between Dyo and
Dco (Dno/Dco) in the acinus is expressed by a function of anatomically determined
Dw/ Ve there. Thus, Dyo in an intended acinus is described by k-(D¢o), where k is a
constant, indicating that in a certain acinus, the magnitude of NO-related gas trans-
fer processed by Dyo is k-fold that of CO-related gas transfer by D¢o. However,
there is no qualitative difference between Dyo- and D¢o-related gas transfer. Thereby,
the concentration profile of CO and that of NO in alveolar gas of each acinus during
breath-holding are represented correctively in a single equation as:

[P /Pll =(Var / V) “EXP[=(D/V,) (P, ~Pio )t ] (16.8)

in which P; denotes inspired Pco or Py at the beginning of breath-holding, while
[Pswli 1 =1, 2) is alveolar P or Pyo at the time t during breath-holding in respec-
tive acini. P; is assumed to be constant over the lung. Py and Py, denote atmo-
spheric and saturated water vapor pressure, respectively. (Vur); and (V,); are alveolar
tidal volume and alveolar gas volume distributed to each acinus. (D); is D¢ or Dyo
in an intended acinus. Thereby, the time-dependent decay of Phco or Pano in the
virtual lung is described by the following equation:

[Py /B ] = (Vi / Var) [ Py /B ] +(Vara / Vi) [P /B ] (16.9)

2

[Prw/Pilnm is mean P,/P; of the virtual lung consisting of the two acini.
Vart + Vara = Var. Var + Vao = V. Egs. (16.8) and (16.9) suggest the possibility that
overall decay of CO or NO with time in the virtual lung is influenced by the three
parallel heterogeneities, including the distribution of diffusing capacity to alveolar
volume (D/V,);, that of alveolar tidal volume to alveolar volume (V/V,);, and that
of alveolar tidal volume in each acinus to total alveolar tidal volume (Vypi/Var). Of
these three parallel heterogeneities, the regional difference in D/V, is particularly
important. The D/V, is the rate constant of gas uptake, i.e., the Krogh factor [28], in
each acinus. The Ln[P,/P;] against breath-holding time (t) shows the straight line
but the different slope in respective acini. Thereby, the Ln[P,«/Pi],, against t of the
virtual lung reveals the curved line especially at an initial part of breath-holding due
to the different D/V, in the two acini (Fig. 16.4b). Simulation of this curved line by
the straight line as if the lung is homogeneous concerning D/V, underestimates the
apparent Dy of the virtual lung in comparison with the true D, represented by
(D, + D»). This indicates that the parallel heterogeneity of D/V, renders a negative
impact on D; ¢ and Dy yo.
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The heterogeneous distribution of alveolar tidal volume to alveolar volume (Vy/
V,); and that of regional alveolar tidal volume to total tidal volume (Vjy/Var) are
mainly caused by the heterogeneous distribution of convective flow in the lung.
Although these convention-associated heterogeneities are substantially reduced by
the breath-holding maneuver, part of them are thought to remain. The (Va/V,); het-
erogeneity acts as the factor deciding the distribution of inspired gas to each acinus
at the beginning of breath-holding with no effect on the gas uptake rate, resulting in
that the apparent Dy estimated under assumption with no functional heterogeneity
in the virtual lung is not distorted from the true D, . Although the regional difference
in alveolar tidal volume to total tidal volume (Vap;/Var) fixes the weight of expired
gas from each acinus on constituting the mean P, in alveolar gas sample collected
just after the breath-holding is discontinued, this heterogeneity has no effect on the
gas uptake rate, as well, thus yielding no difference between the apparent and true
Dy. This holds true even if the combined heterogeneities of (Var/Vy); and (Vari/Var)
are present (Fig. 16.4c). Therefore, the author concludes that only the parallel het-
erogeneity of (D/V,); acts as the factor modifying the gas uptake rate and underesti-
mates the Dy.

It should be noted that the aforementioned story hypothesizes that the heteroge-
neity of inspired gas pressure (P;) is instantly removed just after the beginning of
breath-holding. However, this is physiologically not correct and the different P; in
different acini should be taken as the fourth factor eliciting the parallel heterogene-
ity. The regional heterogeneity of P; is yielded by the difference in coupling of
convection and diffusion in different acini. Supporting this consideration, Magnussen
et al. [32] found increasing D;co (i.e., overestimation of Djco) with decreasing
breath-holding time in patients with bronchial asthma. Their observation cannot be
explained from any heterogeneous distribution of (D/V,);, (Var/Va);, or (Vari/Var) but
is interpreted as the evidence suggesting that the heterogeneity of P; over the lung
does not fully fade away when breath-holding time is short.

Of the four parallel heterogeneities argued above, the heterogeneous distribution
of alveolar tidal volume to alveolar volume and that of alveolar tidal volume to total
alveolar tidal volume exert exactly the same impacts on acinar gas-phase transport
of CO and NO. This is because these heterogeneities are imposed by an uneven
distribution of convective flow that carries any gas as a lump. Hence, their effects do
not differ between CO and NO. The regional difference in P; is subtle for CO and
NO because the difference in the effect of coupling of convection and diffusion in
any acinus is small between CO and NO due to a small difference in gas-phase dif-
fusivity of the two gases. The effect of D/V, heterogeneity on CO and NO gas
transfer, which is related to the anatomical alterations of various components form-
ing alveolar septa, can also be conceived to be qualitatively the same between CO
and NO. Thereby, the four parallel heterogeneities are expected to exert nearly the
same impacts on CO and NO transfer in the lung periphery. These facts send an
important message that the effect of all parallel heterogeneities on the pulmonary
diffusing capacity may approximately be removed if the D;no/Dico is used as the
parameter.
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4.4 Contribution of Stratified Heterogeneities
to Diffusing Capacity

As discussed in detail in Chap. 6 in this book, the gas-phase diffusion-dependent
stratification generated during inspiration plays little role in prescribing overall gas
mixing within human acinus under the steady-state condition. However, the inspira-
tion-related, diffusion-elicited stratified heterogeneity has the effect that is not
ignored under artificial breathing such as breath-holding or rebreathing. In COPD
patients, Dy oo decreased with shortening of breath-holding time, sometimes reach-
ing a negative value when breath-holding time is very short [33]. This phenomenon
is the opposite of the finding investigated by Magnussen et al. [32], who showed
increasing Dy ¢o with shorter breath-holding time in patients with bronchial asthma,
which was explained by the parallel heterogeneity of inspired gas pressure (P;)
being not eliminated during a short breath-holding time. On the other hand, decreas-
ing Dy ¢ with shortening of breath-holding time in patients with COPD is not expli-
cable from any parallel inhomogeneity. Alternatively, it should be explained from
the incomplete gas mixing between inspired gas and resident gas, which is caused
by the augmented stratified heterogeneity in patients with COPD having the destruc-
tion of acinar airway and airspace. Recently, the important role of stratified hetero-
geneity on rebreathing D o was confirmed by Hsia et al. [34] in an immature canine
model with elongated airways. They found that the Dy, measured in the back-
ground gas with He and O, was higher, while that measured in the background gas
with SFy and O, was lower, than that in the background gas with N, and O,. More
recently, Linnarsson et al. [35] examined the effect of atmospheric pressure on sin-
gle-breath D, yo. They found that the Do measured at 4.0 atm was significantly
lower than that at 1.0 atm, indicating that diffusive transport of NO in the lung
periphery is inversely related to the gas density. Their experimental results revealed
that the quantitative effect of gas-phase diffusion-related stratification on the single-
breath Dino 1s ~5% in normal subjects. Based on these findings, the author con-
cludes that the diffusion-dependent gas-phase stratification exerts a detrimental
impact on acinar gas mixing under artificial breathing of rebreathing or breath-
holding, though its effect is small.

Although the effect of gas-phase stratified heterogeneity is slightly different
between CO and NO because of their gas-phase diffusivity being 1:0.97 (calculated
from the Fick/Graham’s law that can be applied for analyzing gas behavior in gas-
phase binary diffusion system), the author considers that such small variation in
gas-phase diffusivity may not induce a significant difference in the effect of strati-
fied heterogeneity on CO and NO transfer. Therefore, when the D, no/D) o ratio is
introduced, it may almost exclude the effect of series stratified heterogeneity on the
pulmonary diffusing capacity.

As an interim summary, the author wants to mention that we should always be
aware of the possibility that D, o and D;no measured for patients having a variety
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of lung or cardiac diseases are underestimated by parallel heterogeneity of D/V,,
overestimated by parallel heterogeneity of inspired gas pressure, and underesti-
mated by series stratified heterogeneity. However, the contribution of these func-
tional heterogeneities is thought to be nearly identical to D; o and Dy o as far as
they are measured simultaneously. Therefore, the parameter of D; yo/Dyco may can-
cel the effect of various functional heterogeneities, indicating that the Djyo/Dyco
allows us to straightforwardly identify the anatomical abnormalities of alveolar
septa without correcting the functional heterogeneities irrespective of the types of
disease.

5 Precautions on D; o and D;xo Measured in
Clinical Practice

5.1 Effects of Different Yyo,co and 0y, on Partitioned
DMCO and VC

The issue of what is the most appropriate value for the relative Krogh diffusion
constant of NO against CO (Y'yo,co) has not been conclusively resolved. Furthermore,
the proposition concerning the most appropriate value of Oy, i.e., finite or infinite,
is also uncertain at present. These two values are essential while estimating the
membrane components of diffusing capacity (Dyco) and the capillary blood volume
(Vo) from Dy o and D o measures. Namely, Dy and V¢ estimated from Dy o and
Dino are expected to considerably vary depending on Y'no/co and/or Byo. Therefore,
using D; ¢o and Dy o values measured for a large number of normal subjects [6], the
author attempted to estimate the Dyco and V¢ based on the different values of Yo,
co and Oye as shown in Table 16.1. The author found that Dy, (and Dyo) decreases,
whereas V¢ increases, by a factor of two when Yo/ co increases from 1.97 to 3.35
(Table 16.2). Qualitatively a similar trend was investigated when Oyo is changed
from 4.5 to infinity, i.e., 31 ~ 47% decrease in Dy;co while 32 ~ 72% increase in
V. Furthermore, the relative resistance imposed by the effective alveolocapillary
membrane, i.e., (1/Dyico)/(1/Dyco) = Dy co/Dumco, increases from 22% to 48% when
Ynoico increases from 1.97 to 3.35 under constant By at 4.5 (Fig. 16.5). Similarly,
Di.co/Dico increases from 22% to 41% when Byo increases from 4.5 to infinity at
constant Y'yo,co of 1.97. When Yyo,co and By increase simultaneously from 1.97 to
3.35 and from 4.5 to infinity, respectively, D; co/Dwmco increases from 22% to 70%.
These results suggest that CO transfer through alveolar septa is predominantly lim-
ited by the blood component (1/Dg) when the assumption taken by the 2017-ERS
Standards is correct (i.e., Ynowco: 1.97, Bno: 4.5). However, when the assumption
that Y'yo,co i 3.35 and Oy is infinite is correct, the main limiting step for CO trans-
fer is ascribed to the membrane component (1/Dy). If the latter is accepted, it indi-
cates that in contrast to the typical story about Dy ¢, Dy o is insensitive to injury of
pulmonary microcirculation but is more sensitive to injury of alveolocapillary tissue
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Table 16.2 D, and V. estimated from various Yyo,co and Oyo

DMCO DBCO DMNO DBNO VC
(1) 135 38 266 305 68
Yyorco: 1.97
Oco: 0.56
Ono: 4.5

2) 72 50 142 Infinite 90
Yyorco: 1.97
eco: 0.56
Ono: infinite
3) 61 57 205 460 102
Yyorco: 3.35
Bco: 0.56
Ono: 4.5

4) 42 98 142 Infinite 175
Yyorco: 3.35
Oco: 0.56
Ono: infinite

Dico: 29.6 mL/min/mmHg, Djyo: 142 mL/min/mmHg. These values were adopted from 2017-
ERS Standards [6]. Oco: calculated at constant capillary PO, of 100 mmHg using equation pro-
posed by Guénard et al. [12]. Dyco and Dyno: mL/min/mmHg, Dgco and Dgyo: mL/min/
mmHg, Ve mL

barrier, resulting in that Dy ¢o has qualitatively the same trait as Dy yo regarding the
point of what process, i.e., /Dy or 1/Dg, is predominantly reflected. These facts
certainly indicate that it is premature to accept that Dyco, Vc, and transfer resistance
estimated with the method of the 2017-ERS Standards are reasonable and valid.
Hence, until the assumption about Yye,co and Byo is confirmed, we must judge the
pathophysiological abnormalities of alveolar septa in patients with various types of
lung and cardiac disease simply from the five raw data, including Dy co, Dico/Va,
Dino> Dino/Va, and Dyno/Di co.

5.2 Normal Range and Covariates Prescribing D;yo/D;co

Several groups of investigators [36—40] attempted to decide the reference equations
for predicting the mean (M), upper limit-of-normal (ULN), and lower limit-of-
normal (LLN) of simultaneously measured D, -related parameters by taking sex,
age, and height (representative of lung volume) as the explanatory variables. The
author would like to briefly abstract some important messages demonstrated in the
literature: (1) age exerts a negative impact on Dy co, Dy co/Va, Dino, and Dy no/Va, and
(2) height or lung volume has a positive impact on D; o and Dy yo while it has a
negative impact on Dy co/V, and Dino/Va. Zavorsky et al. [41] demonstrated that
age-, sex-, and height-corrected D, -related parameters measured under a resting
condition did not differ between morbidly obese and nonobese subjects, indicating
that body weight may not act as an anthropometric variable while establishing the
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reference equations for D;-related parameters. Analyzing the single-breath D;co
and Dy o values measured for young sub-Saharan Africans (n = 32) and young
European Caucasians (n = 32), Simaga et al. [40] demonstrated that Dy ¢ and Dyno
are lower in Africans than those in Europeans with no difference in D co/V, and
Dino/Va between them, which was explained by a lower lung volume with respect
to height in Africans. Interestingly, they found higher Djyo/Dco in Africans, which
was explained by a more restricted pulmonary vascular bed in Africans. The find-
ings reported by Simaga et al. [40] indicate that ethnicity should be introduced as
one of the explanatory variables, as well.

The reference value of Djno/Dico and the effect of covariates modifying it are
not consistent in the literature reported so far. Van der Lee et al. [36] demonstrated
increasing Dy no/Dyco With advancing age or with increasing lung volume in normal
Dutch subjects (n = 124 aged 25 ~ 55 years), whereas Aguilaniu et al. [37] reported
that Dy no/Dico in normal French subjects is independent of any covariate, including
sex, age, or height (n = 303 aged 18 ~ 94 years). No correlation of D; yo/Dyco With
age was also suggested in North American normal subjects (n = 130 aged
18 ~ 85 years) by Zavorsky et al. [38]. On the other hand, Munkholm et al. [39]
found a small but significant negative correlation between Dy no/D;co and age with
a slope of —0.0025/year (p = 0.0003) in normal Caucasians recruited from the
Copenhagen General Population Study (n = 282 aged 18 ~ 97 years). In addition,
they found a negative correlation between Djyno/Dico and height with a slope of
—0.0028/cm, though this slope was not statistically significant (p = 0.058). The sex-
dependent modification of D;no/Dico was not identified in their study. As such, it
cannot be said that the relationship between Djno/Dico and covariates, including
sex, age, and height (or lung volume), has been conclusively confirmed. Thereby,
the author attempted to analyze the effect of sex, age, or height on Dy xo/Dyco using
the data reported by the 2017-ERS Standards (n = 490 aged 18 ~ 93 years)
(Fig. 16.6). In normal males, the relationship between Djxo/Dyco and age is repre-
sented by the curved line but its negative slope is very small at any age, indicating
that in a clinical practice, D;yo/Dyco can be regarded as an age-independent param-
eter in males over a wide range of age. However, in normal females, D xo/Dyco is
considerably lowered in the age over 60 years, indicating that differing from males,
age exerts a relatively large negative impact on Dy xo/D o in elderly females. On the
other hand, Djno/Dico in both males and females is conspicuously lowered with
increasing height, which is also represented by the curved line. The relationship of
Dino/Dico with lung volume is qualitatively similar to that with height because
height is the decisive factor for lung volume. Our analytical results are qualitatively,
but not quantitatively, consistent with those reported by Munkholm et al. [39] in
respect of a negative correlation between Dy yo/Dyco With age or height. However,
the reference equation considered in the present study is unsatisfactory because it
was contrived by dividing the multiple regression equation of Djyo by that of Dy ¢q
but not directly constructed from the raw data of Dy xo and D o measures. Therefore,
the author thinks that it is urgently required to establish the reference equation that
decides M, ULN, and LLN of D;xo/Dico by introducing sex, age, height, and, if
possible, ethnicity as covariates.
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5.3 Relationship Between D;yo/D;co and Dyco/Ve

Transforming Eq. (16.1) for CO and that for NO, D;xo/Dyco can be summarized in
the following equation:

Dixo /DLCO = YNO/CO.|:1+(DMCO /Vc)/eco

11+ a0 (Do / Ve ) 050 )] (16.10)
a
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Fig.16.6 Relationships between Dy yo/Dyco and various covariates, including sex, age, and height.
Dino/Dico values under various conditions were calculated using reference equations of Dy o and
Dyno decided for normal males (n = 248) and females (n = 242), which were summarized in 2017-
ERS Standards [6]. (a) Age-dependency of Dy no/Dyco in males (red line) and females (black dotted
line) in age ranging between 20 and 95 years but at a constant height of 170 cm. Regression analy-
sis revealed that slope with age is —0.0004/year for males over a wide range of ages. Equation
covering the whole age range in males was given by D;xo/Dyco = 4.97-3.94-10~*-(age) + 8.07-10-
°.(age)>-8.37-107%-(age)’. On the other hand, regression analysis was separated at the age of
60 years in females. Slope with age below 60 years was —0.0013/years, while that over 60 years
was —0.007/year. Equation covering the whole age range in females was described as Dyno/Dico
= 4.88-0.0048-(age) + 1.06-10~*-(age)>-9.53-107"-(age)’. (b) Height-dependency of Dy xo/Dyco in
males (red line) and females (black dotted line) in height ranging between 130 and 200 cm but at
constant age of 50 years. Regression analysis revealed that the average slope with height is —0.021/
cm in males and — 0.014/cm in females. Equation covering the whole range of height is given by
Dino/Dico = 9.38-0.041-(height) + 8.84-107%-(height)? in males and Dy yo/Dyco = 10.45-0.055-(he
ight) + 1.25-10~*(height)? in females
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Fig. 16.6 (continued)

Equation (16.10) is the general equation that describes the relationship between
Dino/DLco and Dyco/ Ve under any value of Oyo. Equation (16.10) is not linear but is
approximated by a straight line while Dyco/Vc is less than 2.0 (Fig. 16.7), which
corresponds to the maximum value of Dyco/Vc calculated from a variety of possible
values of Y'yo,co and Oyo (Table 16.2). The slope of the line, which determines the
sensitivity of how preciously the change in Dyco/Vc is reflected by that in Dyno/
Do, varies depending mainly on Oyo but marginally on Yyoco. As depicted in
Fig. 16.7a, The extent of change in D;yo/Dyco against that in Dyco/Vc is larger as
Ono is larger. When Oy is infinite, the relationship between Dy yo/Dyco and Dyco/Ve
is described by the simple linear equation as:

Do / Dico = Yrorco 'I:l + (DMCO Ve ) /6o (16.11)

The same equation as Eq. (16.11) was derived by Hughes and van der Lee [42].
Equation (16.10) certifies that Dino/Dico is directly correlated with Dyco/
Ve. Decrease in Dyco, including heterogeneous distribution of Dy, lowers Dyco/
V¢, thus leading to a decrease in Dy no/Dyico. On the other hand, a decrease in V,
including heterogeneous distribution of V¢, increases Dyco/Ve, resulting in an
increase in Dyno/Dico. As such, Dino/Dico acts as a good, clinical indicator that
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Fig. 16.7 Relationship between Dyco/ Ve and Dyno/Dico. (a) Calculations were made using gen-
eral equation (Eq. 16.10) under conditions in which Oyo is changed from 4.5 to infinity but Y'xoco
is fixed at 1.97. (b) Calculations were made using Eq. 16.10 under conditions with fixed Oyo at 4.5
but Yoo changing from 1.97 to 3.35. Red dotted lines denote possible ranges of Dyco/Vc in
in vivo conditions, i.e., a minimum of 0.2 and a maximum of 2.0 (see Table 16.2)
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differentiates lung diseases with decreasing Dyco (thus, decreasing Dyco/Ve and
Dixo/Dico), including interstitial lung diseases and destruction of alveolar architec-
tures (COPD and other cystic diseases) from those with decreasing V¢ (thus,
increasing Dyco/ Ve and Dy yo/Dy o), including the destruction of pulmonary micro-
circulation (idiopathic pulmonary arterial hypertension), microvascular obliteration
(e.g., thrombotic microangiopathy (TMA), pulmonary veno-occlusive disease
(PVOD), and pulmonary capillary hemangiomatosis (PCH)), and microvascular
dilatation (hepatopulmonary syndrome (HPS)). Of note, microvascular angiitis
such as ANCA-related microvascular angiitis (e.g., microscopic polyangiitis (MPA),
granulomatosis with polyangiitis (GPA), and eosinophilic granulomatosis with
polyangiitis (EGPA)) is frequently complicated with alveolar hemorrhage that liber-
ates free Hb into alveolar space, which absorbs CO and NO there, thus increasing
Dy (Dyico and Dyno) apparently. This peculiar phenomenon leads to a synergetic
action of microvascular injury-associated decrease in V¢ and hemorrhage-elicited
increase in Dyco, which augments Dyco/Ve and Dy no/Dy o largely. Although in our
previous paper [43], the author stated that D; yo/Dy co may be difficult to be applied
in a clinical practice due to the uncertainty regarding its physiological implication.
Now, the author has changed the mind and agrees to the opinion that Djyo/D;co
plays an important role in predicting the anatomical relationship between
Duico and Ve.

6 Learning from D, o and D;xo Measures in Various Types
of Lung and Cardiac Disease

As extensively argued above, the validity of Dyco (Dyno) or Ve partitioned with the
method of the 2017-ERS Standards is not decisive at present. Therefore, the author
would like to use five raw measures, including Dy co, Dico/Va, Dino, Dino/Va, and
Dino/Dico, but not Dyco (Duno) and Ve, for interpreting the pathophysiological
abnormities in patients with various types of disease. However, when the change in
Duico (Dmno) or Ve was estimated at various conditions based on the simultaneous
measurement of D; o and Dy o, it was used as the meaningful, pathophysiological
parameter. This is because the change in Dyco (Duno) or Ve may qualitatively (but
not quantitatively) reflect the pathophysiological truth independent of the assump-
tion concerning Ynosco and Byo. Otherwise specified, D, -related metrics featured in
this section were simultaneously measured by means of the single-breath maneuver.

6.1 Smokers and Chronic Obstructive Lung Disease (COPD)

In heavy smokers (n = 236) and subjects with COPD (n = 36), van der Lee et al. [44]
demonstrated that although Do, Dico/Va, Dino, and Dyno/Va decreased in these
subjects, Dy no/Va had the highest sensitivity for detecting CT-based emphysema.
Dico/Va and Dyno/Va were better than Do and D;yo for detecting emphysema.
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Furthermore, the sensitivity of Dy co/Va and Dyno/Va for detecting emphysema was
higher than the spirometric parameter of FEV,/FVC. In this study, Dyco and V¢
were not estimated.

Moinard and Guénard [45] considered that the specific feature of early COPD is
the reduction in V¢, which reflects the patchy destruction of acinar microcirculation,
while that of advanced COPD is the simultaneous reduction in Dy and V¢, which
reflects the diffuse destruction of acinar architectures, including acinar airways,
alveolocapillary tissue barrier, and acinar microcirculation. Although their consid-
eration is potentially interesting from a clinical point of view, we should wait to
accept their consideration until the reliable method for determining Dyco and V¢ is
established.

6.2 Cystic Fibrosis (CF)

Measuring various D;-associated parameters in patients with CF (n = 21), Dressel
et al. [46] found that D;co, Dico/Va, Dino, and Dyno/V, decreased significantly in
these patients. In addition, they identified that the severity of CF judged from CT
scores, including bronchiectasis, mucus plugging, peribronchial thickening, and
parenchymal diseases, was more sensitively detected by D yo than D ¢o. Furthermore,
Dico/Va was not correlated with the CT scores of CF. In this study, Dyco and V¢
were estimated under the assumption that Yyo,co and Oyo equal 1.97 and infinity,
respectively. The V¢ value thus obtained seemed to be not different from the
expected normal V. However, the judgment on the validity of Dyco and V¢ reported
in this paper is not possible at present.

6.3 Pulmonary Sarcoidosis (SAR)

Phansalkar et al. [47] estimated various D; -associated parameters in patients with
pulmonary SAR (n = 25), in which Dy,co and V¢ were calculated under the assump-
tion that Y'nosco 18 2.42 and Oy is infinite. They identified that although the Dyico
and V¢ obtained for patients with SAR without overt fibrosis under the rebreathing
maneuver were much lower than those measured for normal controls, the reduction
in V¢ in these patients was significantly larger than that in Dyco. Their findings were
interpreted as evidence for the microvascular damage playing a primary role in the
pathology of SAR. Phansalkar et al. presumed that in SAR with little fibrosis,
patchy alveolar deposition of noncaseating granulomas selectively obliterates pul-
monary capillaries, which is accompanied by variable inflammation that may dam-
age alveolocapillary tissue barrier. Unfortunately, however, their findings have not
been ascertained yet from a morphological point of view. Furthermore, the assump-
tion of Y'xoico and Byo employed in their study has not been certified.
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6.4 Usual Interstitial Pneumonia-Idiopathic Pulmonary
Fibrosis (UIP-IPF) and Nonspecific Interstitial
Pneumonia (NSIP)

Barisione et al. [48] investigated various D;-related parameters in patients with
UIP-IPF (n = 30) and those with NSIP (n = 30). Dyico and V¢ values were calculated
under the presupposition that Y'yoco Or Oxo is 1.97 or 4.5, respectively. Additionally,
they calculated Dyco and V¢ under the presupposition of Byo being infinite but Yy,
co being fixed at 1.97. The extent of fibrotic change and that of alveolar interstitial
inflammation (GGA: ground-glass attenuation) were quantified in terms of CT
images taken at six axial levels between the aortic arch and 2 cm below the dome of
right hemidiaphragm. They found that the relative volume of fibrosis was larger in
UIP-IPF, while the relative volume of GGA was larger in NSIP. The augmentation
of CT-decided fibrotic change was more closely correlated with the decrement in
Dixo than that in Dy ¢, indicating that the D yo measurement provides a more sensi-
tive information on the fibrotic change than the D ¢ in either UIP-IPF or NSIP. On
the other hand, no correlation between the relative volume of GGA and D, ¢ as well
as Dy no was found, indicating that GGA does no act as an insult for lowering Dj ¢o
and Dy yo. Although the absolute values of Dyco and V¢ were substantially different
between those obtained from the assumption of Oy at 4.5 and those from the
assumption of By, at infinity, both values showed qualitatively the same tendencies,
i.e., the Dyco at Oy of 4.5 and that at Oy, of infinity were decreased as the extent of
fibrosis was augmented. However, this was not the case for Vg, i.e., neither the V¢
at Byo of 4.5 nor that at Oy of infinity was correlated with the extent of fibrosis in
patients with UIP-IPF or NSIP (strictly, a weak correlation in UIP-IPF but no cor-
relation in NSIP), indicating that the fibrotic change predominantly injures alveolo-
capillary tissue barrier represented by decreasing Dyco, which may be
disproportionated with the injury of pulmonary microcirculation represented by
decreasing V. Dyno/Dico values in patients with UIP-IPF or NSIP were signifi-
cantly decreased in comparison with those in control subjects, indicating that
decrease in Dyco, thus, decrease in Dyco/ Ve, is reflected by a decrease in Dyyo/
Dy co. This indicates that Dy yo/Dy o acts as a good, clinical predictor for Dyco/Ve in
patients with fibrosis.

6.5 Systemic Sclerosis (SSc) with and Without Pulmonary
Arterial Hypertension (PAH)

Applying the method proposed by the 2017-ERS Standards, a couple of investiga-
tors [49, 50] investigated the behaviors of D, o and Do in patients with SSc with
and without PAH. Degano et al. [49] divided 572 patients with SSc into four groups,
including group A with neither interstitial lung disease (ILD) nor PAH (n = 313),
group B with ILD but no PAH (n = 201), group C with both ILD and PAH (n = 35),
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and group D with PAH but no ILD (n = 23). They identified the following findings.
(1) Do and Dy xo values in patients with PAH (groups C, D) were much lower than
those with ILD alone (group B). However, there was no difference in Dy ¢ and Dy no
between patients with both ILD and PAH (group C) and those with PAH alone
(group D), suggesting that decreased Dy o and Dy o in SSc patients are attributed
primarily to PAH. Hence, Degano et al. considered that D; o and Dy xo had an iden-
tical diagnostic value for detecting PAH. (2) D;co and D, yo in patients with ILD
alone (group B) were appreciably lower than those in patients with neither ILD nor
PAH (group A), indicating that D; ¢ and Dy yo are also influenced by ILD to approx-
imately the same degree, though the degree of influence by ILD is smaller than that
by PAH. (3) Although D;no/D;co showed an increasing trend in patients with PAH
(groups C, D) in comparison with those with ILD alone (group B), there was no
statistical difference between them. However, it should be noted that the patients
assigned to group C, who had both ILD and PAH, were included in the analysis of
Dino/Dico- In the patients belonging to group C, it is expected that the coexistence
of ILD that decreases D, xo/D; co due to the reduction in Dyco/V conceals the PAH-
associated increase in Dyco/Vc that increases Dy no/Dyco. Thereby, the author con-
siders that the findings observed by Degano et al. do not deny the clinical importance
of Dy no/Dico for detecting the microvascular injury causing PAH. (4) Dyco and V¢
were partitioned from D; o and Dy o according to the method recommended by the
2017-ERS Standards. Degano et al. demonstrated that Dyco, Ve, and Dyco/ Ve had
much lower diagnostic value for PAH detection than D; oo and D, o measures, indi-
cating no merit of the partition into Dyco and V¢ for identification of PAH. (5)
Multivariate analysis revealed that D; o (but not Dy o), FVC, age at onset, and PAH
were significantly associated with survival. Among them, D; ¢o had the highest haz-
ard ratio. Through such meticulous analysis, Degano et al. concluded that compared
with Dy o alone, simultaneous measurements of D; o and D;yo do not boost the
capability to detect PAH in SSc patients. Furthermore, Degano et al. issued a mes-
sage that the story one likes to present, i.e., Dyno is sensitive to the injury of alveo-
locapillary tissue barrier, while Dy ¢ is specifically sensitive to that of pulmonary
microvasculature, may not stand true. However, it should be noted that it is difficult
to judge the validity of Dyco and V¢ estimated in the study of Degano et al. because
of the uncertainty about Yyoco and Oyo that were assumed to be 1.97 and 4.5,
respectively.

Barisione et al. [50] performed a study similar to that by Degano et al. [49].
Barisione et al. enrolled 96 patients with SSc with and without lung restriction and
found that somewhat differing from the observation by Degano et al., D;yo has a
higher sensitivity to detecting the CT-confirmed ILD than D;co. However, in line
with the observation by Degano et al., the Dyco and V¢ partitioning by the method
of the 2017-ERS Standards does not provide the clinically useful information on
whether the different behavior of D; ¢o and Dy yo is due primally to ILD or microvas-
cular injury. Barisione et al. considered that decreased Dj ¢ in the absence of lung
restriction does not allow to suspect PAH without ILD, which is consistent with the
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conclusion of Degano et al. [49]. The author considers that the clinical uselessness
of Dyico and V¢ shown by Degno et al. and Barisione et al. does not imply that these
two parameters have no pathophysiological significance at all, rather it indicates
that the validity of Yoo and Oyo adopted by the 2017-ERS Standards should be
evaluated again.

6.6 Diffuse Parenchymal Lung Disease (DPLD)
and Pulmonary Arterial Hypertension (PAH)

In patients with DPLD (n = 41), including sarcoidosis, NSIP, IPF, and so forth, van
der Lee et al. [51] demonstrated that Dy ¢o, Dy co/Va, Dino, and Dy no/V, were signifi-
cantly reduced in comparison with normal controls. Furthermore, they exhibited
that in patients with PAH (n = 26) caused by primary pulmonary hypertension
(PPH), chronic thromboembolic pulmonary hypertension (CTEPH), and SSc-
elicited pulmonary hypertension, Dy co, Dyco/Va, Dino, and Dyno/Va were decreased
to the same extent as observed for patients with DPLD. However, they identified
that Dy yo/Dyco in patients with PAH were significantly higher than those in patients
with DPLD and healthy normal subjects. Their findings suggest that although the
single value of either Dy o or Dy yo cannot differentiate between DPLD and PAH,
the ratio, i.e., the Dy no/Dyco, has the ability to separate PAH from DPLD.

6.7 Lung Diseases After Allogenic Stem Cell Transplantation
(Allo-SCT)

Bourgeois et al. [52] searched the pretransplant parameters that can predict the pul-
monary complications and outcomes after allo-SCT (n = 103). Using the pretrans-
plant D; o, Dino, and Dyno/Dico as the explanatory variables, they analyzed the
association between these D -related parameters and the 2-year cumulative inci-
dence of severe pulmonary complication (SPC) defined as any pulmonary compli-
cation responsible for hospitalization, ARDS, and pulmonary complication-related
mortality. In univariate analysis, there was a significant association between lower
value of pretransplant %D yo and higher risk of SPC and ARDS. Although D yo/
Do did not show an association with SPC and ARDS, it was significantly corre-
lated with pulmonary complication-related mortality. Furthermore, the lymphoid
types of disease acted as the decisive factor for SPC, ARDS, pulmonary complication-
related mortality, and non-relapse mortality. Based on these findings, Bourgeois
et al. concluded that in addition to the types of disease, Dyno and Djno/Dyico are
more useful to predict pulmonary complications than D ¢ after allo-SCT.
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6.8 Bronchiolitis Obliterans Syndrome (BOS) After
Lung Transplantation

Winkler et al. [53] cross-sectionally analyzed the association between various pul-
monary function tests (spirometry, lung volumes, airway resistance, and simulta-
neous measurement of Dy ¢ and Dy yo) and incidence as well as the severity of BOS
after either single or bilateral lung transplantation (n = 61, single: 19, bilateral: 42).
The underlying lung diseases required for lung transplantation were IPF (n = 22),
COPD (n=16), CF (n=11), SAR (n = 3), and others (n =9). Dyco and V. were
partitioned according to the method recommended by the 2017-ERS Standards.
The discrimination study performed based on all pulmonary function parameters
revealed that %D, yo remained as only a significant variable separating patients
with early BOS from those with no BOS. Other parameters, including spirometric
parameters, lung volumes, airway resistance, %D co, %Dwmco, and %V, did not
separate early BOS from no BOS. As for the prediction of advanced BOS, FEV,/
FVC, and %FEV, among spirometric parameters, all lung volumes except for
%TLC, airway resistance, and Dy no/Dico among D, -related parameters revealed
the significant power for recognizing the difference between advanced BOS and
early or no BOS.

6.9 Atrial Septal Defect (ASD) Before and After ASD Closure

Nassif et al. [54] measured the D -related parameters before and 6 months after the
closure of atrial septal defect (ASD, n =29), which improves the left-to-right shunt-
ing blood flow through the interatrial septum. In this study, Dyco and V¢ were esti-
mated in compliance with the 2017-ERS Standards. Since the changes in Dyco and
V¢ before and after the closure of ASD were investigated, the author assumed that
they would qualitatively reflect the truth for closure-elicited changes in alveolocap-
illary tissue barrier and pulmonary microcirculation. After ASD closure, Do,
D1co/Va, and Dy o/ V, decreased significantly, though the decrease in Dy yo was mar-
ginal. Although decreasing change in V¢ was significant, no change in Dyco was
identified. Dy no/Dyco increased after closure and its increase was inversely corre-
lated with change in V. These findings led Nassif et al. to conclude that the ASD
closure-elicited rectification of pulmonary hemodynamics, i.e., the decrease in V¢
in concomitance with a decrease in pulmonary blood flow, is the primary factor for
explaining their findings. Their observation demonstrated two important issues: (1)
reduction in pulmonary blood flow does not change the alveolocapillary surface
area available for gas transfer of CO and NO (i.e., no change in Dy before and
after ASD closure), and (2) D no/Dyco may act as an important indicator for predict-
ing the relationship between Dy and V¢ (i.e., Dy/V).
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7 Conclusion Remarks

The measurement of Dy v is more convenient and simpler than that of D oo because
Dyno is minimally affected by PO, and Hb concentration in the pulmonary microcir-
culation. Dy o and Dy no share 80 ~ 90% of the pathophysiological information in a
certain lung disease, indicating that the sensitivity of these two parameters to diag-
nosing a lung disease is almost equal, though it is shown to be a little higher in
Dino- The most appealing issue of adding the D yo measurement is that the single
simultaneous measurement of Dy o and Dy e allows for estimating Dyco and Ve,
while two measurements of D, ¢ at different inspired PO, are needed when the clas-
sic Roughton—Forster’s D, o procedure is applied. Unfortunately, however, there
are a couple of serious problems that should be certainly addressed before trusting
the significance of Dyco and V¢ partitioned from Dy o and Dy yo. The relative Krogh
diffusion constant of NO against CO in various diffusion paths from alveolar gas to
Hb in the erythrocyte, which is denoted by Ynoico (Dyno/Duico), 1 one of the key
problems. In addition, the specific gas conductance of NO in the blood (Byo) is
another key problem. Although the 2017-ERS Standards recommended to use Yo,
co of 1.97 and Oy of 4.5, there are many oppositions against these recommended
values. Hence, the author’s personal opinion at present is that one should wait for
partitioning Dy o and Dy o into Dyco and V¢ until reliable values of Yyo/co and Bxo
are finalized. Instead of Dyco and Ve, the author encourages one to use Djno/Dyco
ratio, which is certified to act as the representative of Dyco/Vc under any patho-
physiological conditions irrespective of Oyo, i.e., finite or infinite. Of note, the
effects of parallel and series heterogeneities on Dy no/Dyco are expected to be mar-
ginal. Supporting the important role of Dy yo/Dy o derived from theoretical analyses,
patients with IPF, NSIP, various lung diseases after allogeneic stem cell transplanta-
tion, and bronchiolitis obliterans syndrome after lung transplantation showed
decreasing Dy no/Dyco, reflecting the enhanced injury of alveolocapillary tissue bar-
rier (i.e., decreasing Dyco and/or increasing heterogeneity of Dyco distribution) in
these diseases. On the other hand, patients with PAH showed increasing Dy yo/Dy co,
which reflects the augmented injury of pulmonary microcirculation (i.e., decreasing
V¢ or increasing heterogeneity of V¢ distribution). Similarly, patients with atrial
septal defect (ASD) exhibited increasing Dy no/Dyco after ASD closure. This indi-
cates that the rectification of pulmonary hemodynamics after ASD closure signifi-
cantly decreases V¢ and/or its heterogeneous distribution. As such, Dy nyo/Dyco well
explains the pathophysiological abnormalities in alveolocapillary tissue barrier and
pulmonary microcirculation without knowing actual estimates of Dyco and V¢ and
without correcting the effects of parallel and series heterogeneities. These facts cer-
tainly indicate that it is of clinical importance to establish the reliable reference
equation of Dy xo/Dy o as early as possible for expanding the application of simulta-
neous measurements of Dy o and Dy to the differential diagnosis of the patients
with diverse injuries of alveolar septa.
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