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My Personal Experience 

Personal experience has nothing to do 
with science but it has a lot to do with 
one's choice of topics and the approach 
one takes. To explain my approach I shall 
say a few words of my experience. I en
tered college in 1937 when Japanese mili
tarists started the last big push to conquer 
China . I took my college entrance exami
nation in Shanghai at the time Japanese 
troops landed in Shanghai . I chose to 
study airplane design because that seemed 
to be needed most by China to fight for its 
survival. 

In wartime (1937-45) Chongqing, 
China had virtually no air defense. Our 

classes were usually held at the crack of 
dawn. Regularly, by 10:00 A.M. the Japa
nese air raid would arrive, and students 
and teachers would stay in the caves on 
the banks of Jialing River. One thing I saw 
most in those years around the caves was 
the clouds in the foggy sky of Chongqing. 
It was natural that my first publication was 
a small book on soaring and gliding in 
clouds .7 

I entered the California Institute of 
Technology in 1946, obtained my Ph.D. in 
aeronautics and mathematics in 1948, and 
stayed on as a faculty member until 1966. 
My specialty was the mathematical theory 
of elasticity and nonstationary aerody
namics. The combined field is called aero-
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elasticity. It deals with the phenomenon of 
flutter, which is a dynamic instability of 
airplanes, supersonic aircraft, spacecraft, 
and birds when their flight speed exceeds 
their respective critical speed for flutter. It 
deals also with phenomena that occur 
when these flying objects encounter wind 
shear, gusts, clouds, clear air turbulences, 
or thunderstorms. It applies equally well 
to wind blowing on stationary structures . 
Indeed, the first paycheck I earned was for 
checking the safety of the design of the 
cantilever roof of the stadium of the Uni 
versity of Washington in Seattle against 
wind. I presented a systematic survey of 
the field in my book An Introduction to 
the Theory of Aeroelasticity, published in 
1955. 8 My other papers were concerned 
with structures, vibrations, elastic waves, 
stochastic processes, protection of struc
tures against nuclear bombs (the base 
hardening problem). My endeavor to teach 
better led me to publish a book Founda 
tions of Solid Mechanics, in 1965 ,9 and A 
First Course in Continuum Mechanics in 
1969, 1977, and 1993. 13 I was lucky to be 
recognized by my colleagues in engineer 
ing who elected me a fellow of the Ameri
can Institute of Aeronautics and Astronau
tics in 1969 , a fellow of the American 
Society of Mechanical Engineering in 
1978 , and a member ofthe National Acad 
emy of Engineering in 1979. Later I was 
even luckier and was elected a senior 
member of the Institute of Medicine of the 
National Academy of Sciences in 1990. 

I began my self-study of physiology in 
1957 because my mother had glaucoma, 
and out of concern and gratitude I periodi
cally translated newly published articles 
on glaucoma into Chinese, which I sent to 
her and her surgeon in China. My sabbati
cal leave in Gottingen and Brussels in 
1957-58 provided an excellent chance for 
me to read physiology papers. On return
ing to Caltech I joined Sidney Sobin, 
Wally Frasher , and Ben Zweifach in their 
studies of microcirculation. We wrote a 

few papers together .10 •11 •35 •51 In 1966 I re
signed my professorship of aeronautics 
from Caltech and went to the University of 
California, San Diego, to devote myself 
full time to physiology and bioengineer
ing. 

How do you seduce a person comfort
ably established in one field to leave it and 
enter another field in which he is com 
pletely unknown? I suppose that there had 
to be a feeling that there was something in 
the new field for me to do . My first chance 
came when Ben Zweifach told me that 
capillary blood vessels are rigid. Looking 
at capillaries' ultrastructure, I could not 
believe this from my solid mechanics 
background. That led me to think about 
the contribution of surrounding gellike 
tissues that support the capillaries, and 
publish my first two papers in biology .10 ,51 

The same thought made me want to study 
the capillaries in the lung as a counterex 
ample, because the pulmonary capillaries 
have virtually no surrounding tissue in the 
direction perpendicular to the interalveo 
lar septa; hence, the distensibility of pul
monary capillaries must be very different 
from the systemic capillaries of the mesen
tery. The second chance came when Alan 
Burton and his students, Rand and Proth
ero, published their experiments on the 
deformation of red blood cells. I was a 
professional thin-walled shells man; I 
worked out a theory of red cell deforma 
tion and compared the theoretical results 
with experimental data to infer the bend 
ing and stretching rigidity of red cell mem 
brane. This led to my third and fourth 
papers in biology. 11 •46 Subsequently I 
made rubber models ofred cells and stud 
ied the hemodynamics of red cell flow in 
capillaries .59 Again I began to think of 
using the lung as a counterexample be 
cause Sid Sobin had shown me how differ
ent the pulmonary capillaries looked in 
comparison with the systemic capillaries. 
Then Wally Frasher introduced me to the 
determination of the mechanical proper-
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ties of blood vessels. 58 I improved the 
experimental method and formulated a 
new theory to describe the mechanical 
properties of soft tissues. 14 So as soon as I 
spied the fringes of the new field, I knew 
how rich it was and was convinced that 
there would be plenty of things there for 
me to do. 

Was something wrong with the old 
field that it repelled me? Not too much. At 
tha t time aerospace engineering still held 
sway . The government and military were 
pouring money into the field . The avail 
able financial, human, technological, and 
computational resources were almost infi
nite compared with individual initiatives . 
To me that suggested it was time to clear 
out. 

Further, I did not need much imagina 
tion to see what contribution engineering 
can offer medicine. New instruments, de 
vices, and prostheses are needed ; new 
insight to physiology and pathology 
would be welcome . I was convinced that 
the science of biomechanics must be de 
veloped. The concerns of those in bi 
omechanics - force, motion , flow , stress, 
strength, and remodeling-pervade the 
living world, yet the literature of biology 
has largely ignored these words . Hence I 
resolved to dedicate myself to the devel 
opment of biomechanics . 

Cooperative Research with 
Sid Sobin and Mike Yen 

Having Sidney Sobin and Michael 
Yen as close friends and collaborators is 
an extraordinary good luck for me. Sid 
was a prosperous cardiologist who ac
cepted an NIH career professorship in 
1965 to devote himself full time to physi 
ology. Mike was my former graduate stu 
dent and later my colleague at the Univer 
sity of California , San Diego. Our views on 
physiological research are similar. We 
would like to separate the work of search
ing for basic principles from that of solv-

ing boundary-value problems. We would 
like to identify the basic principles with as 
few ad hoc hypotheses as possible and 
base the boundary-value problems on the 
geometry and material properties of the 
real structure , i.e. , geometry based on mor 
phometry , material properties based on 
rigorous biorheological investigations. 
Then , for each clearly formulated bound 
ary -value problem, we would like to solve 
the mathematical problem accurately so as 
to eliminate any inadvertent introduction 
of approximations, which are equivalent 
to additional ad hoc hypotheses . We 
thought this kind of approach would lead 
to greater understanding. Physicists, 
mathematicians , and engineering mechan
icists call this kind of approach a rational 
approach. We would like to see if it works 
in physiology. 

We chose to use the rational approach 
to study pulmonary circulation because in 
1965 Sid had alread y made excellent pro
gress in using the polymer casting method 
to study the morphology of pulmonary 
microvasculature. We saw that the pulmo
nary capillary blood vessels form a dense 
two -dimensional network in each alveolar 
wall. (See Figure 1, left panel, which is a 
photograph of the capillary network in a 
cat pulmonary interalveolar septum.) The 
capillary blood vessels occupy about 80% 
of the area in this plan view. Between the 
vessels are solid bits of tissue, which we 
call "posts." 35 The structure of pulmonary 
capillaries is so different from the sys 
temic capillaries that we expect the hemo 
dynamics to be different. We call the 
unique network a capillary sheet. We pre 
sented a theoretical study of pulmonary 
circulation at an ACEMB conference in 
November 1967 35 and at a FASEB meeting 
in April 1968 . 36 Our first full theoretical 
paper was published in the Journal of 
Applied Physiology in 1969. 37 To com
plete the research proposed by this theory , 
we set up a program of stud y consisting of 
the following steps: 
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1. Measure the morphology of the vascu
lar tree to understand the geometric 
structure. 

2 . Obta in basic data on the properties of 
matter involved in the system, in
cluding all of the gases, fluids, and 
tissues. Some mass transport data such 
as the diffusion constants, permeabil
ity, and solubility existed already. But 
rheo logical data on the apparent vis 
cosity of the blood in small blood ves
sels and capillary network and on the 
mechanical properties of the pulmo
nary blood vessels of all genera
tions were lacking and had to be mea
sured. 

3. Identify the applicable basic principles 
for the analysis. We decided to use as 
few ad hoc hypotheses as possible. We 
wanted to take the attitude of the re
ductionist to the extreme and allow 
only the following principles: 
• the conservation of mass, 
• the conservation of momentum, 
• the conservation of energy, 
and nothing else . For example, we 
know that waterfall phenomenon ex
ists, as several authors before us have 
shown, but we are not going to make it 
a hypothesis. It should fall out as a 
result or conclusion of some specific 
boundary-value problem. 

4. Formulate problems of pulmonary 
blood flow according to specific 
boundary conditions and appropriate 
geometric and material properties data. 
By "boundary conditions" is meant the 
external conditions applied to the lung, 
e.g ., the pressure or flow at arterial inlet 
or venous outlet, the pleural pressure, 
any constraints imposed on the lung 
(e.g., a deformation due to a tumor , a 
movement of the diaphragm or chest 
wall), an external load applied on the 
lung (e.g., gravitation, inertial force due 
to acceleration or sports), and the mu
tual influence of blood vessels and air
way. Each problem must have a special 
set of boundary conditions. 

5. The basic equations and the boundary 
conditions together form a mathemati 
cal problem . In physics and engineer 
ing, these are called boundary-value 
problems. The next step is to solve the 
boundary-value problems of physiol
ogy. 

6. Perform experiments and compare ex
perimental results with th eoret ical pre
dictions. If agreement is obtained, one 
gains confidence in the mathematical 
solution. If agreement is not obtained, 
one must reexamine the theory and 
experiment to identify the reasons for 
the disagreement. Inaccuracy of the 
material properties data, oversimplifi
cation of the mathematical analysis, 
neglect of extraneous factors in the ex
periment, mismatch of theory and ex
periment (e.g., dissimilar boundary 
conditions, wrong boundary values, 
etc.) are the usual culprits. 

7. Finding genuine disagreement be 
tween theory and experiment provides 
opportunities for advancing scientific 
knowledge. Rectification often calls for 
major improvements in experimental 
control or accuracy and changes in the
oretical concept or its mathematical de 
scription. One cannot rest until agree 
ment is obtained. 

8. The validated theory is then us ed to 
solve new problems and predict new 
events, which leads to new experi
ments, new comparisons between ex
periment and theory, new opportuni
ties, and new understanding. 

This program is straightforward, but it 
needed lots of work and documentation. It 
took us 12 years before we could close the 
first round of comparison between theory 
and experiment on the pressure-flow rela 
tionship of the whole lungs-so ,6B-74,B9-92,9B-
100. But we had lots of fun on the way and 
found many pretty pebbles right and left. 
Furthermore, because a master plan exists, 
we know the value of every link in the 
chain, and the plan gives us greater pa-



Pressure, Flow, Stress, and Remodeling • 347 

tience in working out the details. A few 
highlights are given below. 

Anatomy and Morphometry 

Much of the anatomy of the lung was 
well understood long before we began our 
work in mid-1960s. Data were incomplete, 
howe ver, and a great deal of work was 
needed to fill the gaps. In mid-1960s, the 
data base was as follows: the branching 
pattern of human airway and arteries in 
the lung were known from the work of Drs. 
Weibel, Horsfield, Cumming, and their as
sociates.6,57,79 A lot of human clinical data 
existed but the majority of experimental 
physiological data was obtained from the 
dog, whose pulmonary arterial tree 
branching pattern is unknown. Elasticity 
data was known for only a few arterial 
segments of the rabbit and dog. The elas
ticity of the pulmonary capillary blood 
vessels was being measured by Sobin on 
the cat. We estimated that the measure
ment of the distensibility of pulmonary 
vessels of all generations would be a major 
effort. Because Sabin's work was progress
ing well, we chose the cat as our experi 
mental animal. 

The cat alveolar wall appears to be 
similar to that of man. The cat alveoli are 
almost twice as large as the dog alveoli 
and are closer to the human alveoli in size. 
Weibel had already idealized the capillary 
blood vessel network as made up of short 
circular cylindrical tubes arranged in a 
hexagonal pattern. 79 We looked at his pic
ture and wondered how we could com
pute the pressure-flow relationship in 
such a network of tubes. Being schooled in 
fluid mechanics, we remembered the hy
potheses under which Poiseuille's for
mula was derived. They are (1) the flow is 
laminar (i.e., not turbulent, no separation 
or secondary flow), (2) the tube is circular 
cylindrical in shape and is infinitely long, 
or , if it is of finite length, the velocity 
distribution at the entry and exit sections 
are parabolic over the radius, exactly as in 

the long tube, and (3) the pressure distri
bution in any section perpendicular to the 
longitudinal axis is uniform. If these con
ditions are not met, Poiseuille's formula is 
not valid. That is why books on hydraulics 
are full of empirical formulas that are 
modifications of Poiseuille's formula: to 
take into account the finite length of the 
tube, the curvature of the tube axis, the 
existence of converging or diverging 
branches, and any special entry and exit 
conditions. There is no question that the 
individual tubes of the pulmonary capil
lary network do not satisfy the premise 
under which Poiseuille formula was de
rived. Modification is necessary, and try
ing to modify is in no sense disrespectful 
to Jean Poiseuille. Yet, strange it may 
seem, the resistance I encountered from 
the medical circle to our new theory came 
in large measure from our modification of 
Poiseuille formula. 54,68 

In deriving the pressure-flow relation
ship in pulmonary capillaries, we took 
advantage of the fact that the Reynold's 
number of capillary flow is very small 
(<0.001), so that the Navier-Stokes equa
tion can be replaced by the Stokes equa
tion. Even for the Stokes equation, we 
cannot handle the mathematical analysis 
of flow in the Weibel hexagonal-tube net
work.79 We can manage the mathematics , 
however, to analyze a similar but different 
model of flow between parallel plates ob
structed by round posts arranged in a peri
odic hexagonal pattern by means of the 
doubly periodic Weierstrass elliptic func
tions. In giving a name to this model we 
called it a sheet-flow model. J. S. Lee, 
Mike Yen , and I had little difficulty pub
lishing the fluid mechanical analysis 
and its experimental verification in fluid 
mechanics and engineering jour
nals.12,15,19,44,45,60,75,s3,B4 Having obtained 
the basic solution, Sobin and I introduced 
further modifications to allow the sheet to 
be of finite size and to be distensible under 
positive transmural pressure and collapsi
ble under negative transmural pres-
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sure. 38 •39 •72 In the meantime, we pursued 
morphometry of the alveolar sheet and 
compared our data with the data of other 
authors. 38 •39 ,74 We believe that morpholog
ically our model is as close to nature as 
Weibel's and is in some respects much 
better . In the first place, in the plane ofthe 
interalveolar septum the blood vessels of 
the real lung and our model have no cor
ners, whereas Weibel's has. In the second 
place, with increased blood pressure the 
blood vessels of the real lung and of our 
model remain smooth , whereas the vessel 
walls of Weibel's model would have struc
tural instability and buckle at the inner 
corners of tube junctions. With regard to 
the deformation of the capillary bed, when 
the blood pressure is varied, we can derive 
a theoretical relationship between the 
sheet thickness , transmural pressure , and 
tissue stress in the sheet model on the 
basis of the known geometrical and mate
rial properties. 38 This theoretical result 

fits our experimental results very well. On 
the other hand, if we used the tube net
work model, we would obtain some con
clusions on the deformation pattern that 
contradict experimental results. 

Knowing the capillary network in 
each interalveolar septum alone is useless 
to hemodynamics unless we know how 
the capillary networks are supplied and 
drained with blood. In other words, we 
would have to know the geometry of the 
arterioles that supply blood to the capillar 
ies and the geometry of the venules that 
drain them . From photomicrographs such 
as those shown in Figure 1 , we know that 
the capillary sheet of one interalveolar 
septum is connected to the neighboring 
sheets. In a sense the huge number of 
sheets of interalveolar septa form one big 
sheet. The arterial entry and venous drain
age of each septum are rarely seen in 
alveolar micrographs, suggesting that they 
are very sparse relative to the capillaries. 

B \ 

Figure 1. Two views of pulmonary alveolar wall (interalveolar septum) in a cat 's lung. 
Left: Looking at the septum en face. Right: Cross section of a sheet. (Reproduced with 
permission from reference 37. Copyright 1969 American Physiological Society.) 
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Later we learned 92 that, on average, each 
arteriole supplies 24.5 alveoli and each 
venule drains 17.8 alveoli. This explains 
the experimental difficulty. To see the 
arterioles and venules along their length 
requires thick sections and low magnifica
tion. To identify the relationship of these 
vessels to the capillaries requires thin sec
tions and high magnification. 

A compromise method of identifying 
the capillary-arteriole-venule relationship 
is shown in Figure 2, which is a montage 
of micrographs representing a cross sec
tion of a cat lung. 69 On these micrographs 
every blood vessel larger than the capillar
ies was examined individually in the his
tological slide under an optical micro
scope to determine whether it is an artery 
(or arteriole) or a vein or (venule) .69 If a 
vessel was found to be arterial, then it was 
marked with a white dot. If it was venular, 
then it was marked with a bull's eye. The 
result shows a remarkable segregation of 
territories occupied by the arteries and 
veins. An artery is more likely to be sur
rounded by other arteries. A vein is more 
likely to be surrounded by other veins. An 
overlay of colored cellophane was used to 
cover areas in which there are only arter
ies. Looking at the colored cellophane 
against the background, we see a two
colored map. A geographic map of two 
colors can only represent islands and 
ocean. Hence our morphometric question 
becomes very simple: which are the is
lands? Arterial areas or venous areas? 
Which is the ocean? Th e montage gives 
the answer immediately: The arterial areas 
are the islands, the venous area is the 
ocean. 69 

How can we interpr et this topological 
result in three-dimensional geometry? For 
this purpose, I can offer an analog. Imag
in e a tree, like a pine or a bonsai. The tree 
trunk branches and branches again and 
again. Each terminal branch occupies 
some volume of space . Suppose you find a 
specimen which is so shaped that when 
you pass a plane to cut the tree, the termi-

Figure 2. Only a two-colored geographic map 
can represent islands in an ocean. This is a lun g 
map, representing a cross section of a cat lung, 
in which every arterial vessel is marked by a 
white dot and every venous vessel is marked by 
a bull's-eye. The domain of the pulmonary 
arteries are darker and the individual alveoli 
are seen. The arterial domains are like islands 
in a lung cross section. Such a map has many 
uses, e.g., it shows the re lationship between 
microcirculation and respiration, it helps to 
locat e the sites of "sluicing " or "waterfalls" in 
zone 2 condition, and explains the recruitment 
after capillary collapse in zone 2 condition. 
(Reproduced with permission from Sobin , 
Fung , Lindal , Tremer , and Clark , Microvas Res 
19: 224 , 1980.) 
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nal branch volumes are reasonably sepa
rated; that specimen's geometry is an ana
log of the geometry of the pulmonary ar
tery. On the other hand, a garden variety 
analog of the pulmonary venous tree is 
hard to find. Perhaps a multi trunk banyan 
tree whose top covers a large area is a 
possible analog. In any case, the top 
branches of the venous tree must fill all 
the space left by the arterial tree within the 
envelope of the total volume. 

Having clarified the topologial rela
tion between the pulmonary arterioles, ve
nules, and capillaries, we can easily do 
some stereological measurements to ob
tain some needed morphometric data. 
Thus we obtain 69 that, for the cat lung, the 
average "diameter" of the arteriolar is
lands is 0.918 ± 0.156 (SD) mm, the aver
age "width" of the venous zone is 1.158 ± 
0.410 (SD) mm; the shortest path length 
between an arteriolar inlet into the capil
lary sheet to a venular outlet is 0.556 ± 
0.285 (SD) mm. Furthermore, by counting 
the number of arteries, veins, and alveoli 
in several maps like that of Figure 2, 
Zhuang, Yen, Fung, and Sobin 92 obtained 
the ratios of arterioles, venules, and alve
oli as mentioned earlier. 

Turning to the relationship between 
pulmonary circulation and respiration, we 
need to know how the interalveolar septa 
are put together to form the alveoli and 
alveolar ducts and how the arterioles and 
venules are placed relative to the alveolar 
ducts. Hence I studied the models of the 
alveoli and alveolar ducts, 26 and the distri
bution of arterioles and venules relative to 
the alveolar ducts. 28 ,30 

Many people have made alveolar 
casts of wax, lead, vinyl, etc., to observe 
the geometry and structure of the alveoli 
and alveolar ducts. Miller 63 has reviewed 
earlier observations of historical impor
tance, including his own contributions. 
More recently Hanson and Ampaya 55 ,56 

presented a remarkably comprehensive 
set of data on the geometry of human 
alveoli and alveolar ducts. Oldmixon and 

Hoppin 64 made sophisticated measure
ments. Mercer, Laco, and Crapo 62 used 
advanced computational techniques to 
make serial reconstruction of electron mi
croscopic images to obtain data on alveo
lar geometry, surface area, etc. Ciurea and 
Gil, 5 Silage and Gil67 made similar mea
surements of alveolar ducts. Budiansky et 
al. 3 have made theoretical calculations of 
alveolar elasticity on the basis of a pentag
onal dodecahedron model. Wilson and 
Bachofen 8 1 have analyzed lung elasticity 
on the assumption that the structural ele
ments of collagen and elastin are concen 
trated in the alveolar mouths, that the 
alveolar mouths lining the ducts can be 
represented by simple spirals, and that the 
alveolar walls contribute virtually nothing 
to lung tissue elasticity. But all this does 
not provide a clear three-dimensional 
mathematical description of the airway at 
the ducts-alveoli level. 

I attempted to construct a mathemati
cal model2 6 with the following assump 
tions: (1) Alveolar ducts are formed by 
removing certain walls of the alveoli so 
that every alveolus can be ventilated to the 
atmosphere . (2) Before removal of walls to 
form ducts, all alveoli are equal and to
gether fill the whole space of the lung. (3) 
Ducts are formed in a way that is efficient 
for gas exchange and structurally sound. 

To begin constructing the duct model, 
we use a mathematical fact. There are only 
five known regular polyhedrons: the tetra
hedron, the cube, the regular octahedron, 
the pentagonal dodecahedron, and a 20-
faced icosahedron, of which each face is a 
triangle. 53 ,80 Of these, the pentagonal do
decahedron and the icosahedron are not 
space filling, and the tetrahedron and oc
tahedron are space filling only if they are 
used in combination. Two nonregular pol 
yhedra are known to be space filling: the 
rhombic dodecahedron and the 14-sided 
tetrakeidecahedron (14-hedron). The 
choice of space-filling polyhedron is thus 
limited to four. But because the interalveo 
lar septa of the reconstructed alveoli given 
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Figure 3. My model of pulmonary alveoli and alveolar ducts. At the bottom, five 
polyhedrons are shown. The three on the right-hand side are space filling. In (A), an 
order -2 14-hedron serves as my basic model. Fourteen 14-hedrons representing 14 
alveoli are ventilated to a central duct, which is an empty 14-hedron. In (BJ, (CJ, the basic 
units are joined to form higher order structures . Fig . (D) shows 7 generations of ducts 
consisting of structures shown in (BJ, (A.A), and (C). Fig. (E) shows eight generations of 
alveolar ducts . (Reproduced with permission from reference 26. Copyright 1988 Ameri
can Physiological Society.) 
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in references 5 •55 •56 •62 - 64 •67 do not appear to 
be all triangles or all squares or all paral
lelopipeds, we have to reject the 4-, 6-, and 
rhombic 12-hedrons as suitable models. 
Hence I choose the 14-hedron as the basic 
alveolar model, 26 Figure 3. Fourteen 14-
hedrons surrounding a central 14-hedron 
form a unit called a second order 14-
hedron. A second order 14-hedron with 
the walls of the central 14-hedron re
moved forms a basic unit of alveolar duct. 
The lung parenchyma is composed of sec
ond order and first order 14-hedrons. Suc
cessive second order 14-hedrons can be 
joined together to form longer alveolar 
ducts. My ducts model2 6 is illustrated in 
Figure 3. The quantitative attributes de
rived from this model have been com
pared in detail with the data given by 
Hanson and Ampaya, 55 •56 and I consider 
the validation successful. 26 

With this model and the data on pul
monary arterioles and venules, I deduced 

Figure 4: Conceptual illustration of how circu 
lation and respiration systems are joined at the 
microvascular level. Arterioles are indicated 
by white. Venules are indicated by black. Alve
oli are indicated by small circles. The basic 
units of duct, the order-2 14-hedra, are indi
cated by large circles. Alveoli in venular region 
are not shown. A similar drawing can be found 
in references 28 and 30. 

the picture of the connection between the 
arterioles, venules, and capillaries, i.e., 
between the macrocirculation and micro
circulation and between circulation and 
respiration, as illustrated in Figure 4. 

In summary, I found the anatomical 
and morphometric study most rewarding. 
This study yielded a new model of the 
pulmonary capillary blood vessel net
work, laid the foundation for the sheet
flow theory, led to the basic concept of 
directional compliance of interalveolar 
septa: high in the direction perpendicular 
to the septal plane, low in the plane of the 
septa. We recognized for the first time the 
island-in-the-ocean type of arterial region 
distribution in an organ. We identified a 
mathematical model of the pulmonary al
veolar ducts and alveoli. These results are 
new and fundamental, and we would not 
have studied them if they were not part of 
the information needed in the rational 
approach to pulmonary circulation. Yet 
they are basic to any boundary-value prob
lems of pulmonary circulation. Hence, the 
rational approach is usually an economi
cal one. 

Mechanical Properties of 
the Materials 

A great deal was known about the 
properties of the gases and fluids in the 
lung and the mass transport characteris
tics across membranes. Least known in the 
1960s were the mechanical properties of 
the pulmonary blood vessels . As I have 
explained earlier, due to the experimental 
work of Baez 1 on the capillaries in the 
mesentery, the capillary blood vessels 
were generally believed to be very rigid. 
Fung et al. 51 explained this rigidity in the 
mesentery on the basis of the tunnel-in-gel 
concept. Bouskla and Wiederhielm 2 

showed that the capillaries in a bat's wing, 
in which the gel tissue surrounding the 
vessel is thin (about equal to the capillary 
diameter), are distensible. Now, in the 
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pulmonar y alveolar septa, capillaries are 
separated from the alveolar gas by a layer 
of tissue whose thickness is only on the 
order of 1µm (a small fraction of the capil
lary diameter), so the distensibility of the 
capillaries can be expected to be large. To 
document this expectation, Sobin and I 
worked out a theory of alveolar elasticity 38 

and then set out to measure the change in 
the thickness of the pulmonary capillary 
sheet with the transmural pressure (i.e., 

the difference of blood pressure and alveo
lar gas pressure). We built a spher icall y 
rotatable microscopic stage to do it. The 
capillaries were perfused with a cata lized 
liquid polymer. The static pressure was 
controlled while the flow was stopped 
before and durin g the solidification of the 
polymer . After solidification, histological 
slides were prepar ed and th e thickness of 
the capillary vascular space was mea
sured. We obtained the results shown in 
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Figure 5: The nonlinear distensibility of the pulmona ry capillary blood vessel is shown 
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at 6p = 0, then follows a straight lin e at positive 6p until 6p = 3kPa (about 30 cm Hp), 
and swings toward an upper limit at greater 6p. Theoretical deflection shapes are 
sketched. (Reproduc ed with permission from references 38 and 39. Copyright 1972 
American Heart Association.) 



354 • THE PULMONARY CIRCULATION AND GAS EXCHANGE 

Figure 5, which shows that when the 
transmural pressure is positive, the sheet 
is distensible. When the transmural pres
sure is negative, the sheet is collapsed. 

Then Yen and I and our students 88 ,89 

made morphometry of the branching pat
terns of the pulmonary blood vessels. We 
found that the arteries and veins are tree
like, whereas the capillaries are not. The 
fractal concept is applicable to arteries 
and veins, but not to capillaries. We then 
measured the pressure-diameter relation
ship of the small arteries and veins (with 
diameter less than 100 µm) by the silicone 
polymer cast method. 82 •85 We measured 
also the pressure-diameter relationship of 
the larger vessels by x-ray angiography of 
isolated perfused lung. 82 •85 Altogether we 
obtained the distensibility of the blood 
vessel of every generation. 

The most important result we ob
tained in these studies, besides the nonlin
ear elastic behavior of the capillaries 
shown in Figure 5, was the observation 
that the pulmonary veins remain patent 
(not collapsed) when the difference of the 
local blood pressure minus the airway 
pressure turns negative in the physiologi
cal range. 43 ,82 This pressure difference is 
the net outward pressure acting on the 
blood vessel wall: when it is negative the 
vessel wall is compressed. For the vena 
cava or a vein without external tethering, 
the vessel wall becomes unstable when 
the critical "buckling" pressure is 
reached, and the vein will be collapsed if 
the critica l pressure is exceeded. The criti
cal "buckling" pressure of systemic veins 
is less than 1 cm of water. But the critical 
buckling pressure of the pulmonary vein 
is larger than 10 cm of water. This is 
because pulmonary veins are embedded 
in lung tissue, i.e., tethered by the paren
chyma, which is compos ed of the alveolar 
walls - the interconnected interalveolar 
septa. In an inflated lung the interalveolar 
septa are stretched (in tension), and they 
give elastic support to the blood vesse l 
wall. Figure 6 illustrates our experimental 

results. 82 It refers to cat lung with pleural 
pressure equal to the values indicated in 
the figure (1 cm H20 is about 100 Pa). The 
airway pressure was zero (atmospheric) . 
The blood pressure in pulmonary veins 
was varied, and the diameters of the veins 
were measured by x-ray angiography. The 
veins were perfused with a radio opaque 
material osmium tetraoxide, and the flow 
was stopped to make sure that the venous 
pressure was uniform everywhere. The 
horizontal axis of Figure 6 shows the value 
of blood pressure minus airway pressure. 
The vertical axis shows the ratio of the 
measured vessel diameter divided by its 
value when the pressure difference is 10 
cm H20 at which the vessel cross section 
is circu lar . Thus , it is seen that the pres
sure-diameter curve is a straight line 
whose slope does not change as the blood 
and airway difference changes from posi
tive to negative values. 

Reference 43 presents photographic 
evidence of the patency of pulmonary 
veins under negative transmural pressure. 
Here we also provided the data from direct 
measurement of the diameter, length, and 
number of branches of the first three or
ders of the smallest pulmonary veins sub
jected to a wide range of negative transmu
ral pressure. 

This patency of pulmonary veins is of 
great importance to the understanding of 
pulmonary blood flow. In standing hu
mans, part of the lung is above the lev el of 
the heart. The blood pressure in the left 
atrium is not far from the atmospheric 
value. For a pulmonary vein at a sufficient 
height above the left atrium, the hydro
static pressure due to gravitational accel
eration would decrease the blood pressure 
in the pulmonary vein to a value below the 
airway pressure. This is said to be in 
"zone 2." 65 If we do not know that the 
pulmonary veins can remain patent in this 
condition, we would worry about whether 
the veins in zone 2 would be collapsed. 
Now we know that they would not. We do 
know that the pulmonary capillaries will 
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Figure 6. If waterfall or sluicing occurs in pulmonary circulation, the theoretical sites of 
action must be located at the ends of the capillaries where blood enters the venules. I 
reached this conclusion from the facts shown in this figure. Here the percentage change 
of diameter of pulmonary veins of the cat is plotted against the blood pressure, Pv· The 
airway pressure, PA is zero. The pleural pressure , PPL• is listed in the figures. Note that the 
curves remain straight and they go through the point Pv - PA = 0. The pulmonary veins do 
not collapse when the transmural pressure Pv - PA turns negative, but the capillaries (see 
Figure 5). Blood pressure decreases downstream. Hence the first change for the blood 
vessels to collapse is at the ends of the capillaries. (Reproduced with permission from 
reference 82.) 

10 

collapse when the alveolar gas pressure 
exceeds the capillary blood pressure, such 
as at heights where the blood pressure is 
less than the airway gas pressure. For the 
blood flow analysis it is very important to 
know the exact sites where such collapse 
occurs. With the knowledge that the pul
monary veins do not collapse, our search 
for the collapsing sites is narrowed down 
to finding out where in the capillaries the 

collapse will occur. The answer is pretty 
straightforward: due to viscous dissipa 
tion, blood pressure decreases down 
stream. Therefore the exit section where 
the capillary enters a venule is the place of 
the lowest blood pressure in the capillar
ies. That must be the site of first collapse 
in zone 2 condition. 38,39,41 ,4 3 ,48 ,so,91 

The sluicing of blood at a site of col
lapse of blood vessels leads to the "water-
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fall phenomenon" mentioned earlier . Ob
servations and explanations of this phe
nomenon have been made by Permutt, 
Bromberger, Barnes, Bane, Riley, Zieler, 
and others. 65 The concept of waterfall is 
brilliant. A number of authors attributed 
the cause of waterfall to the action of 
vascular smooth muscle. Holding onto the 
idea that capillaries are rigid, they 
searched the sites of these waterfalls in 
arteries and veins. I considered the 
smooth muscle action as an extra hypothe
sis and proceeded to find out if it is possi 
ble to explain this phenomenon without 
the extra hypothesis. I recognize as an 
experimental fact that the capillaries will 
collapse under negative transmural pres
sure, whereas the pulmonary veins will 
not. A theoretical investigation on the sta
bility of the capillaries 50 and the flow 
through the sluicing gates 48 led to the 
following conclusions for blood vessels in 
zone 2: 

1 . There is no waterfall in capillaries in 
the arterial "islands" of Figure 2. 

2. All possible sites of waterfalls are lo
cated in the white "venous ocean" area 
of Figure 2. 

3. A pulmonary capillary connected to a 
venule can be in one of the following 
three forms: 
a. completely collapsed (no flow), 
b. completely open: blood pressure in 

capillary remains larger than the al
veolar gas pressure; there is no 
sluicing; while a rapid local pres
sure drop occurs after blood gets 
into a venule, or 

c. has a waterfall or a sluicing gate, and 
the pressure-flow relationship obeys 
the sluicing flow rule. 

4. The number of capillaries in each of the 
three categories, a, b , c, named above 
depends on the size of the blood flow 
and the preconditioning (subjecting 
the lung to cyclic large flow) of the 
lung . 

With these issues pinned down, a mathe 
matical theory of zone 2 flow is then possi
ble, leading to several simple, definitive 
formulas for the pressure-flow relation
ship of pulmonary blood flow. 29 ,30 ,48 ,86 

Boundary-Value Problems 

Once the geometry and material prop 
erties are known 14-16,29 ,31,82 - 85,93 ,94,98 we 
formulated many large and small prob
lems by specifying various kinds of 
boundary conditions . We solved these 
problems and compared the theoretical 
results with experiments. The basic laws 
are the conservation of mass, momentum, 
and energy. Ad hoc hypotheses are 
avoided in deriving the basic equations . 

The freedom of formulating small 
problems and testing the results along the 
way is the advantage of the rational ap 
proach we adopted. For example, our ulti 
mate goal is to validate a theory leading to 
a computing program that can explain or 
test clinical conditions of patients. The 
system is the patient, the boundary condi
tions are the environme nt . This problem is 
too big to tackle all at once. Rushing ahead 
without proper preparation would not be 
productive. A more modest problem is 
determining the relationship between the 
pressures (arterial , venous, airway, pleu 
ral) and total flow in an isolated lung with 
nerves cut and environmental conditions 
maintained constant. The specified pres
sure and flows are the boundary values of 
the isolated lung. But the system is still 
very big. To further reduce the scope of the 
problem, we might ask: "When we keep 
on reducing the static pressure of the 
blood relative to the airway pressure, 
which blood vessel in the lung will be the 
first to collapse?" The system would be 
even smaller if the question were "For a 
pulmonary vein of order n in an isolated 
lung subjected to specified values of air 
way and pleural pressures, what is the 
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critical value of the static pressure of the 
blood that will cause the collapse of that 
vein?" The answer to the last question is 
dependent on the length of the vein, the 
conditions at the ends (details of bifurca 
tion junction), and the interaction of the 
vein with the lung parenchyma attached 
to its outer wall. Further simplification 
can be obtained if one asked the same 
question of collapse of the capillary blood 
vessels in an interalveolar septum, be 
cause in that case no other tissue tethers 
the capillary sheet. 

A big problem can often be broken 
down to a number of smaller problems. 
The lung is so big and complex that an 
infinite number of small problems can be 
formulated. I always turn a dozen or two 
such problems over in my mind, and every 
day I select one as my first priority. I train 
my students to do the same . I teach under 
graduate courses in mechanics and bi 
omechanics and ask students to formulate 
problems and solve them. Some students 
hate it, some love it. Many prefer to follow 
examples in the textbook to be assured of 
better grades. I try to get them to experi
ence the pleasure of formulating problems 
for research or application. 

Some little problems lead to nice little 
experiments. Some lead to nice little 
mathematics. My usual experience with 
theoretical problems is that at first the 
problems appears terribly difficult to 
solve. After tackling it for some time, I 
suddenly understand, and it becomes very 
simple, often too trivial to tell anybody. 
But I got lots of pleasure out of the experi
ence anyway. 

As I said at the outset, our objective is 
to obtain a validated theory that will ena
ble us to compute the pressure, flow, 
stress, and strain in the whole lung, or 
anywhere in the lung, under specified 
boundary conditions. Our mathematical 
theory can be summarized quite suc
cinctly, as I have done in reference 30, or, 
in greater detail as in references 23 and 29. 

A brief summary may suffer a loss of 
clarity or precision. Hence I refer the read
ers to references 23, 29, and 30. 

Dynamic Remodeling of 
Pulmonary Blood Vessels 

The stress-strain relationship of blood 
vessels mentioned above is an instantane
ous relationship. Living tissues respond to 
stresses acting in them not only by an 
instantaneous deformation, but also by a 
slower process of remodeling their struc
tures. I would like to show a picture of 
how fast the pulmonary blood vessels re 
model themselves when the blood pres
sure is changed. 

Liu and 194 ,95 induced pulmonary hy
pertension in the rat by hypoxia. We used 
a commercial hypoxic chamber with a 
noncirculating gas mixture of 10% 0 2 , 

90% N2 at atmospheric pressure, 20°C, 
and 50% humidity. When a rat is placed in 
the chamber, its pulmonary blood pres
sure increases within minutes like a step 
function of time. Figure 7 shows a series of 
photographs of histological slides from 
four regions of the pulmonary artery of a 
normal rat and five hypertensive rats of 
the same initial age and body weight when 
put into the hypoxic chamber and kept 
there for different periods of hypoxia. The 
specimens were dissected and excised 
with the aid of a stereomicroscope, trans
ferred into an aerated Krebs solution at 
room temperature (20 °C), fixed with 2.5% 
glutaraldehyde in phosphate buffer with 
pH 7.4 and osmotic pressure 310 mOsmol 
for 12 hours, postfixed with 2% Os 0 4 for 
2 hours, washed with distilled water, de
hydrated, embedded in Medcast resin, cut 
into 1-µm sections, and stained with Tolu
idine Blue 0. Marked swelling and thick
ening of intima were seen in the early 
period of exposure to hypoxia. Blebs ap
peared in intima in 2 hours and disap
peared after 48 hours of exposure to hyp-
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RAT PULMONARY ARTERIES IN HYPOXIA 
Normal 2 Hours 12 Hours 96 Hours 240 Hours 720 Hours 

100 µm 

Figure 7. Photographs of histological slides from four regions of the main pu lmonary 
artery of a normal rat and hypertensive rats with different periods of hypoxia . (Repro
duced with permission from reference 34 . Copyright 1991 Am erican Physiolog ical 
Society .) 

oxia. The thickness of the medial layer 
increased slightly after 12 hours of expo
sure to hypoxia, more rapidly with a vari
able rate up to 240 hours , and then re
mained relatively stable in most regions of 
the vessel. The adventitia was thinner 
than the media in the normal group, 
changed little in the first 48 hours of expo
sure to hypoxia, but increased its thick
ness from 48 to 240 hours . It exceeded 
intimal-medial thickness by 96 hours . 
From 240 to 720 hours, the course of 
change of the thickness of both the endo
thelial-medial and adventitial layers ran 
parallel to each other. Thus the different 
layers of the vessel wall remodel at differ
ent rates . 

Hypertension causes circumferential 
tensile stresses of variable magnitude in 
the blood vessel wall. Hence , one factor 
that can be correlated with the remodeling 
is the increased tensile stress. Other fac
tors may be more directly responsible for 

tissue growth and remodeling and may be 
changed because of stress changes, but our 
concern is with the stress. 

To study the stress-growth relation
ship, we mad e use of another new obser
vation . This is the finding that the zero 
stress state of a blood vessel is not a tube 
but consists of segments of open-sectors 
whose opening angles vary along the 
length of the vessel. By cutting a vessel 
into short segments of rings and cutting 
the rings radially , they will open up into 
sectors. For the pulmonary artery, the 
opening angle of segments near the right 
ventricle can be as large as 360 ' or more. 
The variation of the opening angle along 
the pulmonary artery of a normal rat is 
shown in Figure 8. We can show that the 
opening angle correlates linearly with the 
thickness to radius ratio of the vessel wall 
if the vessel is straight. The opening angle 
is larger if the vessel is curved. When 
hypoxic hypertension is produced in the 
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Figure 8. Photographs of the main pulmonary artery of a rat, and the zero -stress 
configuration of the artery at the locations indicated, with the endothelium facing 
downward. (Reproduced with permission from reference 34. Copyright 1991 American 
Physiological Society.) 

rat, the opening angle at any given loca
tion changes with the length of time the 
animal suffered hypertension. Generally, 
at first the opening angle increases, then it 
decreases to values smaller than those of 

the control. This reflects the process of 
remodeling in the different layers of the 
blood vesseJ .24,29,33,34,92-97 

Similar opening angle measurements 
and histological observations have been 

growth rate rh = c(s - af1 (b- s'f(s - cJ3 

m 

stress 

Figure 9. The author's proposed stress-growth law. (Reproduced with permission from 
reference 29. Copyright 1991 Springer-Verlag.) 
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made on rat aorta in hypertension and 
hypotension, and diabetes. 33 ,95 These ex
periences lead me to speculate about the 
existence of a stress-growth law. I would 
like to present a possible form of such a 
law~29 Referring to Figure 9, let the solid 
curve represent a relationship between the 
rate of growth of the mass of a material in 
the blood vessel (such as the smooth mus
cle, endothelial cells, collagen, elastin, or 
other substances) and the stress or strain 
acting in the material. The symbol rri rep
resents the rate of material growth . The 
symbol s may represent a component of 
the stress or strain tensor, or a stress or 
strain invariant. Let a represent a homeo
static value of s, at which the tissue can 
maintain a steady state. rri is positive when 
s exceeds a. rri is negative when s is less 
than a. The rate of growth rri, however, 
cannot increase indefinitely with increas
ing s. In orthopedics it is known that 
excessive s causes resorption. Hence we 
assume that another homeostatic stress 
state b exists beyond which resorption 
occurs. Similarly, the negative rate of rri 
when s < a cannot be unbounded. Sup
pose that resorption stops when s = c, 
where c < a; then c is another homeostatic 
stress or strain . If the rate of growth rri is a 
continuous function of s, and this function 
has zeros at a, b, c, and if the trend of 
change of rri at a, b , c, is as discussed 
above, I propose the following simple rela
tion. 29 

rri = C (s-a) k, (b-s) k, (s-c)k, (1) 

in which a, b, c, C, k1 , k2 , k3 are positive 
constants. This formula implies rri to be 
positive when s = 0, as in cell culture in 
petrie dishes. The exponents k1 , k2 , k3 
determine how fast the growth rate 
changes when s deviates from the homeo
static state. If k1 > 1, the slope of the 
growth curve is zero at s = a, then small 
deviation has little influence . The slope of 
the growth curve is infinite at a ifk 1 < 1. k1 
= 1 signals a finite slope. I am using this 

theoretical proposal as an experimental 
hypothesis. 

In biomechanics of the bone, a rela
tion between stress and growth is known 
as Wolff's law, which is over 100 years 
old. 29 Kummer 100 has posed Wolff's law in 
a manner similar to Eq. 1. Any formulation 
of growth-stress law for internal organs 
should refer to the literature on Wolff's 
law. There is also a huge literature on 
physical education, sports, sports medi
cine, and the science and art of surgery 
and rehabilitation, all concerned with 
stress and growth. thus a large stock of 
knowledge exists that has not, however, 
been distilled into mathematical form. In 
the new "tissue engineering" on the hori
zon, which aims to create tissue substitute 
with living cells to be used in surgery, the 
growth-stress law will play a decisive role. 

The relationship of the topics of tissue 
remodeling and the growth-stress law to 
the study of pressure and flow in the lung 
is not far-fetched. Pressure and flow de
pend on the geometry and mechanical 
properties of the blood vessels , which are 
controlled by remodeling. 

Conclusion 

I am a physiologist who entered the 
door by self-study, without formal train
ing, because I found the subject more in
teresting than others and the people in the 
field nice. I made a plan to take a rational 
approach to studying pulmonary circula
tion, a plan that begins with morphom
etry, centers on the determination of the 
mechanical properties of materials in
volved, then follows a process of formulat
ing boundary-value problems based on 
well accepted basic principles, solving the 
problems and testing the results experi
mentally in order to validate the analysis 
and gain confidence in the results, until it 
becomes possible to put all the blocks 
together to obtain the pressure-flow rela
tionship of the whole organ. Then we 
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compare the theoretical predictions with 
experimental results of the whole organ to 
validate the theory and seek to improve it. 
Once satisfactory agreement is obtained, 
then we can go to the next level of under
standing and practical applications. Any 
success I have had I owe to my col
laborators , Sid Sobin, Mike Yen, Shu Qian 
Liu, Herta Tremer, Feng Yuan Zhuang, 
and many others. In this chapter I present 
a few figures that represent some of the 
more interesting things picked up along 
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