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The normal human lung: ultrastructure and
morphometric estimation of diffusion capacity #

Peter Gehr, Marianne Bachofen, Ewald R. Weibel
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Eight normal human lungs, obtained from patients dying of causes not
involving the lung. were totally fixed in sitv by instillation of a
glutaraldehyde solution into the airways shortly post morfemn. The age
range was 19-40 years, average body weight was 74 kg and the
average lung volume 4300 ml. Stratified random samples from twelve
regions were morphometrically studied by electron microscopy using
stereological methods. The fine structure of the human lung
parenchyma as seen by scanning and transmission electron
microscopy is described.

The alveolar surface area was found to be 143 m? on the average (+
12); this value is 75% higher than previous light microscopic estimates
mainly because of higher resolution of the electron microscope thus
leading to a different definition of ‘alveolar surface’. Capillary surface
area and volume were 126 m? (+12) and 213 mi (+ 31), respectively.
The arithmetic mean thickness of the human air-blood tissue barrier
was estimated at 2.2 ym (+0.19) and is thus considerably thicker than
that found in other mammals: the same holds for the harmonic mean
thickness of the barrier (0.62 y+0.04). This appears to be related to a
particularly large amount of connective tissue fibers found in the
human alveolar septum

From this morphometric information total pulmonary diffusion capacity
for 0, was calculated; using the set of largest and smallest physical
coefficients we obtained respectively a maximal value,

DLmax= 263ml Oy /min -mm Hg(+34), and a minimal value,
DLmin= 125 (+ 18). These data relate to the totally inflated and
unfolded lung; if they are corrected to account for ‘available’ gas
exchange surface, reduced because of the presence of an alveolar
extracellular lining, we obtain for ‘available’ diffusion capacity -
DLmax’ = 130-190and DLmin"= 62-91m! O /min-mm Hg
respectively. These corrected values seem to agree with physiological
estimates of human pL in exercise.
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Application of an idealized model to morphometry of the
mammalian tracheobronchial tree*
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Abstract

fuantitative anatomical descrdstions (marphometry) of

airways are of impoertance in many applications including the preparation of
successful mathematical models describing sirflow patterns and deposition
pattems of alrbame particles In the lung. Marphometric data are alsa useful In
studies of comparative anatomy and in describing normal and diseased states
of an argan. The collection of such data [s aided by the use of idezlized models
of alrway branches of the tracheabronchial airways. Morphometric

measurements from the lungs of several mammalian speces are presented
using a model that consists of three connected tubular segments. The
morphometric model unigucly defines an identification number for each
branch segment, a branching angle, an airvay segment length and diameter,
an Inclinatinn of 2 segment fa graviry and the degree of alveolarization of each
segrment, Desgned 1o be compatible with cemputerized data handling the
model is unambiguous and realistic, but flexible so that anomalous anatomical
structures can be classified and noted, Morphometric data describing the
wariation of structure with depth in the tracheobronchial sirways are
presented in the form of praphica representations of anatamical
measurements on replica casts of the human, deg, rat and hamster airways,
These distributions describe the anatomicsl character of the tracheobronchial
alrways conclsely, quantitatively, and characreristically for each species.
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Respratory Systern
Posthatal enlargement of human tracheobronchial
airways and implications for particle deposition

Robert T, Fhaler. Michagi | Qigham, Chriztine 3, Beawsage. T, Timotky Crocker,
Jd Mcetersen

First publisned: August 1985 |

Abstract

In support of predicuons for inhaled particle cegosition, morphometric
measurements wese taken an 20 replica airway casts of people aged 11 days
o 21 years. Measuremeants of ight upper lobe alnway lengths, diamaters, and
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branching angles were made such that a growth model suitable as input to
predictive equatiens for particle deposition efficency was obtained. The
tracheabronchizl 2invays growth was describable by linear regrassions on
body length. The length-to-diameter ratio of growing airways did not change in
any simple way as a function of aieway generation. Airflow rates for a given
state of physlcal acthity for various agss were found from previously
published data w be describable by linear regressions on body mass, Three
states of physical exertion-law activity, light exertion, and heavy exertion-
were usad for modeling purpeses. The computed particle depesinon
e'ficiencies indicate that under most arcumstances smaller (younger) people
vill have greater tracheobranchial deposition efficencies than larger (older)
people. For example, tracheobronchial dose on a per kilogram body mass
baws lor S-pmdiameter particles may be more than 6 Limes higher in the
resting, newborn than in the resting adult assuming equivalent depasition

e*ficlencles above the larynx.

KEITH HORSFIELD, GLADYS DART, DAN E. OLSON,

GILES F. FILLEY, AND GORDON CUMMING

Department of Medicine, Queen Elizabeth Medical Centre, Edghaston, Birmingham B15 2TH, Englasd; asd
Webb-Waring Institate, Unisersity of Colorado Medical Center, Donter, Colerads 80220

, Kermn, Guaovs Dur Dax E Ouon. Gues F.
Prisxv, ane Gonnos Cuswems. Medils of the humen branchiol e,
_| Appl. Physiol. 31(2): 207-217.  1971.—A resin cast of a normal

bronchioles. A
bronchi was and the
&c.hhnnu lnl.cN-' studied. data un:

tained both from the

DEVELOPMENT OF THE MODELS
The models are based on data obtained from measure-
ment of a resin cast of a normal human bronchial tree. The
m&mb« of the cast (9) and iis measurement (7, 8, 15)
been described elsewhere. Data obtained from these

ferred 10 ic tape, thus f; ing further
analysis using a computer. Both the original data and that
ohnmdhmwhrquml analysis were utilized in the de-

mm-.-qnmmmmmmmadm
bronchial tree. Asymumetry is stresed in both models; in model |
each lobe was considered separately, a1 was cach bronc

wary segment in model 2 The models pormis caleulation of
physiologic variables 10 be made while taking mymmetry into
account.

lung anatormy, bronchial tree morphology , mathematical models

DIRECT MEASUREMENTS of pressure and flow in the bronchial
tree of living man are difficult 10 obtain, especially in lhe
smaller airways. Techniques of bronchial
10 measure flow in the larger airways have been develoj
{13) but the presence of the catheter distorts that whic!
being measured. Because of these d‘ﬂlllﬂmlﬂt
flow and gascous diffusion in the airways are being in-
emlundyn-dndbvmnhmnm&l analysis (2, 3, 12, 14).
techniques are of such complexity that

nnpllﬁudnnddadumn-nmnyhnmlxmd
most commonly Welbel's symmetrical model A (23) or
some modification of it. Analysis of such models may or
may not give reasonable estimates of mean values for gas
fow and diffusion, but certainly cannot give information
on the effects of anatomic asymmetry

In some circumstances consideration of airways asym-
metry may be important, for example, when analyzing
flow 10 different regions of the lung or studying the effects
of gravity. Although an account which stresses the asym-
metry of bronchial anatomy has been pubdished (8) the
data are difficult 10 use in practice. It is the purpose of this
paper 10 describe two models of the bronchial tree which
include some of the asymmetry of the real structure and
yet ot the same time permit physiologic calenlations 10 be
made. In addition, some morphologic details of bronchial
bifurcations are given beeause these are important param-
eters in fluid flow caleulations.

of the models.

Behewmdn(mrhlhemv&bmmpﬂ
to branching systems require discussion. \\hmutn-:h.
termed the “parent” branch, divides into two, it branches
by “dichotomy.™ The two branches 1o which it gives rise
are werimed “daughter” branches. These daughter branches
may in turn divide, and the process can be repeated any
number of times to form a “dichotomous” branching
system. The one original branch from which all the others
arise s termed the “stem.” Figure 14 shows a dichoto-
mouwsly branching system in which each branch is numbered
according to how many dichotomous divisions it is situated
from the stem branch, which is itselfl numbered 0. The
simple term “divisions” is now preferred to “divisions
down” used previously (8) since in some branching systers,
such as rivers and trees, the divisions would in fact be
upward

In Fig. 18 the same system has been numbered in a
different way, starting at the periphery and working to-
ward the stem. In this case the numbers define the “order™
of cach branch, previowly termed “divisions up™ (8).

now preferred because this was used

originally by Horton (10) 10 describe branching in rivers,
There are several different ways of counting orders, in-
cluding thowe of Horwon (10), Steahler (21),
(lS),udlfhsﬁddndennin(u).uthllltlmr-
doubt about which is being used the appropriate name
should be used as a prefix, g, “Horton orders.” The
typrdadrrmnbﬂlunhuhlwnmdyd&cd-
divisions up, in which the most distal branches comprise
the first order, two of theso mect 10 form a second-order
branch, and so on. Where branches of different order meet,
lhendu-nldupnmhﬂnehhmwuslhnnilz
higher of the two daughter branches.

When the numbers of divisions from the stem branch

rical
parent raneh Mivids Bte’ v daughter branches of the

o
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Respir Phvsiol. 1984 Mar;55(3):317-24.

Axial pathways compared with complete data in morphological studies of the lung.
Horsfield K.

Abstract

Morphometric studies of pulmonary airways and arteries can be laborious and time consuming. In order to see whether the effort
involved could be reduced in some cases, data obtained from axial pathways of bronchopulmonary segments or lobes were
compared with the mean total data obtained from four lungs. It was concluded that axial pathway data classified by generations
could be compared between lungs only if the same segment or lobe was used from each individual. Such data are usually not
representative of the total structure. Data from axial pathways of segments or lobes which have been classified by Horsfield
orders can be pooled, and the mean values thus obtained are fairly close to the mean values obtained from the fotal data.

Anat Rec. 1938 Apr;22004).401-14.

Morphometry of the human pulmonary acinus.

HaefeliBleuer B', Weibel ER

Abstract

The geometry and morphometry of intraacinar airways in human lungs were studied on silicone rubber casts from fwo adult
lungs. We defined acini as the complex of alveolated airways distal to the terminal bronchioles—-that is. beginning with the first-
order respiratory or transitional bronchiole. The morphological properties of pulmonary acini are described. The acinar volume
averages 187 mm3 (SD +/- 70 mm3). Intraacinar airways branch dichotomously over about 9 generations (range 6-12). The
internal airway diameter falls from 500 micron to 270 micron between acinar generations 0 and 10, whereas the outer diameter
(including the sleeve of alveoli) remains constant at 700 micron. Towards the periphery the size of alveoli increases and clusters
of alveoli become more numerous. The longitudinal path length of acinar airways (defined as the distance along the ducts from
the transitional bronchiole to the alveolar sacs) averages 8.8 mm (+/- 1.4 mm). The morphometric data collected in this study are
used to construct an idealized model of human acinar airways that can be related to existing models of the human bronchial tree.

Am Rev Respir Dis. 1975 Apr;111(4):489-95.
Interacinar pathways in the human lung
Raskin SP, Herman PG

Abstract

Normal lung specimens from patients 18 to 86 years of age were inflated, fixed, and
cleared. After micropuncture of the distal airspaces and injection of silicone rubber, the
dissemination pattern was studied by cinematography. Free interacinar flow was
commonly observed. The major pathways of spread among adjacent acini were the
interacinar ducts. These were short, tubular structures 200 mum in diameter that were
continuous with respiratory bronchioles and alveolar ducts. The flow of silicone rubber
was impeded only by the septa of the secondary lobule of Miller. Our finding support
the view that the smallest morphologic unit of airspace disease is more likely to be the
secondary lobule than the acinus.
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Thin-Section CT of the Secondary Pulmonary Lobule: Anatomy and the Image—The
2004 Fleischner Lecture

W. Richard Webb
Published Online: May 1 2006

Abstract

The secondary pulmonary lobule is a fundamental unit of lung structure, and it
reproduces the lung in miniature. Airways, pulmonary arteries, veins, lymphatics, and
the lung interstitium are all represented at the level of the secondary lobule. Several of
these components of the secondary lobule are normally visible on thin-section computed
tomographic (CT) scans of the lung. The recognition of lung abnormalities relative to
the structures of the secondary lobule is fundamental to the interpretation of thin-section
CT scans. Pathologic alterations in secondary lobular anatomy visible on thin-section
CT scans include interlobular septal thickening and diseases with peripheral lobular
distribution, centrilobular abnormalities, and panlobular abnormalities. The differential
diagnosis of lobular abnormalities is based on comparisons between lobular anatomy
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and lung pathology.
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Is the Lung Built Reasonably?'—*

The 1983 J. Burns Amberson Lecture

EWALD R. WEIBEL

Lt is now two dozen years since 1 en-
tered, as a young postdoctoral fellow,
the Cardiopulmonary Laboratory at
Bellevue Hospital, then headed by Drs.
André Cournand and Dickinson W.
Richards, in order to start, as it turned
out, a career in the study of lung design
in relation to its gas exchange function.
Dr. Amberson had just recently re-
tired, but the Grand Old Man could
still be seen around on occasion. I feel
particularly honored to have been in-
vited ta pay my tribute to Dr. Amber-
son by reporting to the scientific soci-
ety he has so decisively influenced
where we have gone since those early
days. The story I shall expose to your
critique has been brought about by the
work of a large number of excellent
collaborators, but it is also the off-
shoot of a particularly privileged train-
ing by great teachers whom I had the
£00d fortune to experience, and those
who taught me at Bellevue rank at the
top of this list.

The story has its origin during my
first wecks at Bellevue. Having brought
with me from od train-

e s

Fig. 1. Mode af

Modltied from Reference .

phometry produced a basic knowledge
of the principal design features of the
lung, namely: (i) that the walls be-
tween alveoli are densely populated
with blood; (2) that the tissue barrier
separating air and blood is exceedingly
thin—50 times thinner than # sheet of

ing in the meticulous morpholagic sci-
ences of the time, | was assigned the
task “to do anything on the structure of
the lung that was of interest to physi-
ology.” The environment offered by
the Cardiopulmonary Laboratory of
Drs. Cournand and Richards was ideal
for taking up this challenge, and it was
under the guidance of Dr. Domingo
Gomez that [ started to look at the
architecture of the lung in a new way,
seeking mumbers rather than pictures,
looking for structural traits that are
determinants of function. The first
question was hew many alveoli were
needed to make a human lung; but this
quickly led to more sophisticated ques-
tions on the size and dimensions of the
apparatus that allows efficient O, up-
1ake in the lung.

Combining modern methods of mi-
croscopy with sound methods of mor-

752

air mail d is yet tightly
organized into 3 basic layers; (3) that
the surface of contact between air and
blood is very large, approaching in
humans the square footage of a tennis
court; (4) that the airways and blood
vessels are designed in such a way as to
allow efficient ventilation and perfu-
sion of the gas exchange units that
number some 300 million in humans. It
is intuitively plausible that these fea-
tures establish favorable conditions for
gas exchange.

If I now ask the question whether the
lung is built reasonably, intuitive rea-
soning is no longer sufficient; we need
a sound rational approach based on
hard data. Also, I introduce a value
judgment for which we need some
valid criteria. Reasonable with respect
to what, we must ask. Reasonable with
respect 10 solving the mechanical prob-
lem of maintaining such a large surface:

 cascads,

exposed to air using a minimum of tis-
suc; or reasonable with respect 10 solv-
ing the metabolic problems of main-
taining a healthy living lung despite the
need 1o reduce the metabolically active
cell mass to nearly vanishing dimen-
sions? All such questions are valid, but
they are, in some way, secondary ta the
main question: whether the lung is
built reasonably in view of its central
Function: the supply of O; to the cells
of the body at the rate they need it to
do work.

Thus, in asking this question, we
cannot look at the lung alone but must
rather consider it as merely a part of
the respiratory system that conducts O,
from outside air to the mitochondria in
the cells, using the lung and the circu-
lation of blood as intermediates (figure
1). The pattern of this model is familiar

" From the Department of Anatomy, Univer-

sity ol Beme, Berm, Switzesland.

pord by Gesat Ne. 112881 fom the
Swin t\anmul Science Foundat

sts forrepeats sboud be addressed 1
Evali R, Weibel, W.D., Depariment of Anat.
omy, University of Berne, CH-3000 BERN §,
Switzerland.
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Morphology of the bronchial tree in man

KEITH HORSFIELD? AND GORDON CUMMING
Department of Medicine, Queen Elizabeth Hospital, University of
Birmingham, Birmingham, England

Horsmewn, Keitw, axp Gorpox Cuananc. Mo
the bronchial tree in man. J. Appl. Physiol. 23(3): 373-383
1968.—The anatomical arrangements of the air passages in the
human lung have been studicd by preparing a cast with a

resin, followed by ‘of all the strue-
tures o delineated. The airways larger than 0.7 mm in diameter
have been measured individually; those smaller have been
measured by a sampling tcchnique. The daia obiaincd from all
these ind some derived presented.
A method for numkbxring the gencrations of branches counting
up the bronchial tree is descri

bronchial anatomy; gas flow; morphometry

in the dng s Jung and calculated the :ﬂ'ec( of such asym-
metry in ional i

An analysis of the human !!mnch]al uee has been made
by Weibel (16). Using a resin cast of the larger airways
he measured completely only as far as generation 5 and
incompletely down to generation 10. The smaller struc-
tures were examined by conventional histological tech-

niques.

The area between, involving the smaller bronchioles,
was difficult and this he overcame by making the as-
sumption of regular dichotomy and predicting therefrom
the missing measurements. This approach has been valu-
able but suﬁ‘un from the defect that inhomogencity due

rI:az PART PLAVED by the structure of the lungs in deter-
mining their function has been the subject of recent work
(4, 11, 13, 14). The intcrpretation of a varicty of physio-
logical tests is assisi & knowledge of structure, and
recent papers cancerning the rate of gas mixing by diffu-
sion serve to the i f a knowleds
of the geometrical arrangement of the air passages in the
lung.

The transfer of a molecule of oxygen to its final destina-
tion in a biochemical reaction within a living cell is
complex and, so far as the process of ventilation is con-
cerned, involves two distinct processes—gas transport
down the airways and gas mixing within them.

Gas transport is concerned with the characteristics of
flow in branching tubes where mass movement is the
dominant process. Gas mixing occurs in the terminal
airways and here the physical process involved is gaseous
diffusion so that und ding involves the appli
of physical knowledge to the biological situation. It is
in these areas that quantitative measurements of the
anawmy of the airways can be most helpful.

Other authors have undertaken this task of measure-

of

o bronchial anatomy is automatically
excluded.

The purpose of the study reported in this paper was to
make measurements of the human bronchial tree as
nearly complete as possible so that the functional effects
of asymmetry could be studied. Before embarking on

of the tech of and com-
putation several points of principle should be disc

PATTERNS OF BRANGHING IN BIOLOGICAL SYSTEMS

Branching systems may be organized in various pat-
terns. At each node the parent branch may divide to
produce two {dichotomy), three (trichotomy), or many
(polychotomy) daughter branches. Another type of
branching occurs when a lateral branch arises from a
main stem, this being termed monapedy. In dichotomy
the growing point divides into two while in monopody a
separate growing point arises on a branch which has
been formed previously.

Apparent trichotomy may be found in a dichotomous
system due to shortening of a branch to zero length.

Number of Branches
dichotormy. Tr this each parent branch

‘ment (5, 12, 13). Rns (lﬂ) sczmed 1he
asymmetry in the of

Reoewed foe publiation 12 June 1967,
“This study was supported lcdical Rescarch
Laberatories under Contract AF EI (0.52) 775 Klnvll h the Euro-
of Accopace Rescarch (OAR), United States Ade

Force,

1 Recipient of a British Heart Foundation grant.

St and Fi jon Relationshi

gives rise to twe daughter branches of the same length
and diameter. If the initial member of the system is
designated as generation zero, then the total number of
branches at any given generation is 2%, where w is the
generation considered. Since this is an exponential
statement, & plot of the logarithm. of the number of
branches against w will be linear.
373
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MODELS OF HUMAN LUNG AIRWAYS AND THEIR
APPLICATION TO INHALED PARTICLE DEPOSITION

B EH5-CHl YEH and (. M. SCHUsT
Lnhalation Toalcology Ressarch Institute,
Lovwelace Biomedical and Environmental Research Institute,
P, Box 58900 Albuguergue, MM 87115

Modek of the haman respiratory trect were developed based on detailed morphomstric
measuremenls of & slicone pebber cait of the buman trachechroschial airways. Bmphasis
was placed on (ke “Typical Path Lang Model” which used one typical patbeay bo nepresant
a portian of the ling, such a5 & lobe, or 1 represent the while lung. The models contain
geometrical parameiers, including sirway scgmem diamevers, lengths, branching anghes and
amgles af inclinaticn 1o gravity, which are sesded for sstimating mhaled particle deposition.
Acrosed deposilians For variois beathing panierns and pamicle sizes were cakculated using
these lung models and the modified Findeisen—Landahl computational scheme. The nesulis
agree teasonaldy well with recest experimental daia. Regional deposition, including lobar
deposition frectioes, are abo cakcubaied and compared with resulis based on the ICEF Jung
depositios model,

1. Introduction.  Knowledge of mittal deposition pattern of inhaled par-
ticles is of interest in toxicology studies using laboratory animals and in
assessing hazards to people from airborne toxicants present in the environ-
ment. One approach 1o understanding the deposition of inhaled partiches
the use of mathematical models,

The geometry of the tracheobronchial airways is one of the fictors
influencing particle deposition during nhalation. Airway structure para-
meters which influence particle deposition include airway segment dia-
meters, lengths, branching angles and angles of inclination to gravity (Yeh
et al, 1976). Because of the complexity of lung anatomy and the
mathematical calculations invalved in particle deposition, most of the lung
models have had fairly simple simulated lung structures (Davies, 1961;
Findeisen, 1935; Horslield er al, 1971; Landahl, 1950; Olson et al, 1970;

VPresent sddrens: Deparimesd of Biskagy, San Diegs State University, San Diega. CA, USA

4 Thorac Imaging. 1993 Summer;8(3).176-88.

Diffuse lung disease: pathologic basis for the high-resolution computed tomography
Ref. 15 findings.

@ Author information

Abstract

High-resolution computed tomography (HRCT) allows accurate assessment of the pattern and distribution of diffuse lung
diseases. Optimal interpretation of the HRCT images requires understanding of some basic concepis of normal anatomy, as well
as the pathologic basis for the HRCT findings in diffuse lung disease. This review summarizes our experience with over 400
radiologic-pathologic correlations in diffuse lung disease. These correlations include contact radiography with stereo views and

stereomicroscopic images of lung specimens. We describe our technique to inflate and fix the lung specimens and illustrate
normal and abnormal lung morphology.
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Tharm (1958), 13, 103,

THE PERIPHERAL PATTERN

IN THE NORMAL BRONCHO-

GRAM AND ITS RELATION TO PERIPHERAL

PULMONARY ANATOMY*
BY

LYNNE REID

avp G, SIMON

Fram the Institute of Diseases of the Chest and Brompron Hospital, London

(RECETVED FOR PUBLICATION OCTORER 19, 1957)

The appearances in a bronchogram of the more
proximal branches of the bronchial tres are well
known and have been fully described (Huizinga
and Seelt, 1949 ; Twining and Kerley, 1951
Fischer, 1953 ; Brock, 1954 Ritvo, 1956). This
is not w0 in regard to the more distal and final
bramches, and there is, moreover, some confusion
as to which structures are oullined by the con-
trast medium at the periphery of a well-filled
clinical bronchogram, The earlier beliel that the
rather woolly shadows sometimes seen in a w]!-
filled bronchizl tree, and illustrated in Fig. 4,

represented alvealar filling is to-day thought
unnﬂgf‘my (Twining and Kerley, 1951;
Fischer, 1953), but the term * peripheral filling,”
which is l.cndml o replace the earlier

exact anatomical site of certain of these shadows
was demonstrated.

Fart 1: Stuoy oF tHE PERIPHERAL PATTERN (N
Mossar CLmical BRONCHOGRAMS

The word “ peripheral ™ or *distal ™ is used
here to describe those parts which are toward the
end of the pattern of branching of the bronchial
tree. In this sense, a structurs may be peripberal
or distal and yet deep in the lung™s substance, and
central in a radiograph. Although the same peri-
pheral pattern is seen throughout the lung, it is
easier to study its details in the subpleural region
than in the central part where it is apt to be
obscured by overlying shadows.

does not give an exact indication of the structures
outlined, Twining suggests, as the result of stereo-
scopic examination of a lung specimen injected
with * lipicdol,” that an appearance * like a tres in
bud " was the result of filling of respiratory bron-
chioles, and Ritve describes a similar granular
appearance as being characteristic of filling of
respiratory bromchioles.

A more detailed deseription of the normal
appearances of the distal part of the bronchial
tree would be of value both in the detection and

b lities of the peri
brenchi and broncluules such as are seen
chronie broachitis (Simon and Galbraith, 19'511
and in the localization in relation io the peripheral
bronchi of small abnormal shadows such as are
seen in tuberculosis and sarcoidosis, Several hun-
dreds of apparently normal clinical bronchograms
were therefore examined, and thess form the basis
for the description of the normal pattern of the
peripheral part of the bronchial tree given in Part
I of this paper. Part IT describes how, by histo-
logical examination of mpcled spenmuu, the

* 4 comminicalion bued on (his paper was dellvered 10 the
Thormeic Sackety in July, 15357,

Tharax {195E), 13, 110

The bronch studied were taken as part of
the examination of patients, many being rejected
because they showed obvious pathological changes
or because the contrast medium did not fill the
peripheral bronchi. Those showing adequate peris
pheral filling, and thought to be normal in at least
one lobe, were then examined in detail. When
possible, the shadow cast by a filled air tube was
examined in iwo planes by identifying it both in
the postero-anterior and in the lateral er oblique
wiew, In several cases tomograms were available
50 that even in well-filled bronchograms it was
possible to study the shadow of a bronchus or
bronchiole deep in the lung without its being
obscured by overlying bronchi. A similar peri-
pheral was shown whether the contrast
medium used was iodized oil or oily or watery
propyliodone, and whatever the method of intro-
duction,

THE Suape oF THE Lumen.—The pattern of the
broachi when traced from the hilum to the peﬂ
phery is tially that of
line shadows, progressively decreasing in width.
Whereas in the larger proximal bronchi it is sofe-
fimes possible io see the shadow of the contrast

THE SECONDARY LOBULE IN THE ADULT HUMAN LUNG,
WITH SPECIAL REFERENCE TO ITS APPEARANCE
IN BRONCHOGRAMS *
BY

LYNME REID
Frowm the [nuitae of DNiesies of the Chert, Brompeon Hospiral. Londos

(RECEIVED FUR PUSLICATION XOVEMEER 19, |957)

Anatomical descriptions of the peripheral part
of the lung are varied and inconsistent, They are
difficult to relate to bronchographic and rhdso-
graphic appearances (Twining and Kerley, 1951 ;

Fischer, 1953} ar to markid anatomy,

The wunits in which the periphery has been
described may broadly be grouped into twa bypes,
The smaller umits, mexsured in millimetres, inclode
those described as he acinus -nrl the peimary

Takik I
EXAMPLES OF PRE'

VIHUISL Y UNITS OF
FERIFHERY OF WNG

& L
ruﬂln m Null:l.}jplld :hlh-..w

Termias! boanchicle. Asines

Mooy ot Sl | Rt
ok
abvmer e T | Primay bl | Ml 12T

|obude, and tbe larger, ed es, has
usually been known as the uxmhy kobale. Tao
date, atiempts to define the secandary lobale have
been especially umsatisfaciory and, although this
paper is comcerned primarily with this unil, some
preliminary consideration must be given to the
smaller units of which it is composed. This
smaller umit is concerned with respiratory Hssue
Iying beyond the browchial tree (Fig. 1), iz, the
alvealar region of the lung.

SuiaLien Pertrmesal UsaT

Confusion here arises mainly from the variety
of ways in which respiralary tissue has been
subdivided for pusposes of . Some of
the many names by which this part of the lung
has been described are shown in Table L Becaise
these  subdivisions are  anatomical they are
rinsically accurate, bui misundersianding arises
becanse the same unit is variowsly described and
the same term applied o dilferent usits (see Table
I Perhaps the most useful term i * acines ™
{Rindfleisch, 1878 ; Loeschke, 1921}, used here 1o
embrage all the respiralory Gssie (nclisding
respiratory bronchioles, simce these have alvecli
opening into the lumen) beyond a terminal bran-
chiole, Lung tisswe can thus be divided inlo the
bronchial tree and a<imi.

" -h.hn;ﬁ_wum-“ﬂwh

LARGER PERIPHERAL UNIT

The previowsly accepted definition of the secon-
dary lobule is that it is the unii demarcaied by
sepla of comneciive fissue passing |mio the lung
from the pleura. This simple definition has given
rise o ibe assumpiion that throughout ibe lung
Ibe septa are uniformly and regularly preseat ;
nevertheless varions authors in applying the
definition bave given widely differing estimates of
the number of acimi which a secomdary lobule
contains. Rindfleisch {1878} thowsght that the
lobule maght mclude as few as two acind or as
many as 30, Berdal {1503) eslimated 15 to I8,
Braus (1824) 12 to 18, while Laguesse and
d'Hardivillier (1898), whese disgram i sill
included in current iexthooks, gave as wide a
ramge &8 36 o 100, I‘:rhnp becase of this
embarmssing diversity in the oumber of acini.
mare modern accounts (Milker, 1947 ; Birnhawm,
1354) make oo reference 1o them, bai describe the
lobide im terms of septa caly.

The need for applying these anatomical descrip-
tions 1o radiogiephs and particulasly broncho-
grams has made radiologises especislly conscsous
of these inconsistencies amd of the difficulty of
relating the number of acini included 10 the
walume of the secondary lobule.  Twining and
Kerley (13511 have emphasized bow unfortunate




Ref. 20

Ref. 21

Pulmonary Tuberculosis: CT and Pathologic Correlation

Lee, Ji Yeon; Lee, Kyung Soo; Jung, Kyung-Jae; Han, Joungho; Kwon, O Jung; Kim, Jhingook; Kim, Tae Sung

Joumnal of Computer Assisted Tomography: September-October 2000 - Volume 24 - Issue 5 - p 691-698
THORACIC IMAGING: Pictorial Essay

BUY

Abstract Author Information

Typical CT findings of active postprimary pulmonary tuberculosis include cenfrilobular nodules and
branching linear structures (tree-in-bud appearance), lobular consolidation, cavitation, and bronchial wall
thickening. The CT findings of inactive pulmonary tuberculosis include calcified nodules or consolidation,
irregular linear opacity, parenchymal bands, and pericicatricial emphysema. The typical appearance of
primary tuberculosis on CT scans is homogeneous, dense, well-defined segmental or lobar consolidation
with enlargement of lymph nodes in the hilum or the mediastinum. Miliary nodules may be seen in primary
and postprimary tuberculosis. On CT, tuberculomas appear as a nodule with surrounding sateliite nodules
and internal cavitation on CT. Atypical radiologic manifestations of fuberculosis, encountered in as many
as one third of the cases of adult-onset tuberculosis, are single or multiple nodules or masses, basilar
infiltrates, miliary tuberculosis with diffuse bilateral areas of ground-glass opacity, and reversible multiple
cysts. Underlying histopathologic findings of typical and afypical CT findings of tuberculosis are caseating
granulomas or pneumoenia in the active phase and fibrosis and dystrophic calcification in the inactive
phase.

Copyright © 2000 Wolters Kluwer Health, Inc. All rights reserved.

B | ARTICLES
Branching pattern of airways and air spaces of a single human terminal
bronchiole

J. E.Har
1JUN 15
9, TOOLS < SHARE

Abstract

A polyurethane-foam enlarged reconstruction was made from serial sections of a
portion of young adult human lung parenchyman. Study of the progeny of a
terminal bronchiole disclosed three generations of respiratory bronchioles and an
irreqgular branching pattern of eight generations of alveolar ducts. Sacs and
alveoli arose from the lateral and distal aspects of all generations of ducts. There
were an average of 3.5 alveoli per sac. Considering the terminal bronchiole as the
first generation branch of the acinus, over 60 per cent of the alveoli counted and
predicted were members of the 10-12th generations. The acinus contained one
terminal bronchiole and approximately 14 respiratory bronchioles, 1,200-1,500
ducts, 2,500-4 500 sacs, and 14,000-20,000 alveoli.
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Model analysis of gas distribution within human lung acinus

M. Paiva, and L. A. Engel
Ref. 22

Volume 56, Issue 2

February 1984
Pages 418-425

Ref. 23

Abstract

Alveolar gas concentrations were simulated in an asymmetrically branching

model of a human lung acinus based on morphometric measurements. The

structure was expansile so that convective flow into and out of every part was

proportional to its volume. Despite the homogeneous volume change solution of

a differential equation for simultaneous convection and molecular diffusion

following a 1-liter breath of 02 at 0.5 I/s predicted substantial inhomogeneity of

02 concentrations. This was reflected in a twofold range of inspired gas per unit

volume computed from O2 concentrations averaged throughout expiration. Even

a 10-s breath hold at end inspiration did not result in uniform concentrations

Larger breaths, corresponding to a ventilation of 60 l/min, increased the degree of

inhomogeneity 50%. Diffusive pendelluft at intra-acinar branch points during

expiration produced a sloping alveslar plateau of 0.53% N2/, i

. much smaller

than that measured from the whole lung in vivo. Similarly, an estimate of single-

breath mixing efficiency also indicated a much smaller degree of inhomogeneity

than inferred from measurements of expired gases at the mouth. The model

analysis suggests that if anatomical data used are representative of a normal

lung, then the intra-acinar gas inhomogeneity, although substantial, constitutes a

small fraction of the overall impairment in gas mixing.

Jovwsas or Arriins Frivmoue
ek . N . Mk 1970, et U75.4.

Diflusional transport in the human lung

RICHARD CONLEY LA FORCE AND BENJAMIN M. LEWIS
Mayo Loundation, Rochester, Minnsata 559101; and Wayne State University School of Medicine, Detrait, Michigan 48207

LA Forer, Rickarn Costey, Ao Bespams M. Lewrs. Difu-
sional transport in the human fang. J. Appl. Physiol. 2B(3): 291-298.
970 lations of the time for gascous diffusion were: made
d ce techniques in a dichotomously branched
el of the human Jung. The lengths and cross-sectional areas
of the branches were derived frvm anatemical data and the dif-
O; diffusing into N3. Finite differ-
ence equations for weating diffusion at a branch point were de-
veloped. If the diffusion front was established at the terminal
beonchioles, Oy concentration in the terminal alveoli rose 1o a
alue in 2 sec which was maintained for 5 sec. A diffu-
i in the alveolar ducts led to a plateaw in | sec. al
ation of the assumptions made in this model (axial diffu-
sion, a square, stationary front, and symmetrical branching) does
fect the conclusion that ne significant concentration gra-
dirnt exists between gas in the werminal bronchioles and gas distal
1w this point during the normal respiratory cycle. Physiological
data on the reason for the sope of the alveolar plateau are
brietly reviewed.

wion of ventilation; single-breath nitrogen test;

wputers; disri
mechanics of hung

THE PAPER ATTEMPTS to explain a fact observed by Krogh
and Lindhard in 1914 (8) and confirmed by innumerable
subscquent investigators: “The distribution of a gas in the
alveolar air after onc inspiration of it is not uniform. The
last portion of an expiration will contain less of a gas than
the carli In 1946 Rauwerda (12) summarized the pos-
sible explanations of this fact: a) stratified inhomogencity
(i.c., the gas inspired fails 10 equilibrate by diffusion with
that already present), b) regional inhomogencity (different
areas of the lung are imore or less well ventilated than others),
of ¢} a combination of both. He made a major contribution
toward deciding which explanation was carrect: the cal-
culation of the tme for diffusion in lung models based on
anatomical data. He used two models, a cylinder and a
cone with a globular end (rather like a filled ice cream cone).
In vach casc the system was closed and the distance for
axial diffusion 0.7 cm (a distance equal 1o that from the
beginning of a respiratory bronchiole to a terminal alve-
olus, according 1o the daa of Weibel (14). He found that
diffusion was more rapid in the cone than in the cylinder

s fus, cquilibraton being avaincd

Kr
. This view was reinforeed b
d co-workers (11), that the

wdhard’s observat
the conclusion of Otis

chanical propertics of the lung were not uniform and until
recently Rauwerda’s interpretation was generally ac-
cepted.

In 1966, however, Cumming and his asociatcs (3)
eriticized Rauwerda's models on the obvious grounds that
they were closed at both ends while the terminal airways of
the lung are open proximally. They proposed instead a
larger right circular conc, having a length for axial diffusion
of 2.1 em. They found that it made little difference over
several seconds whether this larger cone was open or closed
atits apex and further that an appreciable diffusion gradient
persisted in this cone for 5 sec or more after an interface
between inspired gas and alveolar air was established 0.2
em from the distal end. Cumming and anather set of co-
workers (4) put the theoretical canchusion that a diffusion
gradient existed in the terminal airways after an inspired
breath to an experimental test using a mixture of sulfur
hexafluoride {molecular weight 146) and neon and fele thar
experiment  confirmed theory. Shorly before, Sikand,
Cerretelli, and Fahri (13) concluded that all parts of the
tungs emptied simultancously, which would render re-
gional inh ble during
cmnbmed effect of arguments for siratified inhomogeneity
against regional inhomogencity has brought stratified
|nhnmog:~nnq into favor again, more than half a century
afier Krogh and Lindhard proposed it as an cxplanation of
their results.

The reason for this change is basically the differing results
of diffusion calculations in two models of the terminal por-
tions of the human airway. While the criticism of Rauwer-
ming and co-workers is valid, their
its turn, is open to criticism on two grounds. If
nal airways are to be weated as a solid figure, the
appropriate anc is not a cone but a golf tee, since most of
the volume of the airways is concentrated near their ter-
mination. Even if this objection were met, the further one
that the airways are not a solid ﬁgu:e but a succession of
dichatomous branches would remain.

The work which ws frees the proble
crustean bed which distorts the finer airways into some sort
of solid figure, by ha development of finite dil e equa-
tions which trear diffusion at a branch po.nl \\uh these
cquations calculations were made on adichotomously
branched model having the lengths mld mna—-.-rlmnal
areas proposed by Weibel (14). Weibel's values ol
from empirical cquations fitted to actual anatomical meas-
ureme: Although the del assumes symametrical di-
choteny elearly a closer approximation 1o the real
Jung than any previously used

from the Pro-




Ref. 26

Ref. 28

Ref. 29

Ref. 30

Respiratory System

Morphology of the guinea pig respiratory tract
Jay P. schreider, John O. Hutchens

First published: March 1980 |

Abstract

A morphologic description of the airways of the guinea pig was developed
from measurements of casts of the lungs and nasal cavity and from
measurements of frozen sections of the lungs. The lengths, diameters,
branching pattern, and numbers of elements of the respiratory tract formed
the basis for a representative model of the system. The brainching pattern is
irregular to the pulmonary region but regularly dichotomous thereafter. The
nasopharyngeal-tracheobronchial region contributes 2.64 cm? of the total
respiratory volume of 21.62 am?. The alveoli contribute 16.31 cm? of the 18.98
cm? pulmonary region. The nasal region consist of convoluted and irregular
airways with a functional volume of 0.48 cm?.

J Pathol Bacteriol. 1955 Oct;70(2):311-4.
Accessory bronchiolealveolar communications.
LAMBERT MW
No abstract

J Pathol Bacteriol. 1964 Oct;88:389-403.

THE PATHOGENESIS OF COAL MINER'S PNEUMOCONIOSIS.
DUGUID JB, LAMBERT MW.

No abstract

Respiratory bronchioles as the
pathway for collateral ventilation'

H. B MARTIN'

Department of Preventive Medicine, University of Washington
Sehool of Medicine, Seattle, Washinglon,® and Department of Physiology,
Harvard School of Public Health, Boston, Massecluselts

My, H a ltewulu\ branchisies as the paikovy far collateral
21(3)- 14431447 1906 —Left

oo e .mg were subjected 10 three different
I ventilation. The

ial branches were dissected free,
he lobes were then subjectcd

to study the pathways for
used for each

used, the first two bron

The first proced
required to cause col
compltely collped
I mes

ved measuring the pressure
eral ventilation to begin in a
gassing of the

vacuum was

s first two bronchi to the apparatus shown in Fig. 1.
The pressure was raised in 1-cm d held for 3 min
at each pressure until a pressure was reached where air
bubbled out of the outflow side.

m
20 p were ah]r
v sde of he lobe. Serial
dicated respiratory beon:
i -

ot through smaller pathways such as the
alveolar pores of Kob,

e c on the inflow side al
ory outflow was collected and allowed to

pathways for collateral vemilation
Al Mok of the sl ws pelypipeted of

bronchioles and collaters

J T

ventilation

vIOUSLY been assus U((L fﬂ that Cullalrlﬂ
red by way of
tain theoretical comsidera:
il respec o he st
lining have caused a re-

. The need for further o the inflow bronchus. By thia mcand the ink wis
evidence resulted in the following studies partially deposited slong the pathways of fow and
served 10 outline the pathways of collateral ventilation
for later ientification in
a 20 em of water blowoff was used between the India ink
soluin and he lobe.and to prevent ros cllpe of the
utflow segment of the lobe an outflow blowof was sct
Reveived for publication 3 Septesbes 1955 o e v et Th Iobe wa then fmed 1 the
This investigation was Supporied by Nationsl Heart Intitite  inflated state with intrabronchial perfusion of 4 % form-
aldelrydc wunder a prcmurs of 10 cn of water, Following

ng drem for reprines. This, the area invoiving the intersegmen
* v Wabe was disected ous, embedded in

y

5. To control the pressure

Dogs sacrificed by intravenous injection of Nembutal
were wsed in all cxperiments. The left upper lobe was
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Article

The structure of the pulmonary acinus in a child of six
years and eight months**

Edward A. Boyden

rst published: November 1971

ed by Research grant HD-00656, National Institutes of Health, U. 5. Public Health

Abstract

So far as known this is the first portrayal of the detailed structure of a
pulmonary acinus as seen both from within its cavities and from without.
Some 200 serial sections (x 50) were traced upon transparent plastic plates
and then viewed as translucent objects in packets of ten. This method was
supplemented by wax-plate and graphic reconstructions of the whole and of
its parts.

The pulmonary acinus is a terminal bronchiole and all its branches. In this
example there were three generations of respiratory bronchioles and from
two to five generations of alveolar ducts ending in saccules. This acinus had a
volume of 15.6 mm?, comparable to a cube measuring 2.5 mm on each side.
The two halves (medial and lateral semiacini) interdigitated. Only the lateral,
forming 53.4% of the whole, was analyzed in detail. It consisted of a roof
having three portions with varying patterns (namely a proximal wing, a distal
wing extending to the connective tissue septum, and a rudimentary lateral
component); a septal portion resting on the septum and consisting of four
pairs of alternating small and large clusters of alveolar ducts, to the lower half
of which a cluster of vesicles was appended; and a paired lateral envelope of
ducts which in one place communicated with an adjacent acinus, thereby
revealing a third mode of collateral ventilation.

This acinus, reconstructed over a period of three years, is replete with
numerous variations such as dilated atria and saccules, supernumerary
structures, recurrent ducts, irregular branches and differing lengths of
airways. Thus, it records the “fight for space” in earlier periods of growth.
Knowing the pattern of this particular acinus, it has been possible to calculate
the rate of diffusion of gases between the terminal bronchiole and the
peripheral saccules, and vice versa. Yet the impression persists that no two
acini are alike in either proximal or distal portions; therefore, it is questionable
whether diffusion of gases in the peripheral airways of the living individual are
really subject to precise mathematical measurement.

Am Rev Respir Dis. 1975 Apr;111(4):489-95.

Interacinar pathways in the human lung.

Raskin SP, Herman PG.

Abstract

Normal lung specimens from patients 18 to 86 years of age were inflated, fixed, and
cleared. After micropuncture of the distal airspaces and injection of silicone rubber, the
dissemination pattern was studied by cinematography. Free interacinar fl ow was
commonly observed. The major pathways of spread among adjacent acini were the
interacinar ducts. These were short, tubular structures 200 mum in diameter that were
continuous with respiratory bronchioles and alveolar ducts. The flow of silicone rubb er
was impeded only by the septa of the secondary lobule of Miller. Our finding support the
view that the smallest morphologic unit of airspace disease is more likely to be the
secondary lobule than the acinus.
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Topology of pulmonary arterioles, capillaries, and
venules in the cat +

Sidney S. Sobin ™% 2, Yuan-Cheng Fung " 2, Roberta G. Lindal ' 2 Herta M. Tremer '+
2 Linda Clark 2

Abstract

It is shown in this paper that each alveolus is not a unit of
microcirculation: 1t is not supplied by one arteriole and one venule;
each arteriole supplies several alveoli, which are connected to other
alveoli before draining into venules. The spatial relationship among the
arterioles, venules, and capillaries in the lung is not clear in the
literature. To clarify the topology, we developed a special method of
particulate polymer casting of the vascular tree, and four criteria to
decide whether a noncapillary vessel is arterial or venous. Then on
each histological cross section of the lung parenchyma, we marked all
arteries with white dots, and all veins with red dots, and covered the
area of white dots with one color, and the area of red dots with another.
A two-colored map emerged. A two-colored cartographic map can only
show islands in an ocean. Our histological maps of the cat lung show
that the arterial zones are islands, and the venous zone is the ocean.
From these maps quantitative information about the arterial and
venous zones in the lung is obtained by stereological methods, and the
data for the cat are presented. A morphological definition of the
average length of capillary blood vessels connecting arterioles and
venules is proposed. The average morphological length of capillary
blood vessels in cat lung was found to be 556 + 286 (SD) pm when the
transpulmonary pressure was 10 cm H>O. The average length of
capillaries (L) is an important determinant of pulmonary blood flow: for
given arterial and venous pressures, the flow rate is inversely
proportional to L2, the square of the average length; the transit time
(time available for diffusion and oxygenation) varies directly with L2, the
regional difference of blood flow also depends on L.

B | ARTICLES
Demonstration of pulmonary vascular perfusion by electron and light

Ref, 3 4 microscopy

M. F. Konig, | M. Lucocq, and E. R. Weibel

Volume 75, Issue 4
010CT 1993 //

October 1993
Pages 1877-1883

Abstract

To estimate the fraction of dense pulmonary capillary network that is perfused
under physiological conditions, we developed a new method for the
demenstration of in vivo capillary perfusion by light and electron microscopy.
Blood plasma was labeled by 8-nm colloidal gold particles coated with rabbit
serum albumin. In anesthetized rabbits, 4#x2013:5 ml of this tracer were injected
into the right atrium. Twe and 15 min later, the circulation was interrupted by a
snare around the heart, and the lung was fixed by instillation with
glutaraldehyde. Gold particles were found in the plasma space of alveolar
capillaries as well as in other organs. A random sample of thin sections studied
by electron microscopy revealed that the entire capillary bed of the lung was
perfused at least with plasma within 2 min after tracer infusien. Light microscopy
of silver-enhanced sections showed areas with different staining intensities but
no obviously unperfused capillaries. The concept of capillary recruitment, which
would require a significant fraction of capillaries unperfused at rest. may have to
be reassessed to consider time factors as well as the two-phase nature of blood;

red blood cells and plasma may take different paths.
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Ref. 35 Design of the Bronchial Tree

THEODORE A. WILSON
Nature volume 213, pages 668-669 (18 February 1967) | Download Citation

Abstract
The bronchial tree is so designed that the functions of the lung can be carried out with
minimum entropy production.

l! "Depaitment of Mathematics and Statistics, Univefsity of
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concentration. Secondly, we describe the long-time
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solute. In particular, we oblain the general expression
T thee effective diffissivity for Taylor-Aris dispersion
i such a rivalet, and discuss in detail its different
interpretations in the special cse of a mivialet onoa
vertical substrate.

1. Introduction

Ohnee wof the ongoing challenges in microfluidics is that of
contrelling and optimizing the transport (Le. the mixing
and dispersion) of solutes at small length scales and
lowe Reynalds numbers (see, o.p. the reviews in [1 3]
The dispersion (ie, the combined offect of advection
A ditfusion) of a solute inoa steadily Bowing Huid
is a dassical problem in Huid mechanics which arises
in numerous. practical situations {such as the spread of
pollutants in rivers, chromatographic separation, and the
transpart of dissolved drgs in the bloasdstream)y and
has bewn the sibgact of & haige body of theonetical and

experimental researcly, fee vast maponity of it onginating
From the ploneering papers by Taylor [4.5] and Aris |6]
published i this journal. The key insight of this
pionecring work was that after a sufficicntly ong time
the mean concentration of solule adopls 2 symmetric

12T T Mt Pt by the Byl Sy, W gt Feseved.
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Aris-Taylor dispersion with drift and diffusion of particles on the tube wall
Mexanier M. Barezhhovskil and Alswsi T Shvarsor |

, Diisioe.
E e for Iformaion leckasiony. \m:nﬂ”uullq’ﬂmh e..mua [
3 D Wic 3207, Aasiraia

(Received 15 Apel 2013; sccepled 5 Augest 2013; published oslise 22 August 2013}

A lamisar siasiosary Aow af viscous fuid is 2 cyfisdrical tube cshasces the e of diffisios of
Birowsian paricles along the ube axis: This s-called Aris-Taylor dispersion i dee io the fact that
cumhnvehmsspulhy:dﬂ'l’mgpm:lemhru:dﬂeﬁndnmmgmmdl'isnuﬂmlﬂ.
ar2 random varisbles which depend o the sealizaSos of the parscle sochasti jectory in the

Inrhcnbevnl.l wher: it moves mlhlmmhl’(doﬂynndmrﬁmly.mdﬁl)mmh:nddmd
the flow

o he effiective rifl vebocity and diusivity afthe parice, which shorw how these quanities
‘on the geometric and kineic parameters of the model. [htspoiid.dot org/10.1063/1.48 18733]

L INTRODUCTION = given by
The incregse of the diffusivity of Browsias particles due
102 il gradient of advecsos velocity (ofies refered 1o oo T
2= e Avisaplor o s dispenoa’ % i of 8 saaincant P = Bt Sy oz
Ischnolegy

importance i 1lmh=nfﬁckhnl'mcmeind
coverisg many practical spplications Fxamples include ,‘m e paticke Gl the shseace of te
chemical cngizoersy tnnr.wl'hlﬂn‘ chmaingraphy 26 By iy
7 airflow

&ﬂﬁ:mqukdmﬂusp‘ubh-hz
in lusgs." [ delvery®), usd transport PSS ey exlended ko cover more setings inchading
in pa;n,mu sysiems (cupillary flows in factre" ool yoriows penmetrical complexities *® pscillating mv

filintion."" mixing is fvers™). Stactisg with the seminal  wussiest phesomesn ¥ d'l'xu of chemical reacsioss, 7

wnlbnfhrlnr“'“whoulmhledrh:cil’hs ity of apes-  gpg ,m,;. others. (see, for instance, books'? msd recent
mmrmﬂemmd]cﬂﬂwtl—-rﬂmluqll cal A imgoctat eacrabalion of L preblen
tubes, followed by 2 more r & of Aris™ this ] Pl . .
peablem has bees i2 the focus af hoth theantical aad experi- xwdudll'ﬁmonal'm:pmnd:uﬂ!wih The “wull
mental sindies for the lastsix decades. Ther 50 Vist s5cunl  offacy i especially important for the desips of microfls-
o erars deved o s bt (s el 13, 16304 17 3 dovices (scaled “Labos-a £ ). 1t b been

and refereaces Lheress). Akbough the Ars-Taylor Senion  saudind theorstically in & number of rocent publications (see
is nowadys discussed in evtboaks, "7 it is 56l the a3 paf 20, 22, 77, 31, and 37 and refesences therein),
of acie e 1.3 Whes 5 isownian particle is advected by 3 lamisar flow,
particle is N
I'hrai:k-:dn:dld:mmdbf'l‘th‘\"c_bea- = bi

e s e g 1 he e wall e be e by e

‘cous i in 3 cylindeical e of i 2 Fig. 1) The e,
the Poiscuille fow i by the well &ne .

iy ot of i given by the well known flow = wll, 03

(-1} wheme ¢ and k.. we the intrissic raie constanis (see Fip 1) Let

FZ and P¥ be the squilibrium probabiities of funfisg the

pasticle ca the wall and in the flow, AT + 777 — 1. As fol-

én- mn’nﬁ"'ﬂ'nr ‘Taylos showed thal ﬂrdﬂm fows from the prisciple of detailed balusce the rusio of these
asivily of  poiat Hrownian parscle aboag the twhe %55 peobaliliies s
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B8 | ARTICLES
Measurement of axial diffusivities in a model of the bronchial airways

P.W. Scherer, L. H. Shendalman, N. M. Greene, and A. Bouhuys
/jappl.1975.384.719

Values for the effective axial diffusivity D for laminar flow of a gas species in the
bronchial airways have been obtained as a function of the mean axial gas
velocity u by experiment measurements of benzene vapor dispersion in a five
generation glass tube model of the bronchial tree. For both inspiration and
expiration D is seen to be approximately a linear function of u over the range of
Reynolds' numbers 30-2,000 corresponding to peak flows in bronchial
generations 0-13 under resting breathing conditions. The diffusivity for expiration
is seen to be approximately one-third that for inspiration due presumably to
increased radial mixing at bifurcations during expiration. The effective
diffusivities relative to the molecular diffusivity can be expressed by the formulas
D/Dmol = 1 + 1.08 NPe for inspiration and D/Dmol = 1 + .37 N-Pe for expiration.
These velocity dependent diffusivities help to explain the short transit times of
gas boluses from mouth to alveoli and will aid in the analysis of airway gas

mixing by mathematical transport equations.

14
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8 | ARTICLES
Augmented diffusion in the airways can support pulmonary gas
exchange

1.1 Fredberg

Abstract

Bohn et al. (] Appl. Physiol: Respirat. Environ. Exercise Physiol, 48: 710-716,
1980) reported that paralyzed beagle dogs maintained normal gas exchange for
6 h or more when small tidal volumes at high breathing rates were maintained at
the airway opening (15 ml tidal volume at 15 breaths/s). These tidal volumes
were 25% of dead space and thereby were too small to permit convective gas
exchange with pulmenary air spaces. | have used a semiempirical analysis to
show that augmented diffusion in the central airways, akin to Taylor's turbulent
dispersion (Proc. R. Soc. Ser. A 223: 446-468, 1954) combined with molecular
diffusion in the periphery of the lung, can account for most if not all of the
observed gas transport during small tidal volume, high-frequency ventilation.
Ventilation efficiency (alveolar ventilation/minute ventilation) is approximately
2-5% and is insensitive to the combination of frequency and tidal volume giving

rise to the minute ventilation

Respiration P
Volume 25, Issue 2, Novembe 157173

Transport of H, and SFgin 1 b

Ludaovic M. Lacquet = 2, Leo P. Van Der Linden b Manuel Paiva ®

Abstract

The dead spaces for hydrogen and sulfur hexafluoride are predicted
from the solution of a partial differential equation, applied to Weibel's
morphometric data of the lung, and including longitudinal convection
and diffusion coupled with instantaneous radial diffusion. Traces of H,
and Sk were washed in and out of the lungs of two normal subjects.
Dead spaces for both gases were calculated from the wash-out curves
by a least squares analysis. Prediction and experiment agree in the
case of Ha. The model overestimates the dead space for SFs
particularly for large tidal volumes and for high breathing frequencies.

Several factors which can contribute to this disagreement are
considered. From simulation experiments it is evident, that the dead
space for SFg is highly sensitive to factors which influence molecular
dispersion in the region of respiratory bronchioles. Cardiogenic mixing
and some sort of flow-dependent mixing in this zone cannot be ruled
out. However, the experimental data can also be explained by
choosing another set of morphometric data for the alveoclated airways

15
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Mathematical Bic

£ o Volume 29, Issues 34, 1971 -349
ELSEVIER

A theoretical discussion of diffusion and
convection in the lung
David B. Chang, Steven M. Lewis, Allan C. Young * -4

Abstract

A differential equation is derived to describe the effects of diffusion and
convection on gas concentrations in the lung. The terms in this
equation are discussed. Attention is drawn to the effect of the changing
cross-sectional area of airways. This leads to an effect called
“pseudoconvection”, which causes a peak in gas concentration to
move toward the mouth. A Green's-function solution is presented for
conditions of zero flow and end exponential growth of cross-sectional
area A similar differential equation is derived for fotal gas as a function
of distance and time. For the static exponential lung model, a Green's
function solution is derived The effects of convective dispersion are
discussed and found to be relatively minor over most of the respiratory
tree at physiological flows_ Finally, the effect of protrusions into a tube,
such as alveolar walls in an alveolar duct down which a gas diffuses, is
discussed, and an analytical expression is derived to describe their
effect on the rate of diffusion.

Respiration Physiology

ELSEVIER

A computational model of pulmonary gas
transport incorporating effective diffusion

A Pack? ' M.B. Hooper 2, W. Nixon 2, J.C. Taylor #

Abstract

A computational model of gas transport in the lung is described which
remedies many of the deficiencies of previous models, as listed by
Chang and Farhi (1973), in that it allows for fluctuating lung
dimensions, gas exchange, simultaneous convection and diffusion,
and the enhanced effective diffusion that occurs when convective flow
is also present. The results of calculations using the model are
presented, showing the maximum effect of Taylor diffusion. The actual
magnitude of Taylor diffusion, suitably modified to allow for the
disturbed conditions within the lung, is considered in the light of recent

experiments.
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Penetration of inhaled He and SF6 into alveolar space at low tidal

volumes

Ref. 43

H. Worth, F. Adare, and . Piiper
Volume 43, Issue 3

01SEP 1977 ff September 1977

Pages 403-408

Abstract

To study mixing of inspired gas with lung gas, penetration of simultaneously
inspired helium (He) and sulfur hexafluoride (SF6) into alveolar space was
determined in normal subjects at low tidal volumes (from 50 to 500 ml) and at
varied lung volumes and speeds of inspiration/expiration. The volume of inspired
gas reaching the alveolar space, termed alveolar-tidal volume, VTA, was
calculated from preinspiratory lung volume, inspired volume, and inspired and
expired alveolar test gas concentrations. The difference between the VTA values
calculated for He and SF6, VTA(He) - VTA(SFE), was influenced by tidal volume,
lung volume, and the speed of inspiration/expiration, but it was always positive.
The results are qualitatively explainable on the basis of easier diffusive mixing of
He in lung airways compared with SF6. Since Taylor dispersion would produce
deeper penetration, and therefore higher VTA, for a less diffusible gas the results

provide no evidence for its implication in pulmonary gas exchange.

8 | ARTICLES

Effect of altered gas diffusivity on alveolar gas exchan
Ref. 44 theoretical study

W. Nixen, and A. Pack
01 A

Volume 48, Issue 1
Jonuary 1980
Pages 147-153

Abstract

Experimental studies have established that alveolar gas exchange is inversely
relation to the molecular diffusivity of gas in the lung airways. The mechanism
underlying this relationship is, however, unclear. To investigate this phenomenon,
the conditions relevant to the experimental studies are simulated using a
computational model of pulmonary gas transport. Results from these simulations
suggest that the inverse relationship found experimentally can largely be
explained on the basis of the intra-acinar stratification of blood flow and gas
concentrations. Gas having a relatively low molecular diffusivity is not
transported as far into the acinus as gas having a higher diffusivity. When these
relative intra-acinar gas distributions interact with the blood flow distribution,
which has been shown experimentally to be weighted towards the proximal
alveoli, more gas exchange occurs in the low molecular diffusivity mixture.
Consideration of the various other mechanisms that have been proposed to
explain the experimental findings.he inverse dependence suggests that they are
of little significance. In particular, our studies remove the need to invoke Taylor

diffusion to explain the experimental findings.
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Respiration Physiology

sl Volume 12, Issue 3, August 1971, Pages 329-34%
ELSEVIER

Diffusion equilibrium in the lungs examined by
nodal analysis

Gordon Cumming, Keith Horsfield, Stuart B. Preston 1

Abstract

The time course of gaseous diffusion in a model of the human lung has
been investigated using the relaxation method of nodal analysis. The
model of the lung used takes account of known information about
alveolar geometry and airways branching, but the asymmetrical
characteristics of bronchial branching have not been considered.
Analysis has been done using different sets of boundary conditions —
in the first an interface between inspired and residual gas has been
instituted at two appropriate volumes within the lung, and in the second
the interface has been moved into and out of the lung model whilst
diffusion continued. The two boundary conditions give entirely different
results in respect of the gradient of concentration within the alveolar
gas. The analysis permits a precise definition in mathematical terms of
dead space and this suggests a clinical application. The conclusion
drawn from the analysis is that the computed time course of diffusive
mixing in a given lung model, and its effects on the concentration
gradients in the alveolar gas, are crucially dependent upon the
boundary conditions employed. It is possible to obtain a horizontal or
sloping concentration gradient at will by inserting appropriate boundary
conditions. Both the anatomy of the terminal airways and the boundary
conditions obtaining within the lungs must be accurately defined before
a realistic mathematical analysis is possible. It is likely that no analysis
yet published has satisfactorily defined these parameters.

18



Ref. 46

BULLETIN OF
MATHEMATIOAL EIOPHYSICS
voLTME H, 1872

SIMULTANEOUS DIFFUSION AND CONVECTION IN

SINGLE BREATH LUNG WASHOUT

B F. W, SorERER
Dept. of Engineering & Applied Science,
Yale University,
New Haven, Conneatiout 06320

L. H. BHENDALMAR®

Dept. of Engineering & Applied Science,
Yale University,

New Haven, Conneatiount (4520

Yale University Sehool annd.mme
New Hawven, Connectiont (8510

Ref. 47

Two mathematical models of pulmvenary single broath gas washout {ome analytic, one
numﬁm]ﬁmdwnlﬂpedmdﬂ:ﬂurpmdmhnmmpardm experimental dats on human

subjects. Weibel's 23

tommical model is used a8 & guide to

&y
hmnnhultmgubm&lry. Expermental plots of nilrogen conventration versus wolome
axpired, dead space varsus breath holding tims, and dend space vemus tidal volums nre
compared with plots predicted by the models.  Agreement is pood. A plot of nitrogen
mmimmlhmuwudimdbymnumnrjmlmnduintdi.ﬂ'mnmdm
inlalation and exhalution of & single breath of oxygen ie ehown, Model predictions for
changes in dead spaee with changes in washout gas and expiratory flow mie ave disoussed,
Usa of the analytic model for obtaining average valuwes of the path length from mouth to

alvrali in n given subject is discussed.

Ta the extent of their ngreement with experiment,

the modols provide s eound physical basia for tho correlation of aireay strocture snd

funaction.

* Progent addroes: Reso Resarch & Enginesring Company,

07034,

Gas transport in the human

MANUEL PAIVA
Institut de Recherche Interdisciplinaire en Biologie Humai

lung

ine et Nucléaire (Group Simulation),

Free University of Brussels School of Medicine, B-1000 Brussels, Belgism

Paiva, MANURL. G transport in the buman lung. J. Appl. Physiol,
35(3): 401410, 1973, —We have solved the transport equation

a0d particularly by the singl
solution of the \ransport equation a1 fm\(lmn of the following
e low, idal vol

vemcats. We have shown the incidence of the ventilation
distributon in these curves. The analysis of the solutions of our
cquation eads us 10 e conchusion tht: 1) durin inspraion he
comecion mosement aorsthe sraicaton which s n he
e Vo gncentions sad avons s i
the stratifcation being then eaircly pe
expiration; amd 2) the final part of the chosical single-breath e
(lvela plaicau) s due cseniially 1 phenamena obe than the
vas transport by difusion and. convection in the series spaces.

transport. cquation; mitrogen washout single-breath test; strat-
ified inhomogeneity; alveolar plateau; distribution of ventilation;
alveolar sep

RECENTLY THERE HAVE BEEN several attempis 10 solve the
diffusion equation in models approaching the pulmonary
aim of these papers was often 1o elucidate
about whether inhomogencity of alveolar
gas s stratified, or regional, or both, and to elucidate the
sl of the plateau in the single-breath test.
and Lindhard (16) observed, half a century ago,
that aher one inspiraion of & gao, K st
alveolar air is not uniform. Rauwerda (28) basing his study
on calculations made in a conical model concluded that
stratified inhomogeneity was not significant after an inspired
breath and that the alveolar plateau was due to the di
tribution of the ventilation (regional inhomogencity).
Cumming and associates (1) have analyzed solutions of
the diffusion <q n several conical models and have
concluded that sratfid inhorogensity widin e hing
was likely on, Cumming et al. (2) concluded that
the .\Ivml.\r phlmu results in the main from stratificd
< and Lewis (17) were the fint 10
orresponds closely 1o the
atructure of the lang, or a Jeast 1 he anatomi
ecrption “of Weibel (31). They concluded that no
eation cxiss. Tt i evident that there ale
#tain stratification in the bronehial  tree
o

Becas aciher the period of epiratory eyce
fusion coefficient i infinite. We hav the
stratficaion i neglgible i the dffrence I fractonal con
centration between the beginning of the 20th and the end
of the 23rd generation of the Weibel model s less than 2
(We atribute concentration | 10 inspired gases and con-
centration 0 ( residual gases)

In the previous studics two important factors have been
pegec, ar b born it by Figer and Scheid

(27). The first consists not into account that con-
mnnn and diffuson occur oulancovsly i the moverment

d by

Ior diffusi

oae hi (
nd we wuuvl\ts ul zs 26) have built models
\\hlrh take these two factors into account. We will
... ize in the APENDIX their difference from the math

beglgriel by
equation equivalent to
was ot 10 clacidate probleens of pulronary Phyviiofy
However, it appears from the analysis of the published
figures (we only refer 10 the numerical model presentcd),
and particularly that of the single-breath test, that there is
a surprisingly good agreement with our previous conclusions
(22, 23) and those of this paper. In both studies the slope of
the sheolar petens e negiite, Cumiog, Homied, nd

Lows (17, but they again fomm
computations arc made with 2 mov
fore the conveetion term which again introduces 2 non-
negligible slope in the alveolar plateau

that it is essential 10 separate two
: one, the stratification, the other, the
alveolar plateau. [t would only be possible to calculate the
slope of thealvolar plaicau from he st
was no diffusion during
solution of a diffusion cquation can show
stratification without there being a nonnegligible slope of the
alveolar plateau. We have previously solved the diffusion
equation (26) with boundary conditions similar 10 those of
La Force and Lewi (1), but by ltrouc

colar >
and to Cumuming ct al. (3), we have found a

cation which agrees qualitatively with

d co-workers (1). However,
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Volume 18, Issue 3, September 1973, Pages 386-397

ELSEVIER

A model study of gas diffusion in alveolar sacs +
Hsin-Kang, Chang, Ralph T. Cheng, Leon E. Farhi

Abstract

Models of alveolar sacs with individual alveoli attached have been
studied for their diffusion properties Radial as well as axial diffusion are
considered. The axisymmetric diffusion equation is solved numerically
by finite element method.

Paramciric studies are made to determine the effects of the individual
alveoli on the equilibrium time. For the models used, the results differ
by about 70%. The diffusion equilibrium time for an interface 0.48 cm
away from the terminal alveolar wall is between 2.4 and 3.1 sec, for the
models used, which are likely to be lower estimates than the real case.
Based on these numbers and arguments, it is felt that the stratification
of alveolar air during quiet breathing is a definite possibility.

BULLETIN OF
MATHEMATICAL BIOLOGY
vaLrvE 30, 1974

Ref. 49

TREANEPORT OF Oy ALONG A MODEL PATHWAY
THROUGH THE RESPIRATORY REGION OF THE LUNG

WM. B Davmsos amp J, M. Frs-Gerann

Department of Mothematics,
Waivecsiby of Quessslind, Austrabia

A pathway through the system of brasehing in the seplratory Fgion of the hung &=
modelled by & cireular eylindor, elosed at oma and, with partitioes which dolfiss tha pam-
ponent respiratory units.  In this model the treaport of Oy darieg ieeperstion, gamprated
by diffasicn is compared with thet produeed by diffusion togethes with convection snd the
mmmdmnnuhhwmnpmnuqmyﬁn upikake ad the
Irealor wall ds di For this di om bt s only ¥ L Ensprirnbion,
The squations sre solved numerieally for flow rates of 10, 85 ond 200 litersmin. {l,up-
take at the wall and ourves of constant (0 concentration are shown to illastrads the
mffuimes of comrrection. It is found thet after o 2 pec mspirotion from am O tension of
#& mm Hg and » lang volamss of 2500 ml, convestion s abont: 12 per cent as impostant as
diffusion st & fow mie of 83 [itemmin, wheress st 10 liters/min convection is only about
0.4 pir cunb s imporiant se diffision,

L. Istronveriosn. 1. Physiological Comaiderabions. While gns transport in
the lung aceurs by hoth convection and diffosion simoltanecusly, the relative
importance of thess two mechanisms varies throughout the lung.  Conveetion
dominates in the langer airways (frmehen and bronehi) and miﬁng ocenrs in the
epeondnry flows at branchings. As inspired gases move further into the lung,
tatal ctional aren ir , welocities correspondingly decresse, and
diffurion beeomes increasingly important until finally, in the alveoli, diffosion
dominates sompletely, Gna exchange cerurs at the alveolar walls; O diffuses
through the walls into the blood while 00, diffusss out of the blood into the

alveoli.
The extent to which bulk flow sontributes bo the transpost of gas from inhaled
75
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VOLUME 37, 1975

LUNG GAS MIXING DURING EXPIRATION FOLLOWING
AN INSPIRATION OF AlR

B M. E. Daviosos®

Drepartment of Mathematies,
University of Queensland,
Australia

The wirway system of the lung from the mouth ta the pulmaenary mombrane is modelled by
matching n eylindrical model of & pathway through the respiratory region of the lung ante
a one-dimensional trumpet model for the conducting nirways.  The concentration of Oy
im g expired from this medel airway system is inveatignted following an inspiration of air
ot two different fow ratea (10 litresjmin and 83 litrosming,  Tn eoch cose, expiration
oonurs At tho same constant How rote as that during the previous inspiration. The
imspirations, which am studied in an carlice paper, are sach of 2 see duration and bagin at a
lung valume of 230 ml and o lung cxygen tension of 08 mm Hg.  The squations are
solved numersenlly and plota of expived Oy concontration against time and spainst expired
wolume are shown, Tt is found that st B5 litres/mmn, gas miking in the hing s complete
after about 0,7 seo of expirstion wherens st 1 litres/min, abont 2.6 see of axpiration is ra-
quired for complete equilibeation,  Ttis d that the experi | alveclar platasn
slope is not in general cassad by a slow approach to equilibrium of gas concentrations;
except at vory bow flow rates in the sardy pard of the concentration /time platean.

1. Introduetion. In 1917, Krogh and Lindhard observed that, after a single
inspirntion of a gas, the concentration of the gas in the latter part of the sub-
sequent expiration continued to decrease—a phenomenon which is still not
completely understood. Krogh and Lindhard contended that, while new air is
entering the lung, there are slways longitudinal concentration differences in the
terminul airways (stratified inhomogeneity) and that these differences are
reflected at the mouth during the following expiration.

% Progent addeesa: Anstealinn Atomie Energy O imsion Research Fatablish t, Laoces
Heighta, New South Wabes, 2202 Australia.

s
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THE INFLUENCE OF GAR EXUHANGE ON
LUKNG GAS CONCENTRATIONS DURING
AIR BREATHING

WM. R, Daviosos,
Amstralisn Atomic Energy Commission,
Fesenrch Eetablishment, Luoss Heights,
New Bouth Wales, Anstralis

A welil study is made of the condribution that continuing respiratory gas exchango makes
i thi alvealar platesu sbope for Oy durieg air bronshing, Calmlations in the model of the
Oy concomtrotion sppearing st the mouth during sxpimtson, & peeformed for smngle
hireaths of air st comstant Acw rbes 18 libmsfmin aed 120 litsasmin. A% 18 lives/min the
brenthing pericd is 5§ s, tha initial lang volbares (s 2800w, and the O uptalos mie is 300 ml
BTETHmin; whisis &t 120 litres fmin thess paramoters are 4 seo, 1200 ml, and 1500 m]
HTFD{min reapectively, In sach case the inital ling Oy tenson ix taloon o be %8 mm Hy.
It is foomd that st 18 litres/min, the O conpembration difformes cn e alvesdar et
over the Inst seoond of expiratie is 1.4 wm Hg when gas sxchange & omitted and 1.2 mm
Hg when ga exchangs is belsdod in the model. AL 120 1dresfmin, this differens is zero
nrel 5.0 mim H rspectively. The gas exchange esmpaonent predioted from oo i
wenll-mixed pompartment model is the sume st 13 litres min (0,5 mm Hg) bat = 0.0 mm Hy
wt 120 Lieres fmin.

1. Indvoduction.  After an insperation of air, the concintration of Os appescing
at the mouth during the subssquent expiration does not approach soms aniform
value but continees to decreass, Similar behaviour is obsorved for a foreign,
insoluble gaa following inspiration of o gns mixtare sootelning (. In the slagle-
breath My washout experiment, the Na concentration st the mouth is measured
following an inspiration of pure Oy 1t rises rpidly to a platesn, then continnes
to incrasse gradually, Sinco end expiration gas comes from the alveali, the
corresponding part of & concentrulion curve is called the alvealar platesa for

that gas spedies,
A comsiderable amount of atteantion has been forused on mechanisms
7
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Respiration Physiology
Volume 44, Issue 3, June 1981, Pages 325-337

LLS]_\-’I ER

The anatomical basis for the sloping N,
plateau +
M. Paiva® ® LA Engel®®

Abstract

We examined the influence of asymmetry on the interaction of
convection and gas-phase diffusion within the acinus of the lung.
Single breaths of O, were simulated by solving a differential equation
for gas transport in two trumpet shaped units which were joined at a
branch point and whose relative lengths and volumes were made to
vary. Despite synchronous bulk flow to and from the units, in proportion
to their relative volumes, the shorter unit always reached a higher Oy
concentration (Fp,) at end inspiration. Interdependence of gas
transport at the branch point resulted in a falling Fo, within the shorter
unit during expiration. The Fp, at the exit of the model therefore
decreased progressively throught expiration, simulating a sloping
alveolar plateau The simulations suggest that despite the relatively
short distances separating paralle! intra-acinar pathways, convective-
diffusive interactions in the presence of asymmetry may produce
substantial Inhomogeneity in alveolar gas concentrations. Furthermore,
the slope of the N2 plateau in the normal mammalian lung is explicable
on the basis of the asymmetrical airway anatomy and well defined
physical processes

THE THEORY AND APPLICATIONS OF THE EXCHANGE OF
INERT GAS AT THE LUNGS AND TISSUES'
SBEYMOUR 8. KETY, M.D,

From ihe of Phyeislogy and PA P Grodusts School of Medicine,
University of Pesnaylvania
The i sod cireuk of the higher animals constitute
mwmmwm«.umm.‘u

optimal molecular concentration of oxygen and carbon diexide sbout each
nll.‘l\hbwmbynhw T bination of physical diffu-

hemical b The process of
dm.ﬁhllm.h-ﬁulhth boli of unicelbul

Manmw“mm between

&ohhodudpuhaurydmhcp-vbnlulb nmnnlhhn.ndﬂu

body tissucs the molecules of gas are d by the ei ing blood in

piy-ulnhmund -lhu-dav—udubudiuxb,nh_d-
with

b when s new molecular species is introduced into the sh
hmm:ﬂ.ﬂ&mmmwhnm“lu
bebavior in the may be explained and pr d on the basis of rels-

dvdyhﬂewhnrwﬁemdﬂldbﬂm“lmw'll
be defined as one which dissolves in the blood and timues in & manner that
can be deseribed by Henry's Law, which suffers no change in chemical iden-
tity during its passage through the organiem, and which is therefore quantita-
ble from tho organiem at any time (54, 105). Thia defnition
WN&MMMWM“MM
thmWMMumw
‘When an inert gas in ab pn-l
ﬁnh-dw.mhudlhbdydomuu-bmmpu&
partial p A number of physicsl ene, each with its own time
mdmummmmammmwma
ventilation the gas is inspired, diluted with the functional residual
sir and distributed to the alveolar membrane, Here diffusion cocurs and alveolsr
.lhoquilbm«lil pulmonary blood which is then distributed via the
peripbersl artaries to the individual tissues. A sscond diffusion step pow cecurs
soross the eapillary membrane, interstitial fluid and cellular membrane and
throegh the intracellular fluid itself. The venous blood from all the tiames
returns to the lungs carrying some fraction of its original gas concentration
which in thus coatributed to the equilibration procoss occurring at the alveoli.
In this manner the alveolar, arterial, tissoo and vemous tensions of the inert
1 Originel work reported in this review was supported, in part, by » grast from the
National Mesrt Isstitate, U. 8. Public Health Service.
1
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Respiration Physiology

el Volume 3, Issue 1, August 1967, Pages 1-11
ELSEVIER

Elimination of inert gas by the lung +
L.E. Farhi

Abstract

When an inert gas G which is not part of the inspirate is present in the
mixed venous blood at a partial pressure PV, the partial pressure of G
in an alveolus, Pag, or in the blood returning from this alveolus will be
governed by several factors. These are A, the Ostwald partition
coefficient for that gas, A, the ventilation of the alveclus, and | its
perfusion, according to the equation Pa= rmPTmV . A/A +Va/Q.
The clearance of such a gas, Cl, is given by (s _ )/(a + A), indicating
that when a/ is much higher than A, the clearance is dictated mainly by
the ventilation, while at A/ considerably lower than y, the perfusion is
the determining factor. The fractional elimination of the gas is given by
Cl/, and increases with A/ but decreases with an increase in A. As a
result, the lung acts as a filter, retaining selectively the gases having a
high solubility. When chemical transport of Op and CO; is taken into
account, the behavior of these gases follows the same general pattern
of inert gas exchange.

Respiration Physiology

K : Volume 13, Issue 3, December 1971, Pages 292-304
ELSEVIER

Oncepts and basic quantities in gas exchange
physiology

J. Piiper= 9 & = P Dejours = & =& P. Haab® * ¢ H.Rahn * > =

Abstract

1 1) The amount of a gas species is dimensionally considered not
as a volume, but as a quantity of substance M, expressed in
moles, but also, less appropriately, in volumes stpd. The
transfer rate of a gas species (), with dimension (quantity of
substance)-(time) ™!, may thereby be clearly distinguished from
the volume flow rate () which has the dimension (volume).
(time)™".

2. 2) The concentration (C), defined as quantity of substance per
volume, is used for all media (blood, water and gas). For the
gas phase, C is proportional to the fractional concentration, F,
and is dependent on temperature, pressure and water vapor
pressure.

3. 3) For the increment of concentration in liquid or gas phase of a
gas species per increment of its partial pressure, solACAP, the
term “capacitance coefficient” is proposed. In respect to gas
transfer, it is a measure of the carrying capacity of a medium for
a given gas species. It is usefully applied not only to water and
to blood (slope of CO; and O, dissociation curves), but also to
the gas phase, for which it is identical for all ideal gases at a
given temperature.

Some basic equations of gas transfer by blood, air and water
convection and by diffusion have been rewritten according to
these concepts.
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Ref. 57

ventilation-perfusion ratios: theory

PETER D. WAGNER, HERBERT A. SALTZMAN

XD JOHN B. WEST

Department of Moedicine, University of California, San Dicgo, La Jolla, California 920357

Wagsex, Prrek D, Hexsexr A, SaLzzuas, aso Jous B
West. Measament of contisusus distributions of ventlation-perfusion
ratios: theory. J. Appl. Physiol. 35(5): 583-599. 1974.—Most
previous descriptions of the distribution of venilation-perfusion
ratios (Va/Q) divide the lungs into only two or three uniform
compartments. However, an analysis which would resultin
definition of the position, shape, and dispersion of the distribution

of distributions contai
In particular, area it
from arcas whose VA/Q ratlo Is zero (s
high Va/Q ratios are differentiated from re
perfused (dead space). To perform the measurement, dextrose
solution or saline is cquilibrated with a mixture of several gases
of different solubilities and then infused into a vein. After a
steady state has been established, the of each gas

dmnlmlnmn with two modes, the majority of alveoli having
a Va/Q) ratio slightly above the mean, and the rest having
a very low VA/Q ratio.

Lenfant and Okubo (19, 25) have derived continuous
distributions of Va/Q ratios, using the change in arterial
O: sawration with increasing Fig, during a_nitrogen
washout. Their method has been criticized on theoretical
grounds (26), and in addition the distributions were
assumed not 10 change with Fio,, which as Lenfant (18)
showed may be unjustified and lead 10 errors. It is also
possible that when room air is breathed, some of the hy-
poxemia results from diffusion impairment rather than
Va/Q inequality

If inert gas techniques arc used in place of the oxygen

are measared in the mixed arterial blood and mixed expired gas
The curve relating arterial concentration and solubility is trans-
formed into a virtually continuous distribution of blood flow
against Va/Q, wing techniques of numerical analysis. The rela-
tion between expired concentration and solubility is ulmlnl)
converted into the distribution of ventilation.
analysis technique has been tesied against many arifical dar
tribntions of Va/() ratice and thess have sl boen accucaiely
recovered.

blond flow; gas exchange; hypoxem

IT IS GENFRALLY ACCEPTED that the major cause of hy-
poxemia in most types of lung discase is the existence of an
uneven distribution of ventilation-perfusion (Va/Q) ratios.
However, in spite of a large varicty of experimental ap-
pranchan, the s of the distibugions of Vi Q) ratios
remain virtually unknown, both in health and disease.
Most investigators have characterized the lung as if it
conisted of two or thee comparuments. Thus, Riley and
his coleagues (27, 28) used a combination of Po, and

methods described, hnlh of the alx)\e-mtmmmd objections
v h (24)

a
exchange in the lungs 10 the. vendlatio n-per
and the solubility of the gas. Measurements with several
foreign inert gases such as krypton and xenon (29) and
methane, ethane, and nitrous oxide (34) have been used
to gain information about distributions of VA/Q) ratios.
However, these analyses, as with the oxygen methods,
have been limited to a small number of compartments.
Measurements with radioactive tracers (2, 6, 14, 22,
32) have yiclded useful topographical information about
ventilation and blood flow in normal lungs. However, even
in normal, but especially in diseased lungs, these tech-
niques fack resolution because of the large tissue volumes
that must be averaged. It is unlikely that the differences of
ventilation and blood flow detected by external counters in
patients with lung disease throw much light on the Va/Q
distributions responsible for their impaired gas exchange.
This paper deseribes a method for determining virtually
continuous distributions of Va/Q raties. The resolution of
the technique is sufficient to describe smooth distributions
containing blood flow to unventilated regions (shunt),
ventilation 10 unperfused regions (dead space), and up to

Ref. 58

Pco, in arterial blood and mixed expired gas 10 divide the  three additional modes over the range of finite Va, /QQ ratios.

lung into three functio

unventilated

coworkers (3-5) divided the lung into two ventilated com-  Va/Q) .

partments on the basis of gas washo
h

y (10). Le
e e ahvetas anerie) Ml ot €
with increasing Fig, and proposed the exi

compartments: one ideal, one In particular, areas whose Va/Q ratios are low can be
rd unperfused. Briscoe and his scparated from unventilated regions and those whose

Continuous Distributions of Ventilation-Perfusion
Ratios in Normal Subjects Breathing Air and 100% O,

FPrren D. Wacnes, Ravsoonn B, Lansvuso, Ricsarn B, Usi, and

Josn B, West

From the Departraents of Medicine and Anesthesia, School of Medicine,
Undversily of Californta San Diego, La Jolla, California 53037

AmsTracT A new method has been developed for
measuring virtually continuous distributiom of vent-
lation-perfusion ratios (Va/0) based on the steady-

state dlimination of six gases of different solubilities,

The method is applied here to 12 normal sabjects, aged
21-60, In mine, the distributions were compared
brenthing air and 1007, cxyges, while in the rensiniag
three, effects of changes in posture were examiped. In
foar young semirecumbent subjects (ages 21-24) the
distributions of blood Aow and ventilation with respeee
to Vi A were vietually log-normal with litsle dispersion
(mean log standard deviations 0.43 and 0.35, respee-
tively). The 95.5% range of both blood flow and
wentilation was from Wa/() ratios of 0.5-2.1, and there
was mo intrapulmenary shunt (V5 /0 of 0, On breathing
oxygen, a shunt developed in three of these s
the mean value being 0.57% of the cardiac cuiput, The
five older subjects (ages 39-60) had broader distris
butions (eean log standard deviations, (.76 and 0.44)
containing areas with Vi /Q ratios in the range 0.01-0.1
in three subjects. As for the young subjects, there was
oo shunt breathing air, but all five developed a shuat
beeathing oxygen {mean valie L2%), and in one the
value was 10.7%. Postural changes were generally
those expected [rom the knows effects of gravity, with
more veatilation to high V, /0 aress when the suljects
were erect than supine. Measurements of the shunt
while breathing axygen, the Bohr COy dead space, and
the alveolar-arterial oxygen difference were all con-

alitent with the observed distributions. Since the
method invelves only & short infuslon of disclved
inert gases, sampling of arterdal blood and ecpired gas,
and measurement of cardiac cotput and minute venti.

mwls was presested in part at the natsnsl meeng
of ibe Federstion of American Societies for Experimental
n.ule.y.npru [N
Jor publicatson 30 Nowember 1073 and in rovised
fu-.r.n Pebrary 1974,

lation, we conchude that it is well sited 1o the investi.
gation of pulmonary gas eschange in man.

INTRODUCTION
Tt has been lnows for many years that the disesi-

bution of ventilation-perfusion ratios [V, s mmeven
in the lungs of normal subjects. The work of Martin,
Cline. and Marshall (1) in 1953 and of Matson and
Carlens (1) in 1935 demonstrated interlobar differences
in Oy and CO4y comcentrations best explained by regional
differences in ventilation and blood Sow. Measurements
using radicactive gases (3) demonstrated unevemess of
bath wentilaton amd blocd fow topographically from
apers o base, and indicated a range of Yu/Q of from
approcimately 3 at the apes o 06 at the base in 16
seated normal volusteers, Since external counting
methods canoot cover all regions of the lusgs, and in
addition represent averages in those areas within the
counting fields, this range of ¥/ ia likely to be an
underestimate of the actual degres of wventdation-
perlusion inequality, Thes radioactive gas messure-
ments de not permit accerate definition of the shape,
prsition, or dispersion of the distribation af Va0 in
noemal subjects, asd certainly in lung disease where
the inequality is more marked, external counting gives
little information on the distribution.

Several workers, notably Riley, Cournand, and
Dronald [4.5) and Briscoe (6) have developed methods
for quantifving the degree of Vi/() inequality in terme
of twa or three paralle] v, compartments. Riley and
Cournand, for example. divided the lungs inta three
units on the bhasis of the arterial asd expired pressures
of Oy and OOy One unit was unventilated, one wn-
perfused, and the third was the ideal compartmest.
The amount of blood few in the unventilated usit was
termed venous admizture and the vestlation in the
unperfused wnit was called physlological dead space,

o The Journal of Clinical Jncestigation  Volume 54 July 1974-54-88
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Respiration Physiology
Volume 35, Issue 1, October 1978, Pages 27-42

ELSEVIER

Analysis of the effects of pulsatile capillary blood

flow and volume on gas exchange +
A Bidani = 2 2 R.W. Flumerfelt = ® E.D. Crandall =& 22

Abstract

Blood flow into the pulmonary capillaries and the volume of blood
within the capillary bed are both pulsatile with the cardiac cycle. We
have developed a quantitative model of diffusional gas exchange in the
lung to investigate the effects of coupling between these tow time-
varying parameters on lung O, and CO, exchange. For normal man
breathing room air at rest, the computed results agree well with
previous predictions for the constant flow and volume case, and for the
case of pulsatile flow alone. When coupled time-varying pulmonary
capillary blood flow and volume are included, using the best data
available in the literature to define these parameters, diffusional O,
exchange is improved over the cases of pulsatile flow or volume alone,
and closely approximates that obtained for hypothetical constant flow
and volume case CO; exchanges, Os exchange during hypoxia, are
not affected by pulsatile flow and/or volume. These results suggest that
(0 exchange is efficient in the presence of coupled blood flow and
blood volume pulsations as they exist in the lung capillaries. and that
these conditions may be optima Ifor gas exchange under certain
physiological (or pathological) conditions.

B | ARTICLES
A method for dealing with data concerning uneven ventilation of the
lung and its effects on blood gas transfer

William A. Briscoe

01 MAY 1959 ff

Abstract

This is a consideration of the relationships between the uneven ventilation of the
lung and the arterial oxygen saturation and CO3 tension. In the simplest case, the
lung is considered to contain only two differently ventilated and perfused
components. Graphic methods are developed for dealing with situations of this
type and illustrated by application to the data obtained in a normal subject. Some
of the methods outlined here can be applied in situations where the lung is
composed of three or more differently ventilated and perfused components. In
the normal subject considered here, the uneven ventilation of the lung is

compatible with A-a gradients of 6 and 0.8 mm for O2 and COZ2, respectively.

Submitted on October 3, 1958
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Ref~ 64 Effect of intrapulmenary hematocrit maldistribution on 02, CO2, and

inert gas exchange

1. H. Young, and P. D. Wagner

O1FEB 9

Volume 46, Issue 2
February 1979
Pages 240-248
Abstract

The potential effect of intrapulmonary variations in hematocrit on gas exchange
has been studied in theoretical models of the lung containing maldistribution of
both hematocrit (Het) and ventilation-perfusion (VA/Q) ratio. Hematocrit
inequality enhanced gas exchange when units of low VA/Q were given a low Hct,
arterial PO2 rising by as much as 14 Torr and PCO2 falling by up to 2 Torr
depending on the particular distributions of Het and VA/Q, whereas gas
exchange was depressed when units of low VA/Q had a high Hct. After
measuring inert gas solubilities in both dog and human blood of different Hct, the
effect of Hct inequality on inert gas exchange was similarly assessed. Solubility
was found to increase with HCT for less soluble gases. Because of this,
conditions for enhancement of inert and O2 exchange by HCt inequality
coincided, and it was found that in general the effects on O2 and inert gas
transfer were quantitatively internally consistent. Even when Hct inequality was
extreme, the resulting perturbation of inert gas concentrations was sufficiently

small that the main features of the recovered VA/Q distributions were unaltered

B | ARTICLES

Ref. 65 Effects of pH and SO2 on solubility coefficients of inert gases in

human whole blood

K. Yamaguchi, M. Mori, A. Kawai, K. Asano, T. Takasugi, A. Umeda, T. Kawashiro, and T. Yokoyama

01FEB

Volume 74, Issue 2
February 1993
Pages 643-649

Abstract

‘We systematically investigated the quantitative importance of pH and 02
saturation (SO2) of hemoglobin on the solubility coefficients (alpha) for six inert
gases: sulfur hexafluoride, N2, ethane, cyclopropane, halothane, and diethyl
ether. Measurements of alpha were made at 37 degrees C with SO2 of 0-1.0 and
pH of 7.2-7.7 by use of whole blood obtained from three healthy subjects. No
significant dependence of alpha on pH was demonstrated for sulfur hexafluoride,
N2, halothane, or diethyl ether, but an appreciable augmentation of alpha with
increasing pH was found for ethane and cyclopropane. No alpha value obtained
for oxygenated blood differed statistically from that for deoxygenated blood. In
addition to the basic findings on the effects of pH on alpha values of ethane and
cyclopropane with the multiple inert gas elimination technique (data obtained
from 22 patients with either interstitial pneumonia or chronic chstructive
pulmonary disease), we also found that dependence of alpha on blood pH
exerted no significant influence on the recovery of ventilation-perfusion
distribution in the lung. We concluded that: 1) pH plays an appreciable role in
determining gas solubilities in blood, 2) SO2 is not a decisive factor for gas
solubilities in blood, and 3) the influence of various pH values in pulmonary

capillaries on inert gas exchange is negligible.
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dalom of the page

Simultaneous measurement of pulmonary diffusing
capacity for carbon monoxide and nitric oxide

Hiroyul Nakamura ™

Kazuhiro Yamaguehf®3 Takao Tsus™ Kazutetsy Aoshuba'

Abstract

In Europe and America, e newly-developed. simultaneous measurement of aflusing capacty for CO (Dico)
Dy Dico

abnormaliies in the acinar regions. However, simultaneous measurement of Dico and Dixo Is currently not
Used by Japanese physicians. To encourage e use of Dixo in Japan. the authors rewewed aspects of

tmated Dico ang Do ‘pubished manuscripts. The simuttaneous Dico.
Duo technique identies the (membrane component,
Du) and the blood volume in pulmonary microcrculation (Ve ), Ve is the principal factor constituing the dlood
component of difusing capactty (Dr. Dy = #- Vc where @ is the specific gas conductance for CO or NO in the
blood) As the association veloctly of NO with hemoglodin (Hb) is fast and the aflinity of NO with Hb is high in
companson with hose of CO, #40 can be taken as an invariable simply defermined by difusion limitation
Inside the enthrocyte. This means that 4o (s independent of the partial pressure of oxygen (PO;) However
5 invoives the kmitabons by ifusion and chemical reaction ekciied by the enthrocyte, resuling in &0 10 de.
2 PO;.dependent vanable. Furthermore, Dico is astermined pamanty by Dy (-77%), while Duwo is
determined equally by Du (-55%) ana Dy (-45%) This suggests hat Dico is more sensitve for detecting
microvascular diseases. while Divo can equally Identiy alveolocapillary membrane and microcircutatory
abnormaiiies

Abbreviations:
A (alveotar gas), BT (breath-holding tme (sec)), CF (rstic ftrosia). 3 (@Bushity of he 0
(qveall apparent AMysing ¢ 1 e 7 anal ¥ 0

the efects of funch

afusion it
at of erthrocae interion

Respiration Physiology
Volume 98, Issue 2, October 1994, Pages 165177

ELSEVIER

Ventilation-perfusion inequality and diffusion
impairment in acutely injured lungs

Kazuhiro Yamaguchi 2, Masaaki Mori, Akira Kawai, Tomoaki Takasugi, Kochiro Asano,
Yoshitaka Oyamada, Takuya Aoki, Hirofumi Fujita, Yukio Suzuki, Fumihiro Yamasawa,
Takeo Kawashiro

Abstract

To assess the significant role of diffusion impairment and its unequal
distribution in acutely injured lungs with alveolar flooding, oleic acid
was intravenously injected into twenty-five mongrel dogs. The animals
were divided into two groups, A and B. 0.1% CO in air was delivered,
as an inspired gas, to the animals of group A. Simultaneously, saline
containing a trace amount of six foreign inert gases was infused
through a peripheral vein. While allowing the animals in group B to
breathe air, saline containing ethylene, acetylene and freon 22 was
infused. After injection of oleic acid, group A revealed increase in
intrapulmonary shunt accompanied by a marked broadening of
ventilation-perfusion (VAQ) and diffusing capacity-perfusion (GQ)
distributions. A considerable amount of total cardiac output was
received by the lung areas with low GQ ratios where significant
diffusion limitation was predicted to occur. Group B showed that
excretion of freon 22 (gas with lower diffusivity) in injured lungs was
considerably distorted as compared to those of ethylene and acetylene
(gases with higher diffusivities), again ascertaining the importance of
diffusion limitation in lungs with exudate in alveolar regions.
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8 | ARTICLES

Simultaneous measurement of eight foreign gases in blood by gas —

chromatography

P.D. Wagner, P. F. Naumann, and R. B. Laravuso
N Volume 36, Issue §

May 1974

Pages 600-605

01 MAY 1974

SPECIAL COMMUNICATIONS

Simultancous measurement of eight foreign gases

in blood by gas chromatography

PETER D. WAGNER, PETER F.
Dipatmcnt of Medicio, Unicnis o Calfr

MANN, AND RAYMOND B LARAVUSO
Disgs, La Jella, California 92037

are. reproduciily of the two deterios have aiso becn defind, and

are given.

Foin prion
iy, Goes

examined in thi

L Nin cight by flame joniza
iom detecror (FID) and the. i he v
detector

Analy
™ n‘qmmi for th
venillason-pert

—

and fner yass i liquid O s, bt st st hove smvlved
only a single specics. In a new method for measuring distribation  ra
of vensilationperfusion ratos (11) i i necessary to measure the
catrations in artcrial blood and expired gas of sx 1o cight
i wogether. Further, these gases range from very  adeq
imaluble (ulfur hexatuoride) 10 sery lle acctone). e, scparationand anaysisa  mixure of cighgaes ppesn i Fis
ing an anaiytical method capable of handiing combinations of 14, while 3 corresponding chromatogram with s gases is shown
of salubilites from about 0.0006 o about 40 5. Note that only seven and five peaks, re
e

o o). centration
ile cven'when blood concentrations are of the  Because of the need for two detectors operating under different

B | ARTICLES
Limits on VA/Q distributions from analysis of experimental inert gas
elimination

J. W.Evans, and P. D. Wagner
01 JUN 1977 j

Volume 42, Issue &
June 1977
Pages 889-898

Abstract

Distributions of ventilation-perfusion ratios (VA/Q) actually present in the lung
cannot be exactly recovered using current inert gas elimination methods,
principally because of the limited number of gases and errors in their
measurement. The amount of information that can be gained is studied here.
When six gases are used the results are difficult to visualize so that a graphical
analysis is first given for only two gases. Methods are proposed for 1) the
probabilistic description of retentions compatible with a set of measured values
of all six gases, and 2) the placing of limits on the associated VA/Q distributions.
It is found that the variability among distributions with compatible retentions
depends greatly on the particular set of data. Distributions consisting of a single

or of two separated narrow modes can be identified reliably.

Physiologist. 1977 Feb;20(1):18-25.
A general approach to the evaluation of ventilation-perfusion ratios in normal and
abnormal lungs.

Wagner PD
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Respiration Physiology

Volume 49, Issue 3, September 1982, Pages 293-313

ELSEVIER

Resolution of the multiple inert gas method for
estimating Va/Q maldistribution
Edward R. Ratner, Peter D Wagner

Abstract

During steady-state infusion of a mixture of dissolved inert gases, their
elimination by the lung depends on the distribution of
ventilation/perfusion (Va/Q) ratios. Thus, certain features of the Va/Q
distribution can be inferred from inert gas measurement. Because of
the: (1) complexity of the lung, and (2) experimental errors, the ability
of such a technique to describe the shape and position of the VA/Q
distribution accurately is limited. In this report we present an analysis
of the resolution of the method for 9 representative sets of inert gas
data, taking account of both of the above factors. These 9 sets span
the range of commonly observed data, both in health and in diseases
such as asthma, interstitial fibrosis, chronic obstructive lung disease
and respiratory distress syndromes. Both error-free and error-
containing data are studied and by linear programming methods,
bounds are placed on maximum and minimum possible perfusion in

several regions of the Va/Q spectrum. Modality is also studied by linear

programming. The results show that the resolving power of the method
depends greatly on the specific case under study. When groups of
units are separated in VA/Q by a decade, this can be determined with
considerable confidence. Shunt and low Va/Q areas can generally be
well resolved, but when distributions are very broad, resolution is
limited

Ref. 75

Distribution of Ventilation-Perfusion
Ratios in Patients with Interstitial
Lung Disease®

P. D. Wagner, M.D.; D. R. Dantzker, M.D.; R. Dueck, M.D.;
I. L. dePolo, M.D.; K. Wasserman, M.D.; and
J. B, West, M.D,

entilation-perfusion ratio (V./Q) distributions were

measured in eight patients with stable chronic inter-
stitial lung disease using our previously described tech-
nique of multiple inert gas elimination. $ix patients had
diffuse interstitial fibrosis of various causes, and two had
biopsy-proved pulmonary alveolar proteinosis, All were
characterized by resting hypoxemia, static and dynamic
lung volumes showing restrictive disease without appre-
ciable obstruction, a greatly reduced Dice (mean 40
percent of normal, range 23 to 60 percent) and a chest x-
ray film with diffusely distributed inereased markings. In
each patient, duplicate measurements of the distribution
were made first at rest, then during exercise, again at
rest, and finally after breathing 100 percent oxygen for
30 minutes. The results at rest before and after exercise
were similar, and revealed most of the ventilation and
blood Bow in a relatively narrow mode centered on &

-ffmmmwmmmawmm%::]

Maedldm Un.iwr.ll,ty

s'mdlbl{. HL—ITi'.’!.rlmmd Hlbamfk iL-10006-00,

CHEST, 69: 2, FEBRUARY, 1976 SUPPLEMENT
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Ventilation-Perfusion Inequality in Chronic Obstructive

Pulmonary Disease

B[ Wasnen, 13, H. Dantexen, B, DUEc, |, L Cravses, and ] B WesT
From the Deporfmend of Medicine, Usiversity of Califorsds. San Diego, Lo Jolls, Cofiformio 59007

ABSTRACT Amaliple inert gus elimination method
was ward sty the meddanism ol imgired gas
exchange im &} patients with advanced chronic ob-
strurctive pulmonary desssy (COPD], Thres pabtems of
ventilation-perfasion (Vad)) Inequality were found:
[} A bt with considershls reginns of high [greates
than X Y&, none of kew (less than O1) ¥aM}, and
essentially no vhunt, Almost all patients with type
A COPD showed this pattesn, and it was alse seen n
wome pafionts with type B (h] A pattern wath larg

amounts of low ket almest noae of high Vasd}, :mi
wsmemitially no shunt. This pattern was found in 4 of 12
bvpe B patients and 1 of type A k1 A pabters with
both bowe s high VA areas was ound im the remain-
ing B patients. Distributioes with high Vo)) areas oo
curred mostly in pahests woth geatly increased oom-
pliance and may represent loss of blood-flow des o
alvealer wall destuchon. Similardy, well-defmed
winsdlih ol bow V) ercas weee seen masthy in patients
Iﬂlh nvm twdt wrvd apubrrn and may be due o

gas exchange, In the past these abscamalities have
mast aften been charcterized by the alveclar-artenal
Pa dilference (aaDoo), venous sdmixbere (Qvatm),
and physiologic deadspace [VO'VT), Howewver,
characterization by thess indieei casmol provide a
complede ploture of the phystological sbmormalities
that are present.

An mnresclved (s is whether diffssion impalrment
contribules 1o the Bypasemin in thew patients, 1t has
been known for many vears that they may have a low
diffusing capacity fee carbon monossde hut this
messarement (s notoriously difficult to Enberpret in
patients with large ameusts of uneven ventilahos |1}
More recently King and Briscoe (3 have argued on
thee hasis ol bewg-compartmenl sedeli thal sommw of the
hypoxzemia may be cavsed by filare of Pog equillibra-
tion between alveolar gas and end-cagilliry bleod.

e v Hhern  wme uranzwered
qutlﬂnﬂd conceming both the nature of ventilation-
pvnl'ulm Varild) inequality sed the banksm af

peal almways
dul:ruﬂluncrr rhmmun. Th!re was [iitle dlunnnn the
LM%

fa B COPD: b the sbape, pesition, asd
dispmrsion of the distribution of VaM} mbcs remain
il

or o

0, The chserved wmrns of V) imequality and
shuet sceounted foe all of the hypoxemis ai cesi and
during exercise. There was therefore no evidence for
hyponemia cissed by diffiesion mpeirsest. Pabeals
with similar arterial blood gases oftem had dissimilar
Vai) pattems. As a consequence the pafiem of Vai)
ineqality could not necessanly be infermed from the
aterial Poy and Pooy.

INTRODUCTION
Chromic ohstructive pulmonary disease (COPD) i
classically assocfated with abnormalities of pulmosary

Presanbed in purt af the Amaerican Thorscic Snciety Anrasl
Mesting. Cincinmti, Ohino, My 1974, (Am. Are. Berpir, Die
Wi 70863

defined; b) 1o what extest shanling asd
diffasion imp are responsible for the hyp
are unresolved issees; (o} il is also mot known bo what
chegree there i impaired gaseous diffusson in the
alveall and mirewys a5 a mesult of the stresberal
changes im the lumgs; (@} the effects of breathing
100 caygen wre imporient bet pooely anderstood
becsuse of uscertasnty shout how completely poorly
ventilabed aseas have their nbtrogen washed st
Gcr:l the rr'llllun:hl;p: bﬂuﬂ.'- the paftern of ?ulf.'l

the tirs of thir lung,
and the clindcal picture e not well understood. It

! Addreviaivons used in this pigr: saDy, alveokir-arters]

P%‘M‘kﬂeme-. HTFE, temperatuse, presure, sanirsed
with wabar, DOPD, chrmnio shetrurtive p.llm(uu disesae;
DMy iBaning capacity Sar carkon mancaide iinghs beeathl;
FEV, funed espimtury wvolame in 1 x FBRC, functional

Recalord Jor paddication 12 lanusry 1876 aof io reodied sesidual cipacity; Fi,, factional . nspired
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Variations of ventilation and diffusing capacity to perfusion

determining the alveclar-arterial O difference: theory

Johannes Piiper
01 MAY 1961

Abstract

The factors determining the alveolar-arterial O3 pressure difference, AaD, have

been theoretically reinvestigated, taking into account the effect of unequal

distribution of pulmonary diffusing capacity, D, to pulmonary perfusion, Q. Itis

shown that, for a given inspired gas and a given mixed venous blood, the AaD is

determined by two parameters, the ratios diffusing capacity -perfusion, D/Q, and

alveolar ventilation :perfusion, Va/Q. Two characteristics of both of these ratios,

the mean value and the variation, affect the AaD.
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COMTIHUDUS DISTRIBUTIOMS OF TENTILATION AMD 445 CONDUCTRMCE T PERFUSIOM
IW THE LimGs

Kazubira Yamsguehi, Akirs Knwni, Hasnaki MWori, Kchiohirs
hasne, Towonki Takasugi, Skira Umeda and Tetsuro Fokopams

™
Department of Medlelne, School of Hedicine, Keio
University, Towya 160, Japan

INTIIODUCTION

Cwerall gas transfer In the lung under a steady state is commonly
congidersd to be limited sainly by unewsn distribution of ventllation=
perfusion ratios {ViMRF and by Qiffusion lepsicesat (Wagnes, 1977},
Rltheugh remarkable sebthode allowidg ere Lo keow the distribotian of
VisG in Lo lung bave recently been developed (Yokoyams and Farhi, 1967;
sagner =t al., 197%; Evans and Wagner, 1977, no rellabie tool has bDeen
introduced for dieectly selvimg bhe  dssue of whether dIfTusion
lepaivment acrosa the blecd-gas bharcler conbribobes =ignificantly to
detarmining the efficiency of pulmonary gas exchange. In 1961, Pliper
thearstically analyzed the inportance of Was and diffusion Impalrment
in terms of "\'].fQ-DJ'Q fleld”,but rigosous nethod bto realize hls Eheory
has not been accorplished. The present atidy was, therefors, underbaken
te devalop A ned petkod For detestion of distribution of Vpdg ard
diffusing capsoity in the lung using nine gases as indicator gases.
Applying the present procedure to  patlents with  Interstltial  Jung
dizease, the importance of VASQ inequality and of diffusian impadrment
Wlll e dlscussed.

METINNS

Indifeetar gpases In order to agaess a quantitative siprificance of
maldistribution af VarQ as well as of diffusicn ispaiment for the gaz
=xchangs In the lung, nine gases wikth warled diffusiviby and solubiliky
were used foe analysis.  Anong them, aulfur besalluoride [SFg), ethana,
eyclopropana, halothars, diethyl ether amd pcobone are physiclogically
imerk paszes, The resainder are Oz, ©)p and 0, all of which combine
chemically with bemoglobin molecules (Fb} In red eclls. The reasen why
these gases are used Lo the prasent stody will ke diseusased in detail
latar {s6 balod],

IhTusivesondusiunre. The gas transfer efTlcleney at each lumg wnib was
taken to ke Linited botk by VG and by CAQ, G is @iffuaive oondunkarsds
fer 8 giwen Endicator gas [i.e. diffusing capaoity) defined in a certain
lurg wni%t. Gas transfer betwsen alweolar gas and pulmonary cagpillary
Blood may be pepturbed by sevaral FActors sush as QIffusion 1imdtetlon
in pas phase, In alveclar-capillary mesboane iooluding plassa laper and

Froenpor 19 Too X, Edwd by ), Pl a1 o, [-Fi]
Pherura Prew, Sew Tork, HOO

Respiration Physiology
Volume 86, Issue 2, November 1991, Pages 171-187

ELSEVIER

Distribution of ventilation and of diffusing capacity
to perfusion in the lung

Kazuhiro Yamaguchi 2, Akira Kawai, Masaaki Mori, Kohichiro Asano, Tomoaki Takasugi,

Akira Umeda, Takeo Kawashiro, Tetsuro Yokoyama

Abstract

We developed a method for estimating the distribution of ventilation
VA) and of diffusing capacity (G) to perfusion (Q) in the lungs. We used
03, CO5 and CO together with six inert gases of widely differing
solubility and assumed that mass transfer efficiency of each gas in a
gas exchange unit is limited by both VA/Q and G/Q ratios. The
underlying lung model comprised 20 units along both the VAQ and
G/Q axes. Using numerical analysis, we transformed the data into a
virtually continuous distribution of Q in the VA/Q-G/Q field. We tested
the precision of the numerical procedure by examining the recovery of
various artificial distributions, and found that distributions with up fo two
modes could be recovered with reasonable accuracy. Analytical results
from 15 patients with interstitial pneumonia of unknown etiology (IPF)
revealed the following features. (1) In an early disease stage, most of
the lung was operating in the range of normal VA/Q, without a
significant contribution of diffusion limitation. (2) An advanced stage of
the disease exhibited a widening of VA/Q distribution and either broad
unimodal or bimodal distribution of G/Q, extending to G/Q below 1073
ml (STPD)/(ml-Torr) with diffusion-limited O5 exchange. (3) Severe
diffusion limitation causing disequilibrium of inert gas across the blood-
gas barrier was observed in three (far advanced fibrosis; active
interstitial inflammation) out of 15 patients. These findings suggest that
inhomogeneity of G/Q does exist and may play an appreciable role in
causing impairment of gas exchange in patients with interstitial
pneumonia.
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Inhomogeneities of Ventilation and the Diffusing Capacity to Perfusion in
Various Chronic Lung Diseases

KAZUHIRO YAMAGUCHI , MASAAKI MORI , AKIRA KAWAI , TOMOAKI TAKASUGI , YOSHITAKA OYAMADA , and EIICHI
KODA

Abstract

Although impairment of gas exchange caused by ventilation-perfusion (V' 4/Q’) mismatch has been
extensively analyzed, there have been no systematic studies focused on determining the distributions of
diffusion properties in close connection with those of V' #/Q". We attempted to dlarify the simultaneous
distributions of V" #/Q" and diffusion capacity to perfusion (D/Q’) in patients with idiopathic pulmonary
fibrosis (IPF) or chronic obstructive pulmonary disease (COPD). To assess pathologic determinants
causing functional abnormalities, we compared V' #/Q" and D/Q" distributions with the findings on high-
resolution computed tomography. O 5, CO, and CO together with six foreign inert gases were used as
indicator gases. We transformed the measured data on indicator gases in arterial blood into a continuous
distribution of Q" in the V" &/Q"-D/Q" field. In IPF, active alveolitis or acinitis played a major role in
producing low D/Q" regions impeding gas exchange via a diffusion limitation, whereas extensive fibrosis
with minimal inflammation accounted for low D/Q" as well as low V* A/Q" regions. In COPD, no regions
with low D/Q’ ratios were observed, but an abnormality in the V' a/Q" distribution with low or high V" a/Q
ratios was identified. Emphysematous lesions produced high V" a/Q" regions, whereas peripheral airway
involvement yielded low V" 4/Q" regions. These findings suggest that hypoxemia in patients with IPF is
caused by inhomogeneous distributions of D/Q" in combination with those of V" A/Q". Hypoxemia in
patients with COPD is attributable primarily to inhomogeneities in V- a/Q" rather than in D/Q
distributions.
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The volume of the dead space in breathing and the
mixing of gases in the lungs of man

A. Krogh, ). Lindhard

First published: 20 March 1917
| Cited by: 55

THE VOLUME OF THE DEAD SPACE IN BREATHING
AND THE MIXING OF GASES IN THE LUNGS OF
MAN. By A. KROGH axp J. LINDHARD.

(From the Lab: y of Zoophysiology, Copenhagen University.)
THE problem concerning the volume of the dead space in the air
passages of man has been much debated of late years. Up to 1904
the measurements of Zuntz and Loewy() on the bronchial tree of
a corpse were generally accepted as giving at least a good approximation
to the volume, and by the Zuntz school of physiologists and many
others the figure found (140 c.c.) was used for calculating the composi-
tion of the alveolar air from that of the mixed expired air. When
Haldane and Priestley@) had invented the direct method of taking
samples of alveolar air they utilised this also for determining the volume
of the dead space, comparing the CO, percentage of the alveolar air
with that of the total expired air according to the formula!

EC,= (E - D)C,.

They measured and analysed the whole of the air expired in one
deep expiration and determined the composition of the alveolar air
in separate experiments. The results varied by about 309, on either
side of the mean, which was 142 c.c. for one subject and 189 for the
other.

In 1911 Siebeck®) introduced a new modification of the method
invented by Haldane and Priestley which gave much more con-
sistent results. He took an inspiration of between 500 and 1000 c.c.
pure hydrogen and made an expiration of similar depth into a small
spirometer. At the end of the expiration a sample of alveolar air
was drawn, and the air in the spirometer as well as the alveolar sample
were analysed for hydrogen. By a special series of experiments

1 Inthldhﬂnglmtbovolmedmexﬁrmbﬁomddudw.
nnddlhe.ddiwiummonuldud'pue.c,oﬂﬂp«mugnolm..o.ndll.

respectively, while the indices i, ¢ and @ mean inspired air, expired air and alveolar air
Tespectively.
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A THEORETICAL STUDY OF THE COMPOSITION OF THE
ALVEQLAR AIR AT ALTITUDE!

WALLACE 0. FENN, HERMANN RAHN axp ARTHUR B. OTIS
From the Department of Physiology, The School of Medicine and Denlistry of the
Universily of Rochester, Rochester, N. Y.

Received for publication March 7, 1946

In our studies of high altitude physiology we have found an oxygen-carbon
dioxide diagram a very great aid io accurate thinking. It has been useful in
so many different problems that we consider it worth while to deseribe it in this
paper so that it can be made available to others.

1. Breathing pure oxygen. In this diagram the alveolar tensions of carbon
dioxide are plotted as ordinates against the alveolar tensions of oxygen as abscis-
sae as in figure 1, which represents the situation when an aviator ascends to
high altitudes breathing pure oxygen. At any aliitude, breathing pure oxygen,

pCOz + pO: = POy (1)

where p'0: refers to the tension of oxygen in the inspired air (BTPS or body
temperature, saturated, ambient pressure) and the other tensions refer to al-
veolar air (BTPS). This equation gives a family of parallel diagonal lines on
the chart each of which represents a given altitude such that B — 47 = p'0,.
The intercepts of these diagonals on the X axis represent therefore values of
B —47. With the aid of Henderson’s nomogram for the blood of A.V.B. or any
other similar data it is possible to assign a given percentage saturation of the
arterial blood to every point on the chart. Thus lines of equal arterial satura-
tion can be drawn. To indicate the location of such a family of curves the 65,
75, 85 and 95 per cent saturation lines have been drawn. When the saturation
becomes less than about 65 per cent the subject is almost certain to lose con-
sciousness very soon and this region of the chart has therefore been labelled
“anoxia.”’

To show the normal behaviour of an aviator in going to progressively higher
altitudes the line marked “alveolar air”” has been drawn to indicate the sue-
cessive positions of the alveolar air composition as the altitude is inereased from
ground level to above 43,000 feet. The curve bends downward after passing
the 95 per cent saturation line because of the hyperventilation caused by the
stimulus of anoxia. Hyperventilation at 43,000 feet moves the alveolar point

1 This work was done under a contr&ct recommended by the Committee on Mm:hul Re-
search between the Office of Sci h and Dovel and the Uni of
Rochester.
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Ideal’ Alveolar Air and the Analysis of
Ventilation-Perfusion Relationship
in the Lungs'

R. L. RILEY asp A. COURNAND. From the Cardio-Pulmonary
Laboratory, Chest Service, Bellewe Hospilal, and the Department of
Medicine, College of Physicians and Surgeons, Columbia Unicersity,
New York City

T-m ANALYSIS OF BLOOD-GAS RELATIONSHIPS in the lungs is handicapped
by ambiguity regarding the concept of alveolar air (1). It is well known that
patients suffering from pulmonary diseases may have alveolar air whichvaries

Fo eomanaci ot orent marts of the Tinos / ot thara hac

in composition in different parts of the lungs (2, 3), vet there has been no
adequate way of defining the composition of alveolar air under such circum-
stances. Furthermore, the relationships between alveolar ventilation and
alveolar perfusion with blood, which are primary factors in determining the
composition of the alveolar air, have been dealt with only in general terms.
The purpose of this paper is to discuss a specific definition of alveolar air which
is applicable to both normal and pathological conditions, and, with the help
of this concept, to outline a system of analysis of ventilation-perfusion relation-
ships in health and disease.

SCHEMATIC REPRESENTATION OF VENTILATION, PERFUSION AND GAS
EXCHANGE

The cyclic nature of the ventilatory process tends to obscure certain
fundamental relationships between alveolar air and the blood in the alveolar
capillaries. Let us therefore consider a schematic representation of ventila-
tion, perfusion and gas exchange in which these processes are conceived of as
continuous (fig. 1). Inspired air and mixed venous blood pass into the alveoli
where they approach equilibrium with respect to partial pressures of oxygen
and carbon dioxide by diffusion of gases across the pulmonary membrane.
The blood leaving the alveolar capillaries is modified slightly by the admixture
of a small amount of venous blood which can be thought of as a shunt. The
alveolar air leaving the alveolar spaces is modified by the admixture of dead
space air, which has the composition of inspired air and may also be thought of
asa shunt.

Received for publication March 1, 1949.
* Under grants from the Life Insurance Medical Research Fund and the Commonwealth
Fund
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A CONCEPT OF MEAN ALVEOLAR AIR AND THE VENTI-
LATION —BLOODFLOW RELATIONSHIPS DURING
PULMONARY GAS EXCHANGE'

TILDAC AN T ATINY
HERMANN RAON

From the Depariment of Physiology and Vital Ee ics, University of Rock y School of
Medicine and Dentistry

ROCHESTER, NEW YORK

N THE past many different methods have been employed for the direct sampling
of alveolar air. A sound criticism of the validity of the technique has usually
been futile since one was at loss to define or determine mean alveolar composi-

tion. The ease with which alveolar air composition can be altered by the slightest
change in ventilation is very impressive and makes one aware of the possibility of
unequal ventilation in various parts of the lung and the consequential regional
variability of gas concentration. The concept of unequal bloodflow to the various
alveoli has received less attention, although this factor is equally important in altering
the gas composition.

It is the purpose of this paper 1) to define the alveolar air composition in terms
of alveolar ventilation and pulmonary bloodflow which allow one to define a concept
of mean alveolar gas composition; 2) to discuss a method for the direct sampling of
mean alveolar air; 3) to compare this with the Haldanc technique of sampling alveolar
air; 4) to predict on the basis of the ventilation-bloodfiow equations the effect of
unequal ventilation and bloodflow upon the alveolar-arterial oxygen gradient.

A Concept of Mean Alveslar Air. The alveolar air equation and the alveolar ventilation equa-
tion have given us a theoretically precise definition of the relation of the alveolar-gas concentrations
and the ventilation (1). When this equation is combined with the Fick equation, it allows one to
express the alveolar gas concentration in terms of bloodflow and ventilation (2).

Let
F = bloodflow in liters/min.
alveolar ventilation in liters/min. B.T.P.S.
arterial-venous oxygen difference in mil/l.
oxygen intake in ml/min. S.T.P.
respiratory quotient
partial pressure of CO in alveolar air.
then the bloodflow according to the equation of Fick is
Xo = F(A-V)O: (1)
and the alveolar ventilation according to Fenn & al. (1) is
Va X pC
Xo = " geiq
Combining the ions and eliminating X, we have

pC = an (A-V)0:(8640) o)

Received for publication March 14, 1949.
1 Work done under contract with the Air Materiel Command, Wright Field.
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ON TIIE DETERMINATION OF TIE PIIYSIOLOGICALLY
EFFECTIVE PRESSURES OF OXYGEN AND CARBON
DIOXIDE IN ALVEOLAR AIR!

R. L. RILEY, J. L. LILIENTHAL, Jr.,* D. D. PROEMMEL a~p R. E. FRANKE
From the Naval School of Aviation Medicine U. S. Naval Air Station, Pensacola, Florida
Received for publication March 25, 1046

ved sluciva anals (1)
e ved elusive goals (1),
to the cyclic nature of the ventilatory process the partial pressures of O and
COs in the alveoli are changing continually (time factor) (9), and, owing to
inequalities in intrapulmonary ventilation and circulation, the partial pressures
in different parts of the lungs may differ significantly (space factor) (10, 15).
Therefore, the concept that a single value represents the partial pressure of an
alveolar gas requires the assumption that the spot sample of alveolar air be
representative with respect to both time and space.

There are cogent reasons for believing that the two principal methods for
sampling alveolar air (the single complete expiration method of Haldane and
Priestley and the fractional sampling technic of Sonne and Nielsen) do not
guarantee that the sample always is, in fact, representative. Neither method
insures that the sample contains proportional contributions of alveolar air from
aii poriions of the fung (space error), nor that the sampie obiained has nof iost
0. and gained CO, during the brief period of stasis within the alveoli (time error).
For example, the partial pressures of O, and CO. in samples of alveolar air
obtained by the Haldane-Priestley technic vary with respect to the timing of
the expiratory effort (end-inspiration or end-expiration) (5, 6). And again,
fractional sampling of the alveolar air by the Sonne-Nielsen technie has yielded
evidence that successive samples of alveolar air taken at different stages during
expiration vary appreciably with respect to gaseous composition (14).

Despite these limitations many fundamental contributions to an understanding
of respiratory mechanisms have come from studies of the composition of alveolar
air at rest (4, 7). However, during even moderate exercise the rate of evolution
of CO; into and the eseape of Oz out of the alveoli may be increased tenfold or
more s0 that the slight delay necessary to expel the alveolar sample is sufficient
to permit radical changes to develop. This failure of the direct sampling technics
to provide reliable dala during exercise has led us to measure alveolar gas
pressures by an indirect method now to be described.

The indirect measurement of alveolar gas pressures. Indirectly determined
alveolar CO: and O pressures are calculated from the arterial pCO; and the

+The opinions or assertions contained herein are the private ones of the writers and are
not to be construed as official or reflecting the views of the Navy Department or the naval

service at large.
= Present address: the Johns Hopkins Hospital, Baltimore, Md.
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Determination of lung capillary blood volume and membrane diffusing capacity in
man by the measurements of NO and CO transfer

Author links open overlay panelH.Guenard

N.VareneP.Vaida

Abstract

NO and CO lung transfer values (TI) were measured separately in 14 healthy subjects (7
men, 7 women), using the single breath technique. Five repetitive maneuvers were
performed by each subject for TIno and Tlco determinations. The inspired mixture
contained either 8 ppm NO or 0.25% CO, with 2% He, 21% O in N2. In order to
measure an appreciable fraction of NO in the alveolar gas it was necessary to shorten
the breath holding time to 3 sec. TIno was about five times greater than Tlco. This result
suggests that the specific conductance of blood (8) for NO is very high and that the
second term of the second member of the equation 1/TIno = 1/Dmno + 1/(8no - Qc) is
therefore negligible. Dmco and Qc values can thus be computed from TIno and Tlco
measurements. The results obtained with this method are very close to those reported in
the literature; for men Dmco = 79.0 £ 14.3 ml - min™* - Torr, Qc = 78.0 + 13.2 ml and
for women Dmco =59.0 + 10.1 ml - min® - Torr?, Qc =59.5 + 11.6 ml.
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A simultaneous single breath measurement of pulmonary diffusing capacity with

Ref. 90 nitric oxide and carbon monoxide.

Borland CD, Higenbottam TW.

Abstract

Pulmonary diffusing capacity (DL) for carbon monoxide (CO) and nitric oxide (NO)
were simultaneously measured in man using the single breath method, by adding 40
ppm of NO to the inspired gas and analysing the expirate for NO by a chemiluminescent
method. The mean ratio of DLNO to DLCO in thirteen subjects was 4.3 (SD 0.3), mean
DLNO =49 mmol.min-1.kPa-1 (SD 10) and mean DLCO = 11 mmol.min-1.kPa-1 (SD
2). An increase in alveolar oxygen concentration from a mean of 18 to 68% in five
subjects was associated with a 54% fall in DLCO but no change in DLNO. A reduction
of lung volume from total lung capacity (TLC) (mean of 7 I) to a mean volume of 3.9 |
in five subjects caused a fall in both DLNO (by 34%) and DLCO (by 8%). With 175
watts cycle exercise in three subjects the DLCO rose by 45% and DLNO by 25%. Since
NO reacts much faster with haemoglobin than CO, DLNO should be influenced much
less by reaction with haemoglobin, and perhaps represents a better index for the
diffusing capacity of the alveolar-capillary membrane (Dm) than DLCO.

THE DIFFUSION OF GASES THROUGH THE LUNGS

OF MAN. By MARIE EROGH, M.D.

Ref. 91 (From the Laboratory of Zoophysiology, University of Copenfiagen.)

Tue problem concerning the forces by which oxygen is transported
from the alveolar air into the blood has resolved itself into two distinct
questions, The first is whether the tension of oxygen in the blood is
always lower than in the alveolar air, or whether it may in certain
circumstances become higher. If the latter alternative is true, as
maintained by Haldane and his collaborators, there can be no doubt
that forces other than diffusion must come into play. If on the other
hand the tension of oxygen in the blood is always lower than in the air,
as found by A. Krogh and the writerl) and also by Hartridgem,
the second question arises: Is diffusion quantitatively sufficient to
explain the intakes of oxygen measured under the most adverse con-
ditions and especially during muscular work at low oxygen pressures.
The present paper deals with the gecond question, but as this is worth
dealing with only'in so far as diffusion cannot & priori be ruled out
a8 being unable to explain the transport of oxygen, it is necessary to
consider very briefly the evidence on which the assumption is based
of & higher O, tension in the arterial blood than in the alveoli.
Without entering upon a discussion of the CO method of tension
determination or the carmine titration as worked out by Haldane
and Douglas®), I wish to point out the discrepancy which is apparent
in several cases between the arterial O, tension as determined by these
methods and the symptoms of oxygen want simultaneously observed.
In their series of investigations carried out on Pike's Peak, Douglas,
Haldane, Henderson and Schneiderw found that acclimatisa-
tion to the low oxygen pressure took place after a few days and they
ascribe this to the high arterial O, tensions observed, which were on
an average about 35 mm. higher than the alveolar or from 85 to
100 mm. (corresponding to percentage saturation of the blood with
oxygen of 92 to 96 9;). Nevertheless they point out that **excessive
breathlessness on any considerable exertion remained a prominent
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A STANDARDIZED BREATH HOLDING TECHNIQUE FOR THE
CLINICAL MEASUREMENT OF THE DIFFUSING CAPACITY
OF THE LUNG FOR CARBON MONOXIDE !

By C. M. OGILVIE,? R. E. FORSTER,* W. S. BLAKEMORE* axp J. W. MORTON ®

(From the Depariments of Physiology and Pharmacology, and dAnmesthesiology, the Gradwate
Sehool of Medicine, and the Horrison Department of Research Swyary, School of
# na.)

Medicine, y of

sy

(Submitted for publication April 16, 1956; accepted August 13, 1956)

Previous publications from this laboratory have
described (1, 2) a modification of the Krogh breath
holding technique for measuring the pulmonary
diffusing capacity for carbon monoxide (D).
This test can be performed quickly and simply and
does not require arterial blood analyses. It has
recently (2) been shown to provide an index of
pulmonary diffusing capacity similar to that given
by the Dro, method of Lilienthal, Riley, Proemmel,
and Franke (3) and the “steady state” method of
Filley, MacIntosh, and Wright (4). The purpose
of the present report is to enumerate some of the
factors that affect Dy, to describe a standardized
technique for its measurement, and to present

1 Supported by a grant from the Life Insurance Medical
Research Fund.

2 Travelling Fellow of the Postgraduate Medical Fed-
eration, University of London. Present address: The
London Hospital, London.

3 Lowell M. Palmer Senior Fellow.

4 Scholar in Cancer Research of the American Cancer
Society.

® Present address: Division of Tuberculosis Control,
Wulnw Chest Center, 2647 Willow Street, Vancouver 9,

o Su-n:z the combination of CO with intracellular hemo-
and

normal values of Dy, as well as values in patients
with various chest diseases.

METHODS

The technique for the measurement of Dy, which has
been reported before (1, 2), consists essentially of hav-
ing the subject make a maximal inspiration of a gas
mixture containing 10 per cent helium (He), 0.3 per
cent CO and approximately 21 per cent O, in N, from
the level of his residual volume, kold it for a measured
time, and then rapidly expire. All of this expiration
except the first liter is collected in a bag by the operator
and analyzed as alveolar gas. The CO concentration
which was present in this sample before any CO had been
absorbed in the lungs is calculated from the dilution of the
inspired He according to the equation,

Imha.lCOounn:nmuun He concentration in the
in the expired alveolar expired alveolar sample
sample Tnspired He concentration

X Inspired CO concentration (2}

Knowing the change in CO concentration in the alveolar
sample during the period of breath holding, Dy can be
calculated from Krogh's equation (9).

Dy Inml. COSTPD
™ | Min.Xmm. Hg CO tension

globin occurs at a rate that offers an
under some conditions the major, part of the resistance to
the uptake of CO in the lungs (5, 6) it is desirable to
distinguish between the “true” diffusing capacity, or that
of the pulmonary capillary membrane alone (D), and
the apparent diffusing capacity of the whole lung (Ds).
These are related by the equation 1/De=1/Da+ 1/@Vo
where @ is the rate of combination of CO with intracor-
puscular hemoglobin in ml per min. per mm. Hg CO
tension per ml. blood, and Vo is the volume of blood in
the pulmonary capillaries at any instant. @ decreases as
O, tension increases (7), causing Dy, to decrease, since D
and Vo are presumably relatively independent of alveolar
O, tension (8). Normally a further subscript of CO or
0, would be used to indicate the gas to which the meas-
urement applies. However, in this article, which is mainly
concerned with CO, the subscript is omitted and can be as-
sumed to be “CO” unless otherwise stated.

Alveolar volume (STPD) 60
Time in seconds X (barometric pressure—47)
Initial CO concentration in the
Iveolar samy

XNaturallogarithm | g e o o the
expired alveolar sample

@

The apparatus used for the test is illustrated in Fig-
wre 1. It differs from that reported previously (1, 2)
mainly in its greater simplicity; in these previous com-
munications the expired alveolar He and/or CO concen-
trations were measured at the mouth by recording ana-
Iytical instruments. The circuit is closed, permitting in-
spiration from the bag of the Donald-Christie apparatus
and expiration into the space around the bag, a spirometer
recording the change in respiratory volumes. Tap (A)
is used by the operator for collecting the expired alveolar
sample. Since the gas mixture is inspired from the level

Relative importance of Diffusion and Chemical Reaction Rates in

Determining Rate of Exchange of Gases in the Human Lung, With
Special Reference to True Diffusing Capacity of Pulmonary Membrane

and Volume of Blood in the Lung Capillaries

F.J. W. Roughton, and R. E. Forster

Abstract

PHVSIOLOGY

rr',}lla Volu
¢ 7

Pages 2

An equation, Dy, + 8V = /DI, has been derived which relates the measured

pulmonary diffusing capacity (DI), the true diffusing capacity of the pulmonary

membrane (Dm), the rate of uptake of CO by the red cells per mm Hg CO tension

(8) and the blood volume of the pulmonary capillary bed (V). By making

measurements of DI at different alveolar O3 tensions, thereby causing to vary,

this equation can be solved graphically for Dm and Ve, which are assumed to be

independent of 07 tension. Calculations of Dm and Ve were made utilizing a)

values of  previously obtained from the in vitro rates of CO uptake of

suspensions of human red cells at 37°C and b} values of DI in normal resting

subjects at alveolar O3 tensions from about 100 mm Hg to over 600 mm Hg

measured by both steady state and breath holding CO technigues. Dm is about

twice the value of DI measured in subjects breathing air at sea level. Vi is about

75 ml in approximate agreement with the previously reported estimate of

Roughton. Similar results were obtained using values of DI at different alveolar

Oj tensions reported in the literature. This means that, in determining the rate of

€O absorption in the lungs, the resistance of the red cell to the uptake of CO is of

the same order of importance as the resistance of the pulmenary membrane to

the diffusion of gas across it. Arguments are advanced to show that red cell

resistance is of at least equal importance in the case of O7 uptake.
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Respiration Physiology

Volume 1, Issue 1, 1966, Pages 75-87

ELSEVIER

Determination of D¢ by the single breath
method in inhomogeneous lungs: Theory +
J. Piiper, R.S. Sikand

Abstract

The effects of functional inhomogeneities in the lungs upon the single
breath CO diffusing capacity were studied in theory. Non-uniform
distribution of the alveolar tidal volume to the alveolar volume and
unequal distribution of the diffusing capacity to the alveolar volume or
to the pulmonary capillary flow were found to reduce the apparent
single breath ., i.e. the Deg calculated ignoring the presence of such
unequal distributions. The characteristic feature in the presence of
unequal distributions of the diffusing capacity 1s a decrease of the
apparent Do with increasing times of apnoea. Approaches are
described to arrive at the true D¢g in presence of functional
inhomogeneities in the lungs from data obtained from measurements
of D by the single breath method.
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Respiration Physiology
Volume 1, Issue 2, 1966, Pages 172-192

Pulmonary diffusing capacity for co in dogs by
the single breath method +

R.S. Sikand, J. Piiper

Abstract

In order to determine the diffusing properties of the lung an attempt
was made to take into account the disturbing effects of functional
inhomogeneities upon determinations of Dco. Dco was measured by
the single breath method in 21 anaesthetised dogs weighing on the
average 25 kg. The Dco values decreased considerably as the time of
apnoea was Increased from 3-30 sec, indicating presence of unequal
distribution of Dco in the lungs. For an apnoea time of 10 sec a mean
Dco value of 25 ml/fmin. mm Hg in hypoxia (Floz = 0.12) was obtained,
on the assumption of a homogeneous lung. When the effects of
unequal distribution of inspired volume and of Dco were taken into
account, the value increased to 52 ml/min. mm Hg. Using data from
CO uptake of human red blood cells, the membrane component of Dco
was estimated from measurement of Dco at varying inspired O»
concentrations to be 80 ml/min. mm Hg and the pulmonary capillary

volume, to 100 ml.

Examination of the Carbon Monoxide Diffusing Capacity
{DLcg) in Relation to Its Kco and Va Components

| Michsel B Hogher' s Hal B Pride'

*Hiatu sl vl Ly bedibale, byl § viker, Samarevssath samgas, Dnah, Liwke! Gapbar

—i#h—.d——-ﬁhhq-l,-mdhh

71 e rabs oestint Vo b ot Lpishe 115 dhveslas pas
[y, ‘nmmu-wm.n.-mm

- PP, il

by Vo, ol T B Uy ¥ TV,
slsa callod lcr] by lea/ P b ormm e
[ e——— ™ e D8y for

i, mm.uwumm«m apilary
s wpiake. My anticks sl pulcaary funcian iy, {1
Infsa b th pas. guaie n—u.mh--uuuu..-
slorissal dhis s rosat (o sippiieant o of chiisal inhsatie

MTASURTMTHT ©F Koo ARD Va

Bute of Utk 2 Abveolar Carban sorarite (ko)

Khermg breaii bk dmg i S5 vygle bresib B, C7 i remosal
[ A ——— p.,_rtr\.,un.wnn
webicre €k, s £33 are: ihe absenler comcen:

emal ks of fac bevalh beddmg tirs, (BT n.umn_ -
& o conset work asie of migaks | o woond ' in Py 1R

- by e s, e,
Abvvclar Wohime (651
'l'hl'.\"|l.n_ui broaih bokknp o bl ki m

s regavnnts bkl ban agacity (1103 The ban:

T

q-d. o it ke Thomsl, Tl e Th . i, e
TR

Brpeeis. b rny sty b sl s {5k .-|.|.,
ity Ve i ne ek Dy flerk ey et
toxi: byl e cachangs
Thea singhe Tk ibibasing capaciey e carbem mamide [}
Thraven i s the trasses bk, T i, siopeomary

= L ]
|um:ru--¢.=-- ke {1 i of wpua ke of

XN b hvrcsiar s, | e whersalar vl mwe (V) The anpan
L r—--—‘mm—nmw o v [k abvrsiag P

& brcarhy seinied in de svesiar apke dboerey b cwben
ee—— n.r..u.uuqu.up.pm-n.n.-

s P AL AR
A Corbelaiir T pr s s e by JAUL, i bl e
e, W, il LA HRF. o iiladod b s el sl
e oo, e,
o

gt s ea g e b s 18 | bl B
iy, B, Fibarn B, s, W1 1 B, 1§ e v bl
E

ol o o Ve e @
R———

A o o i W a5y TR B O D
i = ey iy ety Sy

s mp—————

mm-mm;mu
inlam o amp pembnaniubic pm sl cowvvemly bevee [Fie)
g 11, 31 e ame: S @ ke b b mosead (9. Te
abropdas vokeme (¥ moan “seoomble ™ s, ihoi i, B wm
[ R g m——" | ey o Y
I Rk sokaTe ALY wirAcIRg 3 CCHITAICd” anaioen
sheml spuan: (Wi} fmn Ui prparal vidmmec (Vi) (P 1L
The Vi sinrin i remdasl wobsme ral S nishics 51 euaviond inls
tim (LY, e mapeation bomki e e . iy - o
ks, i paveal hecas, ¥.a b within B9 o 10, withs o i
VAL mbn fowhireny men el womes) ol TR 5 A
1 RTE 5 e VT v b v i chopwnskonss
spe, wn, beighs, e weighe (), bui decre s snbesn sy when
m-mm-q-mu-dm*wuu
venlaacn. Veais 1% o ihe THE i memral
mu-_nduvmxm u
vawse s wwsoy, @ (be (el brvadk Aol i i
b e, bz dhiiorenee Soiwren S wmpks breah Vs s ihe

el baeath on TLE, wadl e VT auny,

shescrves mare shady 15 26 o ks o p iy ey

©nrmbirdng Va and oo

Fapustion 1 U sl wiep in e cubonlation of The [0,
WK Hm i

el (FUPTE) % wwe i
wehacre ko i i Esioaal gy b oo rvion, capremcl
imemmale el i m e b o U0 o abvedar s iy
tuvath bodbng o THAT Popastam | pows o by sebas b ¥in
heraw, m paricd cai by Mane Kroga |11 ke mhochiznopho
thal sl vesta o i e T11 Pl s sevessd g, b b
Thpy, e chdon o ihe cqmaion are. divadiod by TH*, whore P5* i

39



Alveolar-capillary membrane diffusion measurement by nitric oxide inhalation in heart

failure.
Ref, 99 Magini A1, Apostolo A1, Salvioni qu ltaliang G1,Veglla Fq, Agostoni P2
@ Author information

Abstract
BACKGROUND: In heart failure, lung diffusion is reduced, it correlates with prognosis and exercise capacity, and it is a therapy
target.

DESIGN: Diffusion is measured as CO fotal diffusion (DL(CQY). which has two components: membrane diffusion (Dm) and
capillary volume, the latter related to CO and O2 competition for hemoglobin. DL(CO) needs to be corrected for hemoglobin.
Diffusion can also be measured with NO (DL(NO)). which has a very high affinity for hemoglobin, and thus, the resistance of
hemoglobin being trivial, it directly represents Dm. Therefore, Dm is directly calculated from DL(NO) through a correction factor.
DL(NO) has never been measured in heart failure. The study aims at determining. in heart failure, DL(NO), Dm correction factor,
and whether Dm(NO) provides Dm estimates comparable to Dm(CO).

METHODS: We measured DL(CO), Dm(CO) by multi-maneuver Roughton-Forster method, and DL(CO) and DL(NO) by single-
breath maneuver in 50 heart failure and 50 nealtny SuDjE.‘CtS.

RESULTS: DL(CO) was 21.9+ 4 8 m/mmHg per min and 16.8 + 5.1 in healthy subjects and heart failure subjects, respectively (p
<0.001). DL(NO) was 88 6+ 20 5 mI/mmHg per min and 72 5+ 22 3, respectively (p <0.001). The correction factors to obtain
Dm from DL(NO) were 2 68 (entire population), 2 63 (healthy subjects) and 2 75 (heart failure subjects) DM(CO) and Dm(NO)
were 34.7 + 10.9 mi/mmHg per min and 33.8 £ 7.6 in healthy subjects and 25.9+2.0 and 26.4 + 8.1 In heart failure subjects.
CONCLUSIONS: DL(NO) and Dm(NO) measurements are feasible in heart failure. Dm(CO) and Dm(NO) provide comparable
results. The correction factor to calculate Dm from DL(NO) in heart failure is 2.75, which is little different from the 2 63 value we
observed in healthy subjects.

® The European Society of Cardiology 2013 Reprinis and permissions: sagepub.co.ukfjournalsPermissions.nav.

KEYWORDS: Oxygen consumption; gas exchange; lung diffusion

Comment in

Reply to commentary on: confusion in reporting pulmonary diffusion capacity for nitric oxide and the alveolar-capillary membrane
conductance for nitric oxide. [Eur J Prev Cardiol. 2015]

Confusion in reporting pulmonary diffusing capacity for nitric oxide and the alveolar-capillary membrane conductance for nitric oxide. [EurJ
Prev Cardiol. 2015]

Confusion in reporting pulmonary diffusing capacity for nitric oxide and the alveolar-

capillary membrane conductance for nitric oxide
Ref. 100 Gerald S Zavorsky, Colin Borland,

First Published March 27, 2014 Editorial

We read with interest the paper by Magini and colleagues on the measurement of
pulmonary diffusing capacity for nitric oxide in patients with heart failure (ejection
fraction<40%).1 In their study they report pulmonary diffusing capacity and the
individual components of pulmonary diffusing capacity in 50 patients with heart failure
(65 years of age), and 50 control subjects (61 years of age). We feel that there are two
problems with this paper that warrant discussion. First, the mean values for pulmonary
diffusing capacity for nitric oxide (DLNO) for the healthy subjects are too low, and
second, both their alveolar-membrane conductances (DmNO and DmCO) and
pulmonary capillary blood volume (V¢) calculations, and hence conclusions, are
incorrect.

First, the values for DLNO for the healthy volunteers appear too low. If we assume that
the women’s and men’s mean height in the healthy volunteers was 163 and 173 cm,
respectively, then the mean DLNO values should be 96-113 and 140154 ml/min/mm
Hg, for women and men, respectively.2,3 The combined average for DLNO should be
then 118-133 ml/min/mm Hg. The author’s mean values of 89 ml/min/mm Hg for the
healthy volunteers are 25-33% lower than predicted. However, their values for
pulmonary diffusing capacity for carbon monoxide (DLCO) were correct and the
healthy volunteers was close to 100% of that predicted.2,3 Thus, if the mean DLNO in
the control group is under-predicted by at least 25%, then the DLNO values in the heart
failure patients could be under predicted by >25% too. Since DLNO and DLCO are
measured simultaneously, and DLCO values were appropriate (close to 100% of those
predicted), there must be some mathematical error in the calculation of DLNO and/or
their breath-hold time was too short. The breath-hold time should be 5-10s,4 and it
seems that their breath-hold time varied between 2—4s.
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Clinical and physiologic features of some types of
pulmonary diseases with impairment of alveolar-capillary
diffusion

The syndrome of “alveolar-eapillary block™

Robert Austrian, M.D.?, John H. McClement, M.D."T, Attilio D. Renzetti Jr., M.D.?, Kenneth W. Donald, M.D.
Richard L. Riley, M.D.", André Cournand, M.D."
I g \

Yo

Abstract

1. 1. Twelve additional cases with various diffuse diseases ofthe lungs characterized physiologically
principally by interference with the diffusion of oxygen across the alveolar-capillary septum have been
studied

2. 2. The patients in this group included two with pulmonary granulomatosis following exposure to beryllium;
one with pulmonary granulomatosis of the Boeck's sarcoid type; one with pulmonary granulomatosis of
undetermined etiology, in which the granulomatous lesion contained unusually large numbers of foreign
body-type giant cells and bi-refractile crystals; one patient with scleroderma; three patients with pulmonary
fibrosis of unknown etiology (in one case after exposure to beryllium, in two cases associated with
granulomas in other organs), and four cases in which a diagnesis could not be made.

3. 3. The pattern of pulmonary dysfunction consisted of (1) reduced lung volumes, (2) maintenance of a large
maximum breathing capacity, (3) hyperventilation at rest and during exercise, (4) normal or nearly normal
arterial oxygen saturation at rest but a marked reduction of the arterial oxygen saturation after exercise, (5)
normal alvealar oxygen tension, (6) a reduced oxygen diffusing capacity and (7) pulmonary artery
hypertension.

4. 4 In some severe cases the dead space-like ventilation and the venous admixture-like perfusion was
increased. These findings have been interpreted as an indication of the inhomogeneous nature of the
pathologic process

5. 5.The clinical findings have been analyzed in the light of the physiologic data and the evolutionary trends,
both clinical and physiolegic, have been described.

6. 6. Because the major pathologic changes are localized in the alveolar capillary septa and because the
major physiologic defect is a reduction of the permeability of the alveolar capillary membrane for oxygen,
the name “alveolar-capillary block™ has been tentatively offered to describe this syndrome.
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CHAPTER 74

i 21997

Design of Airways and Blood Vessels Considered

as Branching Trees

Ewald R. Weibel

One of the fundamental problems of functional lung
design is hov-to provide the very large gas-cxchange.sur-
fuce of aboft 140 miatith j System o and blood
el That Allows_cach of the many million tiny gas-
“xchange units to be ventilated and perfused homage-
rhe solution is to arrange the gas-exchange units
tree that has a
ranching arter-
hing airways right out o the
“Dronchial-arierial umits are—thus—
formed, betweerr which a branched system ol veins is
amanged to collcet the blood and bring it back ta the heart.

LUNG DEVELOPMENT DETERMI NES AIRWAY
AND VESSEL DESIGN

The close association of ainways and blood vessels is
the result of lung development. As described in greater
detuil in Chapter 68, the airways form from two epithelial
tubes that arise ut the terminal evagination of the truchea
anluge, and they grow laterally into the two mesenchy mal
beds formed by the splanchnopleura, Growth of th

epithelial tube is followed by branching a provess that
1he result of interaction with the assaciated mesenchyme
(1-3), and strictly causes dichotomy (i.c.,a splitting into
o daughier branches): this morphogenetic process will
puide us in the subscquent analysis of airway desigo,
From curly on, the mesenchymal bed of the fung
anlage contains a loose va cular network, derived from
Ihe vascular bed of the foregut, which tends to enwrup the
budding airway tubes. As the tubes branch, the vascular
network becomes molded to follow their outline. Very

F. R. Weibel: Deparment of Anator
CI13000 Berne 9. Switzerind.

ity of Beme,

soon thereater, arteries differcntiate {rom siretches of the
network that lie alongside the wirways. and thes arterics
are connected 1o the pulmonary arteries that have grown
toward the lung anlage from the sixth branchial arch.
Venous vesscls arc seen lo differentiate in the loose mes-
cnchymal beds that form septa between the bronchiul-
arterial bundles; from the beginning thercfore the pul-
monary veins develop in their future interstitial position.
whereas the close spatial refation between airways and
arteries also originates in early lung development (see
Chupter 68).

ATREE _

>\TIIF AIRWAYS CAN BE DESCRIBED AS

The branching of airway lubes that occurs during

development determines the design and dimensions of

. the airways in the mature Jung (3). Figure 1 shows the

hicrarchy of the airway tree that begins at the trachea and

cuds through bronchi and bronchioles into the acinar air-

ways, respiratory bronchioles, und alveolar ducts (where
gus exchange takes place), ending in the alveolar sacs.

“The pattern of airvay branching is best studied on resin

h illustrated in Figs. 2

“and 3) for conducting ainvays
fively 4-9). Consistently, each branch is scen to divide
i (i.c.. undergoes dicholomous

(A); therefore, the pattem formed during mor-

branching)

—phiogencsis is preserved. However, the two duughter
e

s from the same par
n lengih (Fig. 2): dichotomy is |
asa il diameter of the daughter branches is
han that of the parent branch. This mean

ter of the aiways be

fer in_diameter

1061
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CHAPTER 4

in intrapulmonary gas mixing

JOHANNES PIIPER

PETER SCHEID

CHAPTER CONTENTS

Diffusion

Diflusion laws

Bman diffusion
Diffusion in multicomponent syste:
sion, Convection, and Their Interactions

ersion

Dispersion in laminar flow

Dispersion in disturbed flow

Dependence of dispersion on gas diffusivity
Attempts to quantify dispersion in upper ain\‘ap
¢ oscillat

&)

ispersion during high-frequency
Comvective mixing by mechanical action of the heart
Anaromical Basis for Models of Lung Gas Mixing

Regilarly branching lung model
leregulaly branching lung model
e

‘«!nlhun)umll Analysis of Lung Gas Mixing
Models considering diffusive mixing alone
Models considering convection and diffusion
Gas mixing in axisymmetric lung models
ched-trumpet mudkls
n Lungs
!)umm;wnel(ng.x

Experimental Evides
Effects of series and parallel
Methods and results

Sloping alveolar plateau
Separation of insoluble o
during washout
Elimination of intravenously infused inert gases
Apparent single breath carbon monoxide
diffusing capacity
Changes in alveolar gascous medium
Attempts at quantification
Lung model
Fxperimental results
i mm nce for limitation of alveolar gas exchange

s of differing diffusivity

cal remarks
¢ mu.\ll Remarks and Conclusions
versus models
nm..x space versus stratification
15 of series and parallel inhomogeneity
Mmm in overall pulmonary gas transfer

BECAUSE LUNGS CONTAIN a large volume of gas at end
expiration (functional residual capacity), inspired gas
5l

Abteilung Physiologie, Max-Planck-Institut fiir experimenteile
Medizin, Gottingen, Federal Republic of Germany

Institut fiir Physiologie, Ruhr-Universitat, Bochum,

Federal Republic of Germany

cannot reach the alveolar-capillary membrane by bulk
flow alone (i.c., by displacement of the inspired gas/
lung gas boundary toward the lung periphery
fore other mechanisms must intervenc to achieve mix-
ing with resident gas. Thus Hw gas (mn-port bcm een
the ) and the al pill;

is provided not only by alveolal mxlatmn but. also
by intrapulmonary gas mixing. is mixing step is
ucually not particularly Lun\ldtrvd in analysis of pul-

monary gas transporl, where it is tacitly assumed that.
mixing in the alveolar region is virtually complete and
thus does not limit gas transport. In the last decade,
however, the completeness of intrapulmonary gas mix-
ing has been questioned, mainly on the basis ol exper-
imental data obtained by refined gas-monitoring tech-
niques

Evidently intrapulmonary mixing is not complete,
as shown hy the presence of series or anatomical dead
space, which diminishes with breath holding, but is
never entirely suppressed. When axial (longitudinal)
gas ('nnunlnmun gradients in airways are designated
as stratificalion, dead space undoubtedly is a manifes-
tation of tification. Stratification or stratified in-
homogeneity (127) in the proper sense, howuuz.
means presence of di within the g
zone of the lungs (i.e., in the alveolar s ane).

Dead space and alveolar space have an anatomical
background {conducting airway alveolated air-
\\ﬂy«] but are mamlv dehnLd l'umnunnll) as non-gas-
g and
well-mixing volume; The dead spare and the alveolar
space are nclthur anatomically nor functionally sepa-
rated by a sharp houndary. This is reflected in the
expirogram (plot of concentration vs. expired volume
or time) by a somewhat gradual change from phase 1T
(steep concentration rhange) to phase 1T (alveolar
plateau). This transition region may be regarded as
due to dead space (flattened, e.g., by distributed transit
times) or to stratification in the proximal region of
the alveolar space. Therefore the delimitation of
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THE LUKC,

clited hy 1
Lippincot - K

Gas exchange in the lung must be very efficient. As the
blood is pumped through the ung, it takes up all the O the
body needs and releases the COs produced; in heavy exer-
isc, when an average human consumes about 2.5 liters of
0, every minutc, this must be achicved in a fraction of a
cond. This calls for a high level of bioengineering design
of a gas exchanger with a high diffusion conductance. We
find that the hurnan luny establishes air-blood contact over
2 surfice approaching that of a tennis court and uses i
sue barrier 50 times thinner than a sheet of air-mail sta-
fionery for support. But further problems need to be solved
at the same time. This large area must be adequately ven-
tilated and perfused and sufficiently stable in spite of the
minimal amount of tissue avuilable as mechanical support,
and it must be viable, capable of self-maintcnance and
repair throughout the entire lifetime of the individual. In
fact, no man-made extracorporcal oxygenizer nearly
approaches the hung’s performance in all these respects.
1n this chapter. I review the human pulmonary gas

exchanger’s basic design featurcs, its cell and tissue struc-
turc, and its archilecture, [ then present a model for pul-
monary diffusing capucity by which the effiet of desigm
an gas exchange can be estimated, and finally I discuss the
validity of its assumptions and simplilications.

DESIGN OF TIIE PULMONARY
MICROVASCULAR UNIT

@ar Walls Contain a Dense

| Network of Capillaries
B

Alveolar septa are abs
by an alveolar surface on €ach sidc (Tig. 1).

TE. R. Weibel: Department of Anatomy. Uni
i Miiller Foundation CH-3000 Bemne 9, Switzerland.

CHAPTER 104

7
{ _Cgl!gteral Ventilation

— —

Yayne Mitzner

t 5-8 pm thick and are bounded  — =
‘hi“f(r e N1 Three-dimension

sity of Heme,

this thin wall is oceupied by blood that flows through a
very dense meshwork of’ capillaries. The other half is tis
s fhat must provide mechanical support and form a
suitable barrier for controlled fluid exchange.

Ry forming about 300 million alveoli s outpocketings
of the most peripheral airways, the lung eslablishes a
very large internal surface that is directly connected to
the airway tree (1,2). Two adjoining alveoli share their
wall but each alveolus adjoins several alveoli. some of
which are connected to different alveolar ducts. The a
olar walls, thercfore, form a three-dimensional contin-
wum, similar to the lamellae in a foam. Each alveolar sep-
fum meets, with the exception of the frec edges facing the
alveolar duct (see Chapter 81), with two other septa along
each of its edges (Fig. 2b). This is fi i

gnificant because il
cxplains why the capillary nefwork, though appearing
like a flat sheet in cuch alveolar wall facet, in fact, forms
a complex spatial continuum that extends over a space at
least as large as an acinus or lobule (3-5). Thus, while
each capillary meshwork unit is exposed 1o twa alveoli
(one on cach side of the septum), the capillary path
extends over a large number of alveoli.

1Uis not easily possible Lo properly define the microvas-
cular unit (.., that part of the capillary network that
extends from an arteriole to a venule); such units may not
exist at all, al least not anatomically. Rather, we find that
arterioles feed into the capillary network al more or
regular distances (Fig. 2) and that venules tap thisTietwork
4-6). The distances Between arle-

¢ arbitrary, The picture

. that of one capillary unit associated with
is therefore, rather fictitious but it serves
of modeling, as long as we realize that the

cca L

ANATOMIC CON¢

ERATIONS

Definition

term colfteral vertiarion refes

region g throush collaeral sirways. W
Ve

f
coniexr, the word collateral has

rve pactially (o bypass the obstruction. Howev
mon praclic
with # bronchoscope or wedged catheler, th
commuaications are those rhat oecus b
segmental broachi.
“The first measurements of callateral ventilarion were
by Van Allen et al. in 1930

¢ inthe
measurement of collatersl ventilation
1|

In this initial wark, a

ons, includiag “accompanying. but secondry or subor-
dinate™ and “correspondi function.” (1), All
tion have empha
dary nature, ignoring the “corresponding”
aspeet of the collateral airways, This has led to 5 wid(
sprexd infuition that ¢ nnly are the specific collatoral
wirways that are responsible for collateral ventilation in
some way differeal_from the normal airways,_hur alsa
that they takelo part 31 normal ventilation. Tn the pr:
that {00 part i norms . Tn the prasent

chapier, <y omic
e collateral

i it
ways el fact pormal airways

I lated swith < realh. T

oL itilali

il
S l
iy hecomes
10 the abstnucted region can_
Aevuch a limited sumber of collar-

2 For a working definition of collateral wentilation, con-
sider an anstomic region of lung parcachyma served by a
given branchus, Within this regrian, veatiation normally

through that brorchus via the standand airway
pattern from larger to smaller airways. Collat-
lution ta this given region then refers Lo any
ventilation that arrives fom o neighboring airwsy
branching structure, Collater ion

(el
: brnchin

catheter was wedged in 4 segmental bronchus, and v
Jation in a6 out of this cathetor was measored as the sur-
rounding fung was venlilited. ‘They also showed thar 3
whale arclectatic lube could he inflated by air infusion
through the scamental bronchus, Measurement of callat-
eral ventilarion in humans was first doue in 1948 by
Duursma et al. (3). sing 1 wedged balloon-tipped
catheter. Several other phystological studies by Vindllen
and ussocistes were carried out 1n the carly 19305 (-0,
bt it was not unti] the late 1960s that physiologival inter-
st was roncwod by Mackd sociates (7.8). Hoge
et al. (%), demonstrated that resistanc 1o collateral flowe
in excised human e s prealy
devreased, sugecsting an important role for collateral
flow in lung discase. A camprohensive review of cullat-
ecal venilation was published by Mackkem in 197
and the reader s refereed o tht for additional de
reganding mech of the oldes llerature.

Puthways for Collateral Flow

pathways for cullsteral von
algolar porss, and chan
cantributions of these arc

5 A Tip iy~
52 8% 1403 ¥ 7p5
+ 2, <

> aef )
In 1955, Lumbere (141) described secessory hronchiole
lac I tal humzn and car Jungs.
chanaels consisted of epithelialized tubular com-
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1. INTRODUCTION

It would be natural to suppose that if a lung were supplied with ade-
quate amounts of fresh gas and mixed venous blood, .md ll' complete equi-
libration occurred between alveolar gas & illz ood i
every lung unit, then normal pulmonary gas exchange would be assured.
As is well known, however, this is not the case. Unl the proportion of
the total ventilation and blood flow going to each gas-exchanging unit is
the same, overall gas exchange becomes inefficient and. other things
being equal, the arterial Py, falls and the P, rises.
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A full understanding of how mismatching of ventilation and blood flow
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HISTORICAL BACKGROUND

Most of the hypoxemia und carbon dioxide
in patients wifh lung discase is caused by m
ventilation and biood flow within the lung. The impor-
ance of the ratio of ventilation to blood flow in deter-
mining was exchange in any Jung region was first r
sized nearly 80 years ago, lawever, developing a

ive and i of the
of ventilation perfusion incquality on pulmonury
a5 exchange bus proved 1o be very demunding, and it
has only been in the last few years that many important
spects have been clarified.

an identify three
s edge in this diflicul arca.
This first was the recognition that the gas exchange that
akes place in any Tung unit is determined not only by the
wentilation or the blood flov the rutio of one to
mulhd Perhaps Krogh and L3 J(1) were the |

ad this must be true both wilh respect o Oz and COz
furing normal breathing and with repard ta other gases
hey then added in a
5. indoed, the circulation through cach
Jbe should be in proportion lo its ventilation,” Shortly
aller this, Haldane (2) recognized that ventilation -perfu-
sion inequality could cause hypoxemia, but, unfortu-
ely. he also stated that curbon dioxide retention would
ol oceur. This was an important misconception that sill
sarfaces from fime to time. even in the thickest textbooks
A respiratory medicine.
nd phas began in the late 19405 following the
ipsurge of inlerest in respiralory  physiology that

LB 4P, D, Wagner: Depur icine. Univer-

i
sy of California, San . O 92093,

occurred during World War IL Fenn et al. (3) und Riley
und Cournand (4) lackled the qualitative relationships
between ventilation, bload flow, and gas exchange
Because these depend on the nonlinear oxygen and car-
bon dioxide dissociation curves, they introduced graphi-
cal analysis ol these relationships that were not amenable
to algebraic manipulation. The third phase began in the
mid-1960s, when Kelman (5 7) and Olszowka and Farhi
(8) introduced computer procedures (o describe the
gen and carbon dioxide dissociation curves, This stimu-
lated the development of numerical techniques for
describing the gas-exchange behavior of distributions of
ventilation pcrfusmn ratios (9). Shortly afier this, the
‘multiple ineri-gas limination 1& wais infrod

10, owT(lw’(nhul

The
mﬁul both lhe pl\) -
uluhual aspects and the clm al implications of ventila-
tion perfusion inequality over the last 20 years. Readers
‘who want a more extensive discussion of the topic than
can be accommodated in the space available here are
referred ta mare extensive reviews (12,13).

NGE IN A SINGLE LUNG UNIT

- N
{ Busic Equation

The Po, Peo, and P in any gas-exchanging unit of
the lung are uniquely detcrmined by three major factors:
(2) ventilation-perfusion _rati, (b) -composition_ ol
inspired gas, and () composition of mixed venous
btaod: Additional minar factors alter the “chemical” sta-
" tus of the blood and therefore the shapes or positions of
the O3 and COs dissociation curves. These include the
temperature, hemoglobin, hematocrit, and acid-base sta-
s of the blaod.

1693
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GAS EXCHANGE

A. Introduction

Of all the organs, the lungs are possibly the most amenable to mathema-
tical modeling and a major part of this is related to gas exchange. There
are both structural and functional reasons behind the rational applicability
of such modeling. The lung is made (structure) up of a large number of
anatomical units, each of which is qualitatively similar. In cach unit, ven-
tilation via the airways and perfusion via the blood vessels lead to ex-

change of gases between blood and gas ph'ncs that_are separated by a
tissue sheet of an average thick . Ttis possible to cal-

te with relatively few assumptions how gas exchange occurs in such
units (function) and to determine the factors that influence such gas ex-
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1. INTRODUCTION

The idea that maldistribution of either inspired gas or pulmfynary arte-
rial blood within the lungs can interfere with gas cx.chzmge is not new.
Early in this century. Krogh and Lindhard (1917) discussed the conse-
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Ventilation-Perfusion Inequality &
Gas Exchange During Exercise
in Lung Disease

Peter D. Wagner

In comparing gas exchange during exercise and rest, it is ap-
parent that a large number of factors, which by themselves ecach af-
fect the arterial Poj and PCop, may change simultaneously. Usually,
oxygen uptake (Vop) increases as does cardiac output (Qr) and
minute ventilation (Vp), mixed venous Poy falls while mixed venous
Py rises, and the distribution of ventilation and perfusion may
be altered. It 1s also believed that the average contact time of
the red cell for gas exchange falls and consequently a gas ex—
change unit in which partial pressure equilibration between alveolar
gas end-capillary blood is marginal even at rest is likely to de-
velop alveolar-end capillary differences during exercise attribut—
able to incomplete diffusion equilibration.

It is clearly a difficult problem to sort out the quantitative in-
teractions occurring in individual patients so as to arrive at a
complete explanation for the arterial Ppj and Pcop during exercise.
At the center of this problem lies the difficulty in identifying
the nature and amount of ventilation-perfusion (VA/Q) inequality on
the one hand, and the amount of hypoxemia due to failure of dif-
fusion equilibration on the other. This is particularly so when
both abnormalities co-exist. Exchange of "diffusjon-limited" gases
such as carbon monoxide is seriously affected by VA/Q inequality;
conversely anmy increase in the alveolar-arterial Poj difference
(AaDj) during exercise cannot be assumed to be due fo failure of dif-
fusion equilibration on one hand or to worsening VA/Q relationships
on the other.

A partial solution to these problems is offered by the method of
multiple inert gas elimination (4,6). Under steady-state condi-
tions it is possible to derive considerable quantitative informa-
tion about the functional distribution of ventilation and blood
flow and with this information it is possible to predict quanti-
tatively the exchange of 02 and COj on the explicit assumption that
diffusion equilibration is complete, Since the other interacting

ors are allow f this prediction scheme, application of
the inert gas method can test the hypothesis that incomplete dif-
fusion equilibration is a significant factor in the genesis of
hypoxemia in a given patient. The physiological basis of this
scheme is the known order of magnitude diff
diffusion equilibration of inert gases on the one hand and o:
gﬁc__o_t_hig Inert gases reach alveolar-capillary partial pressure
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{UREMENTS OF THE PULMONARY diffusing capac-
f 0, and of CO have had a major influence in
iological studies and in the practice of clinical
cine. However, these measurements often have
difficult to interpret because of the many physi-
cal components that interact to comprise the final
ured value. The classic

| Departments of Medicine and of Physiology and Biophysics,

Washi Seattle, W

tion of the familiar concept of diffusing capacity in an
attempt to understand better the physiological infor-
mation contained in these measurements. This chap-
ter first addresses the interrelationships among blood
flow, ventilation, gas solubility, and diffusing capacity
in a homogeneous lung, then considers data demon-
strating the importance of heterogeneities on mea-
sured DL, and finally considers the influence of gas-
phase diffusion limitation.

Several terms have been used to express deviation
from uniform behavior in the lung, including hetero-
geneity, inh ity, h iy, i
ity, and maldistribution. Because these terms are gen-
erally considered synonymous, the term heterogencity
is used throughout this chapter. The modifier L (re-
ferring to the whole lung) is dropped; D means DL
unless specifically noted.

iform-

GAS EQUILIBRATION ACROSS
ALVEOLAR-CAPILLARY MEMBRANE

Movement of gas between the alveolar gas phase
and pulmonary capillary blood is thought to be a
passive process governed by the simple laws of diffu-
sion. Equilibration of gas in pulmonary capillary blood
flowing past the alveolus and separated by a diffusion
barrier is described by the homogeneous lung model
shown in Figure 1. Over any increment of distance
along the capillaty, the flux of gas into the blood is

Mpa_ra_teJMe \; diffusing_capacity
j and the red blood cell components (70) b;

cal and clinical findings withi is_restric
ework. The results and interpretations are af-
d by heterogeneity in alveolar ventilation (VA),
Jlar volume (V4), alveolar perfusion (Q), and pul-
ary diffusing capacity (DL). The relative impor-
2 of each of these heterogeneities and of their
actions varies according to individual character-
; and the particular method chosen to measure
In general, measured DL usually underestimates
Du (actual DL of the lung); however, there are
1ples of heterogeneities that can result in an
astimate of true DL. Recently some new ap-
ches have been developed to permit reexamina-

defined by Fick's law of diffusion
ZdM = dDx(Pa — Pb) 1)

where dM is the uptake of gas by blood in the infini-
tesimal capillary element dx,(dDx is the diffusing
capacity of the element of diffusion barrier, an
and Pb_are the partial pressures of the gas in the
alveolus and in capillary blood. The flux of gas across
the barrier increment creates an infinitesimal change

in blood gas content (C) in the element
dM = Q-dC = Qpb-dPb @
where b is the capacitance coefficient (effective sol-

ubility) of the gas in blood. Many investigators have
used such basic principles to describe the equilibration
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