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Exploring the Structural Basis 
for Pulmonary Gas Exchange 

Ewald R. Weibel, M.D. 

Professor and Chairman of Anatomy, 
University of Berne , Berne, Switzer­
land 

My story begins in the summer of 
1959 when I joined, as a research fellow , 
the group of Andre F. Cournand and Dick­
inson W. Richards in the famous "C 6 " 
Cardiopulmonary Laboratory of the Co­
lumbia University Division at Bellevue 
Hospital in New York City. This job had 
been offered to me in February of the same 
year following a seminar on the anatomy 
of collateral circulation to the lung that I 
gave at Bellevue on invitation by Andre 
Cournand. Relations between myself and 
Cournand had been strained, because a 
year before I had irritated Cournand-who 
had been awarded the Nobel prize in 1956 
and clearly knew his worth-by taking a 
fellowship with Averill A. Liebow at Yale 
University instead of with him. I had writ ­
ten to Cournand from Switzerland in 195 7 

but never got an answer because , appar­
ently, the U.S. Postal Service could not 
find this famous man in New York to 
deliver my letter. By the time I got a 
positive reply I had already committed 
myself to spending two years at Yale con­
ducting experiments on the development 
of collateral circulation to the lung, a pro ­
ject in line with my previous research at 
the anatomy department in Zurich under 
the direction of Gian Tondury. 

Andre Cournand was not a man to give 
up . Following my seminar he called me 
into the office of Dickinson W. Richards, 
Director of the First Medical Division, and 
bluntly said that I should leave Yale pre­
maturely and come to work at Bellevue . 
Surprisingly , they offered me a substantial 
supplement to my modest fellowship, 
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(a) Andre F. Cournand (1895-1989); (b) Dick­
inson W. Richards (1895-1973); (c) Domingo 
M. Gomez (1901-1978); (d) George E. Palade 
(1912); (e) Hans Bachofen (1938); (f) C. Rich­
ard Taylor (1939). 

which was highly welcome because at Yale 
my wife and I lived in a shabby apartment 
without a bathroom and ate junk food like 
Chef Boyardee ravioli to make ends meet. 
But what really pushed me to take the 

job......:and, in turn, irritate Averill Liebow ­
was not the money but the task, for when I 
asked Cournand what he expected me to 
do, the reply was, "Do anything on the 
structure of the lung that is of interest for 
physiology." My mind was immediately 
made up because that was such a tremen ­
dous challenge. Back at Yale I worked fran ­
tically to complete my experiments and 
write a manuscript, 47 and, in preparation 
for my work in New York, developed a 
method for lung fixation by formalin steam 
that would be "more physiological" than 
conventional fixation. 64 Then I bundled my 
things and traveled with my wife through 
the United States on a camping trip in our 
1951 Nash (purchased for $200). I took up 
my job at Bellevue after Labor Day 1959, 
ripped of my last penny . 

Meanwhile, Domingo Gomez had ar­
rived at the C 6 Laboratory. A Cuban refu ­
gee who had barely escaped with his life 
from Fidel Castro's revolution and reign of 
terror, he found refuge with his old friend 
Cournand. They had been acquainted in 
their young years in France and then again 
when Gomez had worked with Homer 
Smith at New York University. Afterwards 
Gomez returned to Cuba on invitation by 
the then-dictator Fulgencio Batista to cre ­
ate a Cuban Heart Institute, a project that 
never materialized. Gomez would prove to 
be the genius behind the work in which I 
was about to engage. A son of Cuban peas­
ants, he had been sent by Batista to medi­
cal school in Paris, where he became a 
cardiologist and developed his extraordi­
nary skills in mathematical reasoning. 
This training made him a biophysicist in 
the true sense of the word, one who would 
seek a rational explanation for life pro­
cesses such as the circulation of blood, 21 

the binding of 0 2 to hemoglobin, and gas 
exchange in the lung - and later even for 
social problems in public health. 

When I took on my new job I set up 
two laboratories, a small one in the pathol­
ogy department to process specimens and 
serve as a link to morphology and one in 
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the C 6 Laboratory to serve as a link to 
physiology. My equipment was modest but 
adequate, and it was all brand new because 
the laboratory had not done any morphol ­
ogy. I had a microscope, a microtome, some 
glassware, and later on a calculator. I par ­
ticipated in some of the ongoing experi ­
ments and listened and talked to the maI1y 
senior and junior physiologists bustling 
about the place. This gave me new perspec­
tives but did not help me find a worthwhile 
morphological project "of interest for phys ­
iology." Cournand himself would be in and 
out of the place. It was his time of glory, 
when he was in great demand as a lecturer 
all over the world. And he certainly en­
joyed it, as he later confessed in his autobi­
ography.10 He would come to the lab, stir 
up the crew, discuss all the projects, collect 
information and slides, and take off for the 
next lectures . 

The first question that sent me on my 
track was put to me by Domingo Gomez 
who wanted to know how many alveoli 
there were in the human lung. The ques ­
tion was serious and pressing, for he 
needed the information to make calcula­
tions and predictions on gas exchange be­
tween air and blood. It also suggested the 
path for me to take: to provide sound 
quantitative information on the lung's 
structure because the customary meticu­
lous anatomical descriptions would not be 
of sufficient interest for physiologists. But 
what we later came to call "morphom­
etry" was not yet invented, so information 
was rare. When I searched the literature I 
found estimates of alveolar number to 
range from 66 to 725 million, not to men­
tion even higher values. It was evident 
that I had to obtain my own estimate, but 
no method was available for counting 
such microscopic entities on histological 
sections. I found out only much later that 
such a method had indeed been worked 
out in 1925 by the Swedish mathematician 
Wicksell, but his paper 72 was too theoreti­
cal to be known among anatomists at that 
time. 

So, as a first project, Domingo Gomez 
and I set out to develop a method for 
counting alveoli on sections. We analyzed 
theoretically the sectioning process, 
which presents, on sections, profiles of 
alveoli whose diameter would generally 
be smaller than that of the alveolus. The 
number of alveolar profiles counted on the 
unit area of microscopic sections, NA in 
contemporary symbolism, therefore de ­
pended not only on the number of alveoli 
in the unit volume, Nv, but also on their 
size. We devised a formula that would 
allow Nv to be calculated from a count of 
NA and the estimation of the relative lung 
volume occupied by alveoli, Vv: 

The method required an estimation of 
the shape factor ~. which related alveolar 
volume and mean cross sectional area. We 
derived a "reasonable" set of values for ~ 
for different geometric shapes and used 
linear integration to estimate relative alve­
olar volume. But we then wanted to verify 
the method on some model specimen of 
known composition. For that purpose we 
embedded a known number of peas and 
short segments of string beans into gelatin, 
cut the blocks with a sharp knife, and did 
the required measurements on the cut sur­
faces (Fig. 1): the method gave a correct 
result! 

While we were doing this kitchen 
work in the laboratory next to the room 
where patients were being studied by car­
diac catheterization, Cournand returned 
from one of his trips and stepped into the 
lab. He expressed utter consternation at 
our experimental object: "I did not hire 
you to study vegetable aspic," he told us, 
and walked out. We were evidently in 
trouble, but when we eventually submit ­
ted our method and the first estimates of 
alveolar number for the human lung ob­
tained by a sound morphometric method 
to the Journal of Applied Physiology, 59 we 
included a photograph of our "vegetable 
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Figure 1. Cut surface of gelatine block contain­
ing peas used as models for spherical particles 
in testing particle counting method. (Repro­
duced with permission from reference 59.) 

aspic" to support the method and got it 
published (Fig. 1). The number of alveoli 
we determined, about 300 million in an 
adult human lung, is still an accepted 
figure . Today we realize that our method 
is only approximate and not unbiased; 
better methods are now available, 11 •41 but 
these improved methods have still not 
been used to estimate the number of alve­
oli in the human lung. 

I soon found out that Domingo Gomez 
was not interested in the number of alveoli 
but merely wanted this number to calcu­
late the lung's inner gas exchange surface. 
The question was whether this parameter 
could be measured directly. I then discov­
ered that metallurgists were using a sim­
ple method for estimating interface area 
between grains in alloys, a method devel­
oped by the Russian metallurgist Saltikov 
in 1945. 36 It consists of drawing test lines 
on the section and counting the number of 
intersections they form with the surface 
trace. The intersection density per unit 
test line length, IL, is directly proportional 
to the surface density in the unit tissue 
volume: Sv = 2 · IL. The application of this 

method gave almost the same result as that 
obtained from the number of alveoli, but it 
was much easier to use and was free of 
assumptions about shape. 

We then also needed to estimate the 
amount of capillary blood on the alveolar 
surface, which was difficult to do because 
the light microscope did not offer adequate 
resolution. I developed a rather cumber­
some method based on a model of the 
capillary network and painstaking mea­
surements of capillary segments obtained 
on en face images of alveolar septa . The 
calculations could be made only with a 
powerful digital computer, a huge machine 
that occupied a whole building but was less 
powerful than today's personal computer. 

Two social events then occurred that 
had some significance for the future. The 
first helped give what we were doing a 
name. Domingo Gomez and I had usually 
described our enterprise as the study of 
the "architecture" of the human lung, 60 

but that term was not satisfactory because 
it did not reflect the investigative process. 
One Sunday morning I woke up from a 
dream and the term "morphometry" sur­
faced. That afternoon I was invited to a 
barbecue at Dickinson Richards' home 
and immediately broke the news to him; 
he did not like it but later was the first to 
use the term in a lecture! The second event 
occurred a few weeks later, when Hans 
Elias, the anatomist from Chicago, visited 
me on his way home from Europe. I told 
him about "morphometry," and he in­
formed me that he had himself just in­
vented the term "stereology" to describe 
the methods of measuring three-dimen­
sional structures on two-dimensional sec­
tions-precisely what we were doing­
and had already founded the International 
Society for Stereology. This was a signifi­
cant development because it would, over 
the next years, bring together morpholo­
gists from various disciplines to share 
methods of study that applied equally 
well to metals, rocks, lungs, or cells. We 
collaborated intensively over the years. 56 
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After two years at the Cardiopulmo ­
nary Laboratory I had obtained as much 
information as I could with the methods 
and specimens I had available; the basic 
methods of morphometry were worked 
out, and a first data set "useful for physiol­
ogy" was available. I collected and fixed 
five normal human lungs from victims of 
accidents or violence-of which there 
were plenty in New York at the time. I 
then studied the factors by which lung 
tissue shrinks on preparation for histology 
and estimated that, in the lung in vivo, the 
alveolar and capillary surface areas 
should be on the order of 75 m 2 , and the 
capillary blood volume about 180 ml. 
Thus the most important parameters for 
estimating the effect of structure on pul­
monary gas exchange were available (Ta­
ble 1). When I presented these data to 
groups of established respiratory physiol­
ogists, my estimate of capillary volume 
particularly met with disbelief because the 
Roughton-Forster method gave a much 
lower value. But that is what I had found. 
I then soon came to realize that the esti ­
mates of gas exchange surface were proba ­
bly too low because the light microscope 
did not allow the surface to be adequately 
resolved . 50 

I could of course have proceeded to 
collect more human lungs than the five I 
had fixed and could even have extended 
the studies into pathology. But this was 

made very difficult-to say it very po­
litely - by some of my colleagues in the 
pathology department who did not appre­
ciate my approach and its apparent suc­
cess. Thus I found that the cadaver lungs 
that had been assigned to my study would 
almost invariably be damaged, "inadver­
tently" of course, by smaller or larger cuts, 
which then precluded thei r adequate fixa­
tion by the steam technique. So I decided 
to expand the approach in two directions: 
first, to study the morphometry of the 
airway tree and, second, to study the fine 
structure of the alveolar septum, its capil ­
laries and the tissue barrier, by using the 
electron microscope to overcome the lim­
its set by the resolving power of the light 
microscope. 

Studying the Human 
Airway Tree 

The study of the airway tree was moti­
vated by Domingo Gomez' interest in cal­
culating the change of flow velocity of air 
as a breath of fresh air was drawn deep 
into the lung. He had predicted that there 
might be a critical point along the airways, 
owing to design, where flow velocity 
dropped so low that 0 2 diffusion in the gas 
phase became the dominant means for 
ventilating alveoli, and he suspected that 
distortion of these critical airways was the 

Table 1 
Morphometr ic Data Describing the Human Pulmonary Gas Exchanger, as Originally 

Estimated by Light Microscopy in Weibel 48 and Subsequently by Improved Electron 
Microscopic Techniques by Gehr et al.16 

Age 
Body mass 
Alveolar surface area 
Capillary surface area 
Capillary blood volume 
Tissue barrier thickness* 
Plasma barrier thickness* 

*Harmonic mean barrier thickness. 
#estimated on rat lung 

1963 1978/87 

34 - 74 

75 
70 

180 
(0.46)# 

19- 40 
74 ± 4 

130 ± 12 
115 ± 12 
194 ± 30 

0.62 ± 0.04 
0.15 ± 0.01 

years 
kg 
m2 
m2 
ml 
µm 
µm 
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major disturbance in centrilobular emphy ­
sema. 22 Gomez and I began by setting up a 
model of the airway tree that we separated 
into conducting, transitory, and respira­
tory zones (Fig. 2). We assumed that di­
chotomous branching prevailed, which 
established a hierarchical order of the air­
ways from the trachea to the terminal 
branches. This model also determined 
that the number of branches would double 
with each generation so that in generation 
zit was N(z) = zz. The first task, then, was 
to estimate over how many generations 
the human airway tree branched to reach 
the terminal airways, the alveolar sacs. I 
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Figure 2. Model of airway tree described by 
generation z of dichotomous branching. (Re­
produced with permission from reference 48.) 

used our new counting method to obtain 
the number of alveolar ducts and sacs in 
my five human lungs and found that it 
ranged from 12 to 16·10 6 , from which we 
calculated that there must be, on average, 
about 23 generations of airway branch­
ing.Bo 

The next task was to estimate the 
dimensions of airways, the diameter and 
length of the segments in relation to their 
position in the airway tree. For that pur­
pose I borrowed one of the exce llent plas­
tic casts of the bronchial tree that Averill 
Liebow had produced while I was working 
with him at Yale. By painstaking measure­
ment using a fine needle caliper, my de­
voted assistant Barbara Frank and I 
mapped the dimensions of well over 1,000 
airways on a pedigree chart and then cal­
culated the diameter and length ratios of 
paired daughter branches, the length-to­
diameter ratio, and, finally, the distribu­
tion of lengths and diameters for each 
generation. We also compared the data 
obtained on the cast with in vivo bron­
chograms to check on whether our prepa­
ration faithfully represented the airway 
tree. Then, Domingo Gomez came into 
play when we went about to derive mod­
els of the human airway tree from all this 
information. We realized that the dichoto­
mous airway branching was irregular but 
that it also revealed a basic progression in 
the airway dimensions from the trachea 
out to the peripheral airways. So we syn­
thesized our data into two models: model 
"A," which reported the dimensions in 
relation to "regular dichotomy," where all 
branches in one generation had the same 
characteristic dimension, and model "B," 
which expanded the model to conside r the 
irregularities of branching. Subsequently 
it turned out that model "A" was useful 
for many applications and is still widely 
used, whereas the more realistic model 
"B" was largely overlooked. 

The main result of this analysis was 
that with each generation the average di­
ameter of the airways decreased according 
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to an interesting law (Fig. 3). We found 
that conducting airways reduced their di­
ameter by a factor of cube root of 1/z, 
which led to the conclusion that the loss of 
energy due to frictional resistance in mass 
air flow was minimized in the conducting 
tree; in contrast, the periphera l transitory 
and respiratory airways retained a larger 
diameter, which we interpreted as favor­
able for diffusion of 0 2 in the gas phase, as 
it must prevail at this level. 60 As a conse­
quence, the total airway cross section in­
creases dramatically along the tree and 
reaches about 1 m 2 in the most peripheral 
alveolar ducts. And, because the distance 
from one branch point to the next de­
creases from a few centimeters to less than 
1 mm, the airways resemble a trumpet 
with a wide bell. 
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Figure 3. Average diameter of conductive air­
ways , respiratory bronchioles, alveolar ducts , 
and precapillaries plotted against generations 
of dichotomous branching . (Reproduced with 
permission from reference 60.) 

In recent years, I have reexamined the 
dimensional analysis of the peripheral air­
ways using newer techniques , but this 
reexamination has largely confirmed the 
old data, except for a few details , which 
were refined. 23 Yet our model analysis has 
been challenged: first, by using an alterna­
tive way of ordering airways by "orders 
up" starting at the periphery 26 then by 
considering the airways as a fractal tree. 71 

It still appears, however, that the simple 
model "A" is useful for many applica­
tions. 

Moving to a New Dimension 

During my second year at Bellevue 
Hospital I realized that the light micro­
scope did not allow the precise study of 
the pulmonary gas exchanger because the 
dimensions of the gas exchange barrier 
were at the limit of its resolving power . 
When discussing the progress of my work 
with Cournand and Richards, I said that I 
needed to learn electron microscopy to 
study the gas exchange barrier with ade ­
quate resolution . They asked me where I 
would like to do that, and I replied, with ­
out hesitation, that I would like to have 
George E. Palade at Rockefeller Institute as 
my mentor. Palade was one of the stars in 
the development of this then new tech­
nique, and I knew that he was interested in 
capillary endothelium . But he was also 
not easily accessible. That, however, was 
no problem for my famous mentors, and 
they quickly arranged for me to meet 
George Palade over lunch at Rockefeller, 
and he agreed to take me on. This move 
was facilitated by my appointment the 
year before as career investigator of the 
Health Research Council of the City of 
New York. This position allowed me to 
work anywhere in New York City, but it 
also created a problem: my salary was too 
high for Rockefeller , so I had to accept a 
pay cut to be admitted to Palade's lab. I 
also had to learn electron microscopy by 
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working with one of his associates on a 
project on the spleen. This was more diffi­
cult to swallow because I found the project 
uninteresting and because I could not for­
get the lung. Although I had no problems 
abandoning collateral circulation when I 
moved to Bellevue, I was now completely 
hooked on morphometry of the lung. So I 
would sneakily also fix lung specimens 
along with the spleens of our experimental 
animals. Finally George Palade generously 
let me do what I wanted, although it was 
not in his line of interest. 

At Rockefeller I had the unusual op­
portunity of joining a group that was at the 
forefront of the newly emerging field of 
cell biology. I was also completely igno­
rant of the new developments in molecu­
lar biology, but the environment at the 
institute was so stimulating that I made a 
special effort to get into the picture. This 
experience would have a great influence 
on the further development ofmy research 
interests, which henceforth always in­
cluded some aspects of cell biology. Here, 
together with Domingo Gomez and Bruce 
W. Knight, a young mathematician at 
Rockefeller, I worked out methods for 
electron microscopic morphometry that 
allowed a precise analysis of the alveolar 
septum. I learned, for example, that the 
estimates of alveolar surface area I had 
obtained by light microscopy (Table 1) 
were probably underestimates. 50 We also 
developed methods for estimating the 
thickness of the air-blood barrier and real­
ized that the conductance of the pulmo­
nary gas exchanger was dependent on the 
harmonic mean of the tissue barrier rather 
than on its arithmetic mean, which esti­
mates tissue mass 61 • The harmonic mean 
thickness is one third of the arithmetic 
mean, which is the result of alternating 
thin and thick parts of the barrier. The 
thick parts contain cells and fibers and 
hence serve a support function, whereas 
the thin parts act as the main gas ex­
changer between air and blood (Fig. 4). 

At the end of this period I could write 

Figure 4. Electron micrograph of alveolar cap­
illary (C). The alveolar epithelial surface (ar­
row) is exposed to the alveolar space . Scale 
marker: 2 µm . 

my monograph Morphometry of the Hu­
man Lung, 48 which summarized the meth­
ods and results of nearly four years of 
research in two centers of excellence of 
biomedical research. I wrote this book 
because, on returning to Switzerland in 
1963, I had to submit a thesis in view of 
my pending academic appointment. I do 
not think I would have written this book 
without this external pressure, but I cer­
tainly do not regret it. It concluded a fasci-
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nating period of apprenticeship with great 
masters, a period of freedom and stimula­
tion that I would never experience again. 
This was made possible thanks to postdoc­
toral research fellowships, first from the 
Swiss Academy of Medical Sciences and 
then through an exchange arrangement 
between the U.S. National Institutes of 
Health and the Swiss National Science 
Foundation. When, in subsequent years , I 
served on the Swiss National Research 
Council as chairman of the Swiss Medical 
Research Council, I did all I could to pro­
mote the fellowship system because I be­
lieve it is important to allow promising 
young scientists first to be exposed to 
leading masters and then to give them 
freedom to pursue and develop their own 
ideas. This is how an investigator is made. 

Developing a Structural 
Model for Pulmonary Gas 

Exchange 

One of the questions that had re­
mained unsolved was how the morpho­
metric information obtained could be 
used to establish a link with pulmonary 
physiology - in other words, how this 
information could be shown to be of inter­
est to physiology. Maintaining contact 
with Domingo Gomez, I eventually 
worked out a model that allowed pulmo­
nary diffusing capacity D10 to be calcu­
lated from morphometric daia .51 This was 
based on the classical model of Roughton 
and Forster 35 that broke DL0 into two 
sequential components, the iiiembrane­
diffusing capacity DM0 and the blood 
where the capillary v6lume Ve and a 
chemical reaction velocity 00 determined 
0 2 binding capacity: 

2 

1/DL0 = 1/DM0 + 1/00 · Ve (2) 
2 2 z 

It is evident that DM0 depends on the 
design of the barrier, oil the area over 
which 0 2 diffuses from the air into the 

blood , i .e ., on the alveolar and capillary 
surfa ce, and on the thickness of the tissue 
and plasma barriers. The model we had 
originally developed for the gas exchange 
barrier 61 suggested that the overall barrier 
thickness is to be estimated as the mean of 
reciprocal local thicknesses, i.e., as its har­
monic mean. The morphometric model 
therefore comprised three serial conduc­
tances for tissue (Dt

0 
), plasma (Dp0 ) , and 

blood whose recipro~als had to be a'dded: 

1/DL0 = 1/Dt 0 + 1/Dp 0 + 1/00 · Ve (3) 
2 2 2 2 

Dt0 and Dp0 were defined in terms of the 
corfespondiJg surfaces and thicknesses. 51 

This method was first applied mostly 
to animal lungs because the measure­
ments had to be obtained by electron mi­
croscopy. We had to await the availability 
of well-fixed human lungs before we 
could estimate the diffusing capacity of 
the human lung. 16 The current estimate 
based on the best available data (Table 1) 
suggests that the diffusing capacity of the 
human lung is about 200 ml0 2 · min- 1 · 

mmHg- 1 , a value that is about 10 times 
higher than the conventional physiologi­
cal estimates obtained at rest. Is this a 
meaningful result? I believe so, for several 
reasons. First, if physiological D10 is esti­
mated in the exercising individual~ values 
up to 100 ml0 2 · min- 1 · mmHg- 1 are 
reached ; this indicates that the "capacity" 
of a functional system, i.e., its upper limit 
of performance, can be larger than what 
we measure physiologically. Second, it 
has now been shown repeatedly in animal 
experiments that morphometric DL0 is a 
realistic estimate of functional caplcity, 
which is , however, normally not com­
pletely utilized but includes a reserve that 
is exploited only in cases of very large 0 2 

demand , such as in top athletes, or in 
hypoxia. 

By virtue of its structural design the 
lung is a very good gas exchanger, and the 
factors responsible for this are that (1) it 
maintains a very large surface, which is 
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ventilated through the airways; (2) it keeps 
this surface loaded and perfused with a 
reasonable amount of blood, just one red 
cell layer thick; and (3) it maintains a very 
thin barrier of tissue as support for the 
capillaries. The problem is how this is 
achieved. Supporting a surface nearly the 
size of a tennis court by means of a tissue 
sheet 50 times thinner than a sheet of air 
mail stationery is no trivial matter. Me­
chanical problems must be addressed, and 
the question is to what extent they find 
their solution in properties of structural 
design. 

The Structural Basis of 
Lung Mechanics 

Around 1960 much attention was de­
voted to surfactant as important in stabi­
lizing the alveolar surface against surface 
tension effects. With the discovery by John 
Clements in 1962 that surfactant was a 
phospholipid, we could expect to see this 
material in electron micrographs because 
the lamellar bodies of type 2 cells from 
which surfactant presumably originated 
appeared made of pitch-black lamellae. 
After all, the fact that cellular membranes 
were so prominently visible resulted from 
fixation with osmium tetroxide, which be­
came reduced on their phospholipid bi­
layer. But none of the electron micro­
graphs of well-fixed lung tissue showed 
any traces of a phospholipid lining on the 
alveolar side (Fig. 4): the alveolar surface 
of the air-blood barrier was constituted of 
a bare cell membrane whose outer surface 
must be made of glycoproteins. But then, 
in studying the damage occurring in rat 
lungs poisoned with pure 0 2 , we noted 
that alveolar edema fluid contained a pe­
culiar structure made of osmiophilic la­
mellae in a characteristic pattern that we 
called "tubu lar myelin." 31·66 Because 
small amounts of tubular myelin could 
also be found in normal lungs, we conjec­
tured that this substance could be related 

to surfactant. If that were so, then the 
absence of such a layer on the barrier 
surface could mean that our method of 
preparation did not retain it. Indeed, if the 
surfactant lining is fluid and loosely at­
tached to the cell surface, then the instilla­
tion of fixative into the airways, the con­
ventional procedure designed to preserve 
the content of the alveolar septum, would 
probably wash this lining off. The only 
hope to keep it in place would be to apply 
the fixative "from behind," that is through 
the capillary. 

In the summer of 1967 I therefore 
fixed, together with Joan Gil, some rat 
lungs by perfusing a glutaraldehyde solu­
tion from the inferior vena cava through 
the pulmonary vasculature; the chest re­
mained closed so that the lung was natu­
rally air filled. On August 11, 1967, I 
looked at the first sections of one of these 
specimens and recorded the electron mi­
crograph shown in Figure 5: it revealed an 
extracellular lining layer made of two 
parts, an amorphous hypophase topped by 
a strongly osmiophilic layer made of par­
allel lamellae strongly suggestive of a 
phospholipid nature. We repeated the ex­
periment and confirmed the finding. We 
were convinced that we had demonstrated 
the existence of a duplex alveolar lining 
layer that was related to surfactant. I fran­
tically wrote a paper, and by the end of the 
month it was submitted and rapidly ac­
cepted, 57 so I could finally go off for some 
holidays, which I had put off out of my 
excitement. The lining was not as perfect 
as we had expected it to be. So we im­
proved the methods of fixation and prepa­
ration until what we saw fitted our con­
cept of a continuous surface-active lin­
ing19: the hypophase-filled depressions in 
the alveolar epithelium thus smoothed the 
free surface, and the surface film was 
mostly smooth and made of a fine osmio­
philic monolayer (Fig. 6). It was also asso­
ciated with tubula r myelin figures here 
and there. 

The next question, evidently, was 
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Figure 5. Electron micrographs of perfusion-fixed rat lung recorded on August 11 , 1967, 
shows duplex lining layer with hypophase (B) and osmiophilic lamellae at surface 
(arrows), shown at higher magnification in inset. Scale markers: 1 µm, inset 0.1 µm. 
(Reproduced with permission from reference 57.) 

whether this lining played a role in stabi­
lizing the alveolar surface, i.e., whether 
we were really observing surfactant. We 
engaged in a series of experiments in 
which we attempted to fix lungs by vascu­
lar perfusion under various controlled in­
flation conditions, measuring the inflation 
pressure and then, on the micrographs, the 
mean surface curvature by a new stereo­
logical method developed by a metallur­
gist.12 From this we described the struc­
tural changes associated with the pres­
sure-volume hysteresis and even ventured 
to calculate the surface tension from the 
ratio of pressure to curvature: it appeared 
to fall, with deflation to values as low as 

17 dyn/cm. 20 But these experiments were, 
from the point of view of lung mechanics, 
far from optimal. Real progress came 
when Hans Bachofen from the Pulmonary 
Division of our hospital, a disciple of Jack 
Hildebrandt, Leon Farhi, and Hermann 
Rahn, came to collaborate with us in a 
series of studies on structure-function re­
lation of the lung's mechanical sys­
tem. 2,18,37 

With better physiological experimen­
tation, the demonstration of the lining 
layer and its disposition on the alveolar 
surface improved (Fig. 6), and it appeared 
that in the inflation range of normal 
breathing the surface tension must indeed 
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Figure 6. Demonstration of a smooth surface film by improved fixation method (arrows). 
The surface tension was very low as evidenced by bulging of capillaries and film oflining 
layer spanning interalveolar pore (paired arrows). Scale markers: 5 µm , inset 0.5 µm. 

be very low. This allowed the capillaries 
to bulge somewhat toward the alveolar 
surface , with the result that the free alveo­
lar surface was not much smaller than the 
tissue surface we had estimated by mor­
phometry; accordingly, the existence of an 
extracellular lining layer reduced mor­
phometric DL0 by no more than 25% .1 

Still the question remained of how 
important the surfactant lining is for stabi­
lizing the gas exchange surface. Mead 34 

had suggested that the tissue scaffold of 
lung parenchyma made adjacent alveoli 
" interdependent," which could prevent 
alveolar collapse. On the other hand, we 
had studied the connective tissue system 
of the lung and had come up with a model 
of a fiber continuum on which the capil­
lary network was delicately supported 
within the alveolar septum, a continuum 
that extended, as axial fibers, from the 
hilum along the airway walls into the 
alveolar ducts and from there through the 
alveolar septa into the peripheral fibers 
that coursed through interlobular septa to 
the pleura. 58 Was this sufficient to support 

the alveolar walls, or was surfactant 
needed? To answer this question Hans 
Bachofen compared normal lungs with 
air-inflated rabbit lungs depleted of sur­
factant by prior lavage with a detergent, 
fixing them by vascular perfusion at well­
defined points of the pressure-volume 
curve .2 Figure 7 compares specimens 
fixed at 60% of TLC on the deflation 
curve : in the air-filled normal lung the 
alveoli are patent pockets emanating from 
the alveolar duct, whereas in the surfac­
tant-depleted lung the alveoli are col­
lapsed. What is striking is that the free 
edges of the alveolar septa are stretched 
and pushed outward; the alveoli are there­
fore collapsed because the ring of strong 
connective tissue fibers that surrounds the 
alveolar mouths as the end part of the 
axial fiber tract cannot withstand the high 
surface tension generated at the margin of 
the alveolar septum if surfactant is miss­
ing. These studies brought enormous pro­
gress in our understanding of lung me­
chanics and its structural basis ,3 ,3 7 which 
finally allowed us to design a new model 
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Figure 7. Scanning electron micrographs of 
normal air -filled (a) and surfactant -depleted (b) 
rabbit lungs fixed at 60% TLC on the deflation 
curve show alveoli to be open (A) in (a), col ­
lapsed (A') in (b). The alveolar duct is widened 
in the surfactant -depleted lung, resulting in a 
stretching of the fiber strands around the alveo­
lar mouths (arrows). Scale markers: 50 µm . 
(Reproduced with permission from reference 
73.) 

of alveolar or, rather, acinar mechanics 
that involves both the fiber continuum 
and a surfactant lining, as shown in Figure 
8. 58,73 

This now establishes the link between 
lung mechanics and our attempts to char­
acterize the pulmonary diffusing capacity 
from morphometric measurements. Me­
chanical factors are evidently important 
determinants of the configuration of the 
gas exchanger. The capillaries are sup­
ported on the fiber scaffold in such a way 
that one side of the barrier is very thin, 
made only of epithelial and endothelial 

sheets (Fig. 4), whereas the other side 
contains a fiber tract. Capillary blood pres­
sure tends to push the thin side out toward 
the alveolar space. This may be counter­
acted by surface tension, but surface ten­
sion appears low enough to allow some 
"crumpling" of the alveolar surface (Fig. 
6), thus maintaining a large functional gas 
exchange surface. This may partially fail 
in high inflation, where surface tension is 
high, or under zone I or II conditions, 
where capillary pressure is low. In the 
range of physiological breathing it appears 
that at least 80% of morphometric DL0 is 
available for gas exchange. 4 z 

How Well Is the Lung 
Designed for Gas Exchange? 

When, in 1970, I had set up a model 
for calculating DL0 from morphometric 
data, we had in ha2nd the means for at­
tempting some quantitative studies on 
structure -function correlation in the lung . 
The Bohr equation sets DL0 in relation to 
0 

. z 
z consumption: 

V0 = DL0 · (PA0 - Pb0 l (4) 
2 Z Z Z 

The first hypothesis suggested by this rela­
tion is that DL0 should be matched to V

0 
if 

the lung is wzell designed as a gas Jx­
changer. And, evidently, variations in am ­
bient PO could also have an effect because 
they wohld affect the pressure head of the 
driving force, PA0 • So we engaged in three 
lines of research airected toward answer­
ing the question of whether DL0 was 
matched to conditions of Oz supply and 
consumption. Peter Burri, who had stud­
ied lung growth, 8 raised rats on the Jung­
fraujoch, our high alpine research station 
at 3,400 m altitude, and found them to 
develop a higher DL0 than control rats 
raised in Berne. 7 We tlien discussed ways 
of modifying Oz consumption. One day 
one of our medical students, Annemarie 
Geelhaar, returned from a shopping trip 
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Figure 8. Model of the disposition of axial, septal, and peripheral fibers in an acinus 
showing the effect of surface force (arrows). 

into town excited because she had discov­
ered , in the window of a pet shop, the 
experimental animal we needed for that 
purpose: the Japanese waltzing mouse. We 
bought her some of these cute pets, which 
are continuously in motion, performing 
their waltz at a rate of nearly three turns 
per second. She measured their V0 and 
found that it was considerably highef than 
V0 in normal Swiss laboratory mice and 
th~t morphometric D10 was proportion­
ally higher. 15 Of course, Japanese waltzing 
mice are genetically different from the 
Swiss mice, so this could not be inter­
preted as adaptation of the lung to in­
creased 0 2 demand by the body. But Peter 
Burri then succeeded in making artificial 
waltzing mice and found that they also 
had a larger diffusing capacity. 27 So it 
appeared that the size of the pulmonary 
gas exchanger was related to the 0 2 needs 
of the body. 

This suggested that we look for larger 

variations in V0 as they occur when body 
size varies. It i~ well known that V0 in­
creases with body mass to the pJwer 
0.75, 32 which means that V0 of a mouse 
should be three times higher than that of a 
dog. Does DL0 vary in parallel? Tenney 
and Remmers:t 5 had measured alveolar 
surface area in a large range of mammals, 
from shrew to whale, and found that it 
varied with 0 2 consumption. Is this also 
true for DL0 ? We began to collect animals 
of different2 size , from the dog of 30 kg 
down to mice; we even got a colony of the 
smallest mammal, the Etruscan shrew, 
which weighs no more than 2.5 g. Because 
of its small size this fascinating animal 
pushes its metabolism to extremes: we 
recorded an electrocardiogram and found 
the resting heart rate to be over 1,000 
min -1 and the respiration rate about 300 
min- 1 . Accordingly the metabolic rate per 
unit body mass was eight times greater in 
these shrews than in the rat. 55 The shrews 
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also have an enormous demand for food: 
they consume about six times their own 
body weight in insects every day, and, as 
we now know, when they are short of food 
they go into torpor; we may have inadver­
tently killed several of our Etruscan 
shrews because we found them "dead" 
when they presumably were in torpor. In 
all these different species we measured 
the morphometric lung parameters re­
quired to calculate DL0 and plotted these 
data against body mass2 and V0 (Fig. 9): it 
turned out that DL0 was not p}oportional 
to V0 but increased nearly linearly with 
body' mass. 52 On the other hand, free­
living animals had a higher DL0 than cap­
tive animals of the same size, ~hich still 
suggested that DL0 and 0 2 needs could be 
related. I conclud~d that we were faced 
with an apparent paradox, with DL0 re­
lated to V0 in one case, but not in

2 
the 

other. 
2 

DL ml 02 

min·mmHg 

MONKEY , 

I did not know what to do with these 
intriguing results. So when on a sabbatical 
in 197 4 I spent some time at Yale with 
George Palade working on the endothelial 
granules we had discovered when I worked 
with him as a fellow. 62 I searched through 
the magnificent library at Yale Medical 
School for answers to my problem and fell 
upon a paper by one C. Richard Taylor, 
who had studied V0 in animals of different 
body mass. MeasJring both resting and 
maximal 0 2 consumption elicited by exer­
cise, he concluded that the ratio of maxi­
mal to resting V0 was not constant but was 
highest in mid-s

2

ize animals, such as dogs 
and lower in smaller and larger animals. 42 

I had measured resting or average V
0 

• 

When I superimposed !aylor's belI­
shaped curve for V

0 
max/V

0 
rest on my 

allometric plots of th~ relatioh between V
0 

and DL0 , I immediately jumped to thJ 
conclusi6n that DL0 must be related to 
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Figure 9. Morphometric pulmonary diffusing capacity DL0 plotted against (average) 0 2 
consumption. (Reproduced with permission from referencJ 52.) 
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V0 max, which, of course, made a lot 
of' sense anyway: if the lung is designed 
well its gas exchange capacity must be 
matched to aerobic capacity or V

0 
max 

rather than to any arbitrary meisure 
of metabolic rate. 

I located C. Richard Taylor at Harvard 
and called him by phone, explaining my 
problem and its possible solution to him. 
A few days later I was in Boston, and Dick 
Taylor and I had lunch at the Harvard 
Faculty Club, together with Tom MacMa­
hon. We had never met before, not even 
heard about each other, but halfway into 
lunch we had already decided that we 
would launch a joint expedition to Kenya 
to collect a set of free-living wild mam­
mals, covering a large range in body mass, 
for which we would measure V0 max 
and DL0 - hopefully to support th~ hy-

2 • 
pothesis that DL0 was related to V0 max. 
This brief meeting triggered an extrJordi­
nary intense collaboration and close per­
sonal friendship and a refocusing of the 
research in both our labs on both sides of 
the Atlantic. 

After our meeting, each of us wrote to 
his granting institution asking for a change 
in his research program and reallocation 
of funds, and we both got approval. Dick 
Taylor had worked in Kenya in 1969 and 
had good contacts, particularly with 
Geoffrey M. 0. Maloiy, the professor of 
physiology and dean of the School of Vet­
erinary Medicine at the University of Nai­
robi. He would offer us· tremendous sup­
port, without which the study could not 
have been done. Dick had a treadmill built 
in Boston, large enough so that a small 
buffalo weighing half a ton could run on it. 
He shipped this heavy device to Kenya by 
sea, together with other equipment, and 
set it up at the Muguga field station out­
side Nairobi, where excellent facilities for 
housing animals existed as part of the East 
African Veterinary Research Organiza­
tion. He took a sabbatical and in spring of 
1977 went to Nairobi with a small group of 
young collaborators to work for 7 months. 

For my part, I was unable to leave my job 
for a longer time, but I had a young zoolo ­
gist, Peter Gehr, working with me who had 
done part of the morphometric studies on 
dog lungs as his thesis work. I dispatched 
him and my chief technician, Belgard 
Claassen, later also Odile Mathieu, to join 
Dick's group and eventually prepare the 
lung specimens for subsequent morphom­
etric study in Berne. Our lab was set up in 
the Department of Veterinary Anatomy, 
then chaired by Wangari Muta Maathai, a 
beautiful and charming Kikuyu woman 
who helped us very generously in return 
for some lectures to her students. She 
would later get into political trouble but 
was just recently awarded the prestigious 
Africa Prize for her activities in the Green 
Belt Movement. She assigned some of her 
associates to work on our project, among 
them Deter Mwangi, who then spent a 
couple of years in Berne. 

Using his many African contacts Dick 
had prepared our expedition well. But 
when he and the other members of the 
group arrived, an important political de­
velopment occurred that nearly blocked 
our enterprise completely. The political 
powers had realized that tremendous 
damage was being done to African wildlife 
by ruthless commercial hunters, who 
nearly decimated the elephant population 
in amassing horrendous quantities of 
ivory. So the parliament of Kenya had 
passed a law that banned the capturing 
and hunting of wild animals, precisely 
what we had come for. A lot of diplomatic 
activity was necessary, particularly by 
Geoffrey Maloiy, until we could obtain 
permits and eventually get the animals we 
needed. But the whole enterprise retained 
a touch of illegality to the end, which, of 
course, only added to the excitement of 
this fascinating study. Indeed, one of the 
ministers told Dick that he could not pro ­
tect him from being put into jail, but he 
promised to get him out fast! That was 
some consolation. 

While this study on the relation of the 
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lung and maximal Oz consumption was 
being set up in Nairobi, I acquired a new 
collaborator in Berne, Hans Hoppeler, 
who a few years before had done a remark­
able thesis on the relation between muscle 
mitochondria and V

0 
max in human ath­

letes.z4 After completing medical school 
and a residency in surgery and obstetrics, 
he wanted to get back into research. When 
I went to Kenya to join the group for a few 
weeks I suggested that we expand the 
program to consider not only the lung as 
the supplier of 0 2 to the body, but also the 
locomotor muscles as the chief Oz con­
sumers during maximal exercise. The 
study therefore became one of respiratory 
system physiology, more precisely on the 
design of the mammalian respiratory sys­
tem in relation to function or its functional 
limits. The decision was rapidly made 
while we were all sitting under a tree 
behind the anatomy department on the 
Nairobi campus. We did not have much 
time for planning and thinking out de­
tailed strategies because this was so new. 
What it required of my group was that, in 
addition to the lungs, samples from a vari­
ety of muscles had to be collected and 
fixed from all the animals, which would 
eventually be sacrificed after completion 
of the physiological studies. This was a 
tremendous additional load, and the 
working conditions were not optimal. 

In Berne, I then reoriented my re­
search program. Since my training period 
with George Palade at the Rockefeller In­
stitute I had always maintained a research 
project in the field of cell biology in which 
we had explored the relation between cel­
lular membranes and their enzymes in 
liver cells 6.4°, 68; one project also dealt with 
cell damage in the lung. 5 In view of this 
new study I abandoned the liver cells and 
redirected the cell biology project to mus­
cle and its mitochondria. The approach 
would be the same, namely, combing mor­
phometric studies of cell composition 
with biochemical analyses in an inte­
grated fashion, but the object was now the 

membrane system of muscle mitochondria 
instead of the endoplasmic reticulum of 
liver cells. 38,39 It also proved necessary to 
improve the stereological methods used to 
generate the extensive morphometric data 
that would now be needed. I had always 
maintained a personal interest in continu­
ously developing this fascinating method­
ology with its beautiful mathematical ap­
peal. This effort was greatly advanced by 
my friendship with Roger Miles, the emi­
nent mathematician from Austra­
lia.49,53,56,65 When Luis Cruz-Orive joined 
our group in 1976, we acquired an "in­
house theoretician" who would continu­
ously contribute to improving and updat­
ing our methods of sampling and measure­
ment in this rapidly advancing field. 11 ,53 

The field study in Kenya lasted for 7 
months, after which we had cratefulls of 
physiological data and tissue samples 
from lungs and 20 different muscles col­
lected from over 20 different animals rang­
ing in body size from 500 g to 250 kg. An 
important aspect of the study was that all 
the tissue samples had been obtained on 
the same animals that had been subjected 
to thorough physiological study. It took us 
over 3 years and involved some 20 investi ­
gators to analyze all this vast material. We 
finally produced nine papers, which we 
wanted to publish together in order to 
stress the systems physiology approach. 
We were fortunate to find in Pierre 
Dejours an editor of a renowned journal 
who was sympathetic to this idea; he 
eventually accepted the entire series for 
Respiration Physiology. 63 The papers had 
gone through an adequate peer review 
process, but Taylor got into some difficul­
ties later with his granting agencies be­
cause some of them considered this "pack­
age of papers" as a non-peer-reviewed 
publication. The reason was that Pierre 
Dejours had generously named us "guest 
editors" for the issue of his journal in 
which our series was published, although 
he had personally handled the editorial 
process. 
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The Concept of 
Symmorphosis and the 

Lung 

When all the data were assembled and 
first drafts of the manuscripts written, the 
whole group met in Berne for a week of 
intense discussions to develop a coherent 
picture of the study. At this time we real­
ized that we had actually engaged in a 
study of the overall design of the respira­
tory system, of the "pathway for oxy­
gen,"54 and that this required some for­
malization. We first set up an analytical 
model of the respiratory system that 
would relate Oz flow rate to a set of struc­
tural and functional parameters, and this 
from the lung to the mitochondrial Oz sink 
(Fig. 10). As a second step, we formulated 
a hypothesis on structure-function corre­
lation that we could subject to testing: the 
hypothesis of symmorphosis, which we 
defined as " a state of structural design 
commensurate to functional needs result­
ing from regulated morphogenesis , 
whereby the formation of structural ele­
ments is regulated to satisfy but not ex­
ceed the requirements of the functional 
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system ." We thought that symmorpho­
sis-or economical design-should apply 
at all levels of the respiratory system so 
that it also meant that the lung's structural 
parameters must be ma tched to those of 
the circulation of blood and of the mus­
cle 's capillaries and mitochondria. The 
overall functional needs, in our case, 
should be the highest level of O z 
consumption that the organism can 
achieve, that is, V

0 
max achieved by the 

muscle cells during
2

running. We thus had 
collected the essential information for 
testing the hypothesis of symmor­
phosis. 

What did this study of African mam­
mals tell us about the relation between Oz 
needs and the lung? Did it prove our pre­
diction that '-6 max should vary linearly 
with body maJs? Did it thus resolve the 
apparent paradox that DL0 was matched to 
'-6 when animals of the z same size were 
cohipared but not in an allometric com­
parison across the size range? It did neither. 
Dick Taylor and his collaborators found 
that '-6 max was about proportional to rest­
ing vo'· perhaps with a slightly steeper 
allome

2

tric exponent, 0.81 instead of 0 .75. 43 

02 FLOW _ PRESSURE x CONDUCTANCE 
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Figure 10. Model of respiratory system . (Reproduced with permission from reference 
63.) 
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And our morphometric study of all these 
lungs revealed that morphometric DL0 was 
linearly proportional to body mass, \hus 
confirming my original result.17 Thus 
V0 max and D10 have different allometric 
slbpes when plotted against body mass 
(Fig. 11); as a consequence we had to con­
clude that the driving force for diffusive 0 2 

uptake, the alveolo-capillary PO differ­
ence, must become smaller as anihial size 
increases. We hypothesized that this 
could be the result of the larger size of 
acini in larger lungs, which could reduce 
alveolar PO because of a longer diffusion 
path in th~ air phase or peripheral air­
ways.70 For comparison, it is worth noting 
that we did find a reasonable agreement 
between V0 max and mitochondrial vol­
ume as well as for muscle capillaries . 25 •33 

The hypothesis of symmorphosis was 
hence supported at these internal levels of 
the respiratory system, but apparently not 
in the lung . 

Looking at Athletic Species 

The variation of metabolic rate ob­
served between species in relation to their 
body size is related to their basal or stan ­
dard metabolism. 32 Contrary to our expec­
tations we found that animals of all sizes 
can apparently increase metabolic rate 
upon exercise by approximately the same 
relative amount, namely, by about tenfold, 
until they reach V

0 
max. This so-called 

aerobic scope, howe;.rer, can vary consid ­
erably according to the prowess of an ani ­
mal or a species . Thus, athletic species 
such as the dog or the horse have an 
aerobic scope of 30- 50 fold above stan ­
dard metabolism, on average 2.5 times 
that of more sedentary species of the same 
body size such as goats or cows, respec ­
tively . Because we had seen that our "little 
athletes," the Japanese waltzing mice, had 
a higher pulmonary diffusing capacity 
than their lazier counterparts, the Swiss 
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Figure 11. Allometric plots of pulmonary diffusing capacity DL0 and maximal 0 2 
consumption show different slopes. (Reproduced with permission frbm reference 54.) 
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mice, we wondered whether this adaptive 
variation in V0 max observed in larger spe­
cies was asso

2

ciated with corresponding 
variations in the design of the respiratory 
system. 

Together with Dick Taylor and his 
group we undertook a second series of 
studies in which we wished to test the 
hypothesis of symmorphosis by compar­
ing dogs with goats, and ponies with 
calves, studies that again occupied us for 
about 5 years and involved as many inves­
tigators as those on allometry. The result­
ing eight papers were also published as a 
coherent sequence in Respiration Physiol­
ogy.44 Because we now had a consistent 
model of the respiratory system , the study 
could be more complete; in particular we 
now included measurements of physio­
logical parameters that characterize 0 2 

transport by the circulation of blood, 30 a 
part of the study brilliantly performed by a 
young Ph.D. student at Harvard, Richard 
H. Karas, as part of his thesis work. These 
studies were later complemented by the 
comparison of standardbred race horses 
with steers, both weighing about 500 kg, a 
study done at the Veterinary School in 
Uppsala, a collaboration between a Swed­
ish, an American, and a Swiss group, each 
chipping away in its own area of exper­
tise. 9•28 

Table 2 provides a summary of the 
results of these studies; it compares the 
animals pairwise and calculates the ratio 
of parameters between the athletic and the 
sedentary species, e.g., dog/goat. We first 
observe that the ratio for body mass­
specific V0 max is 2.5 on average, as is the 
ratio for the total mitochondrial volume 
per unit body mass. From this we calcu­
late that for V0 max/V(mi), the ratio of 
athletic to sede:htary species is about 1, 
i.e., it is invariant with adaptive variation 
or with different levels of V

0 
max. In other 

words , the total volume of 
2

mitochond ria 
in skeletal muscle is higher in athletic 
species in strict proportion to V

0 
max. This 

led to the conclusion that the uAit volume 

of mitochondria is capable of consuming 
the same amount of 0 2 in athletic and 
sedentary species, which is to say that, in 
all species, muscle mitochondria are capa­
ble of the same maximal rate of oxidative 
phosphorylation, and this is also true in 
allometric variation. With respect to mus­
cle capillaries, we must take into account 
that athletic species have a higher hemato­
crit (Table 2) and hence a higher 0 2 capac­
ity ofthe blood. The capillary volume is 
also higher, but it is the product of capil ­
lary volume and hematocrit, that is, the 
volume of capillary erythrocytes in the 
muscle that is proportional to the mito­
chondria of muscle cells and hence forms 
an invariant ratio to V0 max. The differ­
ences in hematocrit also affect 02 trans­
port by the circulation, where we found 
the product of stroke volume (or ventricu­
lar volume) and hematocrit to be propor­
tional to V0 max, whereas maximal heart 
frequency i

2

s pairwise identical and de­
pends only on body mass. But because 
maximal heart frequency varies with body 
mass it must be considered an additional 
functional factor. 69 

Studying the lungs we found that the 
athletic species had generally larger mor­
phometric parameters so that, in the end, 
DL0 was 1.7 times larger. 67 But this is 
cleirly not proportional to the 2.5 times 
higher V

0 
max (Table 2). In these studies 

we had ~btained a reasonably complete 
set of physiological data so that we could 
have a closer look at what was happening 
in the lung during gas exchange (Fig. 12) . 
By dividing alveolar capillary volume, ob­
tained by morphometry, by cardiac output 
at V

0 
max , obtained by the Fick principle, 

we could estimate the mean capillary tran­
sit time at V

0 
max to be on the order of 0.3 

s. 29 Alveolar PO could be calculated by the 
alveolar gas eqhation; mixed venous and 
arterial PO had been measured at V0 max, 
and we ha'd good estimates of the bl~od's 
0 2 reaction rate so that we could calculate 
the progression of capillary 0 2 uptake by 
Bohr integration. This revealed, as shown 



Table 2 
Adaptive Variation of the Pathway for Oxygen. Ratios of Morphometric and 

Physiologic Parameters of Muscle Mitoc.hondria and Capillaries, and of Heart, Blood 
and Lung in Relation to V0 max in Three Species Pairs 

Mitochondria Blood Capillaries Heart Lung ;;i 
V0 max/ 

Cl) 

V(mt)/ Vvfec) V(c)!Mb fH Vs/Mb DL0 /Mb en 
Mb Mb q-

{Y(mt)JI {V(c)· V vf ec)}/ {YS.Vyec}/ {DL0 }/ i:::: 
CJ {V

02
max } rv o,max } {V0 max/fHJ {V

0 
m

2
ax} ..... 

2 mJ.g-1. 2 i:::: 
""""l 

mJ.s-l ·k151 mJ.k151 ml-mJ- 1-s ml-k15 1 mJ.mJ- 1-s min- 1 mJ.k151 mJ.mJ- 1 mmH15l·k151 mmHg Q .._ 

25-30 kg 
Oj 
Q 
en Dog 2.29 40.6 17.7 0.50 8.2 1.79 274 3.17 3.16 0.118 0.052 .... 
en 

Goat 0.95 13.8 14.5 0.30 4.5 1.42 268 2.07 2.92 0.080 0.084 
~ 

DIG 2.4* 2.9* 1.2 1.68* 1.8* 1.26 1.02 1.53* 1.08 1.48* 0.61 * """"l 

'"tl 
150kg 

i:::: .._ 
Pony 1.48 19.5 13.2 0.42 5.1 1.45 215 2.50 2.54 0.079 0.053 ~ 
Calf 0.61 9.2 15.1 0.31 3.2 1.63 213 1.78 3.21 0.050 0.082 a 

::i 
PIC 2.4* 2.13* 0.9 1.35* 1.6* 0.89 1.02 1.40* 0.79 1.57* 0.65* 

Q 

~ 
450kg ~ 

Q 
Horse 2.23 30.0 13.5 0.55 8.3 2.05 202 3.11 2.58 0.108 0.048 en 
Steer 0.85 11.6 13.7 0.40 5.3 2.49 216 1.52 2.58 0.054 0.064 ~ 

HIS 2.6* 2.6* 1.0 1.4* 1.6* 0.82 0.94 2.1 * 1.00 2.0* 0.76* g. 
Q 
::i 

AthlSed 2.5* 2.5* 1.03 1.5* 1.7* 0.99 1.0 1.7* 0.96 1.7* 0.67* 
Oci 

Cl) 

Note. Data from references 9,28,43. Last line presents overall ratios for athletic/sedentary species. Asterisk denotes ratios significantly different from 1.69 • 
---; 

w 
r.o 
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Figure 12. Increase in 0 2 concentration, C
0 

and P
O 

of the blood during the time it 
transits the capillary bed. Athletic species (dogs and 'ponies) are compared with more 
sedentary goats and calves. The shaded areas indicate the "redundant" parts of the 
capillary path , which is shorter in athletic species. (Reproduced with permission from 
reference 29.) 

in Figure 12, that equilibrium between 
capillary blood and alveolar air was com­
pleted, on average, before the blood left 
the capillary bed even at V

0 
max. Thus we 

must conclude that the pulmonary gas 
exchanger maintains some redundancy or 
reserve diffusing capacity, but this redun­
dancy appears to be smaller in the athletic 
than in the sedentary species. 29 This find­
ing was confirmed when comparing 
horses and steers. 9 To check whether this 
conclusion is justified we subjected goats 
to a hypoxia test on the treadmill and 
found that they can run and maintain their 
V0 max down to inspired 0 2 fractions of 
15

2

%.29 In contrast, we never succeeded in 
having dogs run near V

0 
max when in-
' 

spired 0 2 was only slightly reduced; their 
small redundancy in DL0 may not give 
them enough reserve captcity. With re­
spect to the human lung, where we had 
found a redundancy of about 50% (Table 
1), it has been shown that the human lung 
can support high levels of V0 even at high 
altitude but that it can becom

2

e the limiting 
factor for V0 max in highly trained athletes 
who appare

2

ntly also exploit some of this 
redundancy when they train for higher 
performance. 14 •46 

Thus it appears that the pulmonary 
diffusing capacity is crudely matched to 
maximal metabolic rate but that it may not 
need to follow the 0 2 demands of the body 
because it maintains a certain degree of 
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redundancy, which can be a comfortable 
50% in sedentary species, a value we had 
also found for the human lung (Table 1). 
Considering that the lung forms the inter­
face to the environment where PO can 
vary, a "safety factor" of 2 is, in 

2 

fact, 
reasonable and could conform well to 
what an engineer would build into such a 
vital organ, particularly because it appears 
that the lung is incapable of easily repair­
ing any damage to its gas exchanger with­
out a residual loss in functional capacity. 
And our environment, indeed, offers 
many opportunitiE~s for ill effects on this 
delicate structure. 

Conclusions 

I have spent over three decades prob­
ing into the lung with all sorts of micro­
scopes as well as with physiological and 
mathematical methods. I conclude that the 
beauty of this delicate and intricate struc­
ture is matched by the secrets it has not yet 
revealed. It still remains an exciting object 
of investigation. I have had the good for­
tune of a fantastic apprenticeship with 
great masters in the fields of morphology, 
respiration physiology, and cell biology, 
masters who have taught me to look be­
yond structure, as exciting as structure is 
for someone deeply committed to design 
and aesthetics. I have also had the oppor­
tunity of being put in charge of a sizable 
teaching and research department at the 
young age of 37 through which I could 
involve, in time, a large number of young 
and enthusiastic investigators. And, fi­
nally, I was more than lucky to find, at all 
times, partners for my research endeavors 
who brought in skills and expertise I did 
not have. Even the Atlantic Ocean and 
differences in the size and potential of the 
participating institutions and countries 
are no barrier to most fruitful collabora­
tion-otherwise a partnership between 
the small University of Berne and the great 
Harvard University could not have 

worked. All that counts is an open mind 
and a generous attitude toward one's part­
ner. If you and your partner do not become 
friends it does not work. 

The greatest lesson I have learned is 
that exciting research needs partnership 
because it is, in the long run, not produc­
tive to remain enclosed in one's narrow 
field. In my case, it would not have been 
productive to limit study to morphology 
or even morphometry; this tells only half 
the story, or less. Such studies must be 
closely combined with functional investi­
gations true to the task I was given in 1959: 
"to do anything on the structure of the 
lung that is of interest for physiology." But 
I would like to now widen this task and 
ask morphologists and physiologists to­
gether to do anything on the structure and 
function of living creatures that is of inter­
est for the understanding of life. 

Postscript 

The preceding sounds like a happy 
success story, but for the sake of honesty 
and completeness I should perhaps men­
tion that it was twice overshadowed by 
troubling experiences of scientific unfair­
ness-to be more explicit: of persons who 
plagiarized but were never held responsi­
ble for their actions. 

Before I moved from Columbia Uni­
versity to Rockefeller Institute in 1961 I 
introduced another fellow to the methods 
of lung morphometry that I had developed 
so that he could use them in the study of 
pathological specimens. I also gave him a 
copy of the draft of the methods section of 
"Morphometry of the Human Lung." By 
coincidence I found out in 1962 that he 
had written, based on this privileged in­
formation, a paper on these methods, 
which he submitted for publication one 
year after he left the laboratory. Although 
I tried to delay the publication of this 
paper until my own was published, it 
appeared in 1962 whereas mine carries 
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the date of 1963. At the time I was shat­
tered, for the date of publication sets the 
priority. I had been scooped. 

A few years later I was working on Oz 
toxicity in the lung, under contract with 
the U.S. Air Force Medical Research Divi­
sion . Together with Peter Caldwell, then 
serving as captain in the air force, we 
exposed rats to pure Oz breathing at 
Wright-Patterson Air Force Base. The 
analysis of tissues was conducted in my 
laboratory in Switzerland . 31 I was re­
quired to submit detailed quarterly reports 
to my contracting agency, giving results of 
our study to an air force captain who 
would review them and would serve as 
"monitor" of my contract. One day I re­
ceived a paper for review that had been 
submitted to a prestigious journal by this 
captain, and to my dismay I found that it 
reported not only the general findings but 
also the main morphometric results of our 
study. We later found out that this officer 
had ordered a sergeant-technician, whom 
we had trained, to repeat our experiment 
on a few rats; given a contract to someone 
else to produce a few electron micro­
graphs that matched our data ; and written 
the paper based on our original confiden­
tial report. When I informed the journal 's 
editor about the circumstances, the paper 
was rejected , but I was not allowed to 
inform air force authorities of this flagrant 
case of scientific fraud , because the paper 
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