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When the story about how Flemming 
both discovered penicillin and recognized 
its antibacterial nature was learned, the 
flurry of scientific commentary that fol
lowed indicated his findings were a won
derful example of Serendipity. The word 
was little used at that time so a subsidiary 
quest soon followed to rediscover its ori 
gin. It led to a man who had not one spark 
of scientific interest in his makeup. In 
1717 Horace Walpole was born in circum
stances of privilege and plenty. A reluc
tant Parliamentarian, he was an ardent 
writer, prolific correspondent, and avid 
collector of beautiful objects. In a letter to 

Sir Thomas Mann, dated January 28, 1754, 
Walpole wrote the following: 

This discovery indeed is almost of 
the kind which I call "Serendipity," 
a very expressive word, which as I 
have nothing better to tell you, I shall 
endeavour to explain to you: you will 
understand it better by the derivation 
than by the definition . I once read a 
silly fairy tale, called "The Three 
Princes of Serendip: " As their high
nesses travelled , they were always 
making discoveries , by accidents 
and sagacity, of things which they 
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were not in quest of: for instance, one 
of them discovered that a mule blind 
of the right eye had travelled the 
same road lately, because the grass 
was eaten only on the left side, where 
it was worse than on the right-now 
do you understand "Serendipity?" 

You will know that Serendip is the 
ancient name for the island of Ceylon, or 
Sri Lanka as it is called today . I am fond of 
this origin because I was born on the is
land and thus am, by true nature, a Child 
of Serendip. But genetically my origins 
derive from a much smaller island
Guernsey, one of the Channel Islands 
close to the coast of France . This has a 
proud inheritance, for the Channel Islands 
were once part of the Duchy of Normandy, 
whose loyal subjects conquered the Sax
ons in 1066 and enabled Duke William to 
become King of England. Thus, to this day 
we preserve our independent governance 
within the United Kingdom as loyal sub
jects of our duke . 

Though fertile and beautiful, Guern
sey is so tiny that two of its domestic 
creatures that flourished had to spread far 
and wide abroad. The most famous today 
are its dairy cattle and the second are its 
sons and daughters. In my family 's case, 
my father, who had read Classics at Ox
ford, found no congenial work in the is
land. So, when offered a job as a manager 
of a tea estate in Ceylon, he packed a box 
of classics and his favorite books in the 
English language and set off. My mother 
soon followed him . They found them -
selves in the foothills of Adam's Peak near 
Talawakelle in some of the most beautiful 
hill country in the world . 

It was a happy place in which to enter 
the world and be brought up . We formed a 
little Guernsey colony of devotion consist
ing of my two parents , my twin sisters and 
myself, and Tanner our nanny (a compan
ion for my mother, as much as for us 
children) . The nearest European was 50 or 

60 miles away. My father and mother 
taught us children till I was nearly ten. 

Sooner or later the wrench came, for 
there were no English schools within hun
dreds of miles of us. So my mother 
brought us back to Guernsey and left us 
with her parents. It was a tradition in her 
family that male children were educated 
on the mainland at Marlborough College , 
so each term I traveled by ship across the 
English Channel to Marlborough. It was a 
spartan place in those days. Its style of 
living would best resemble a corrective 
institution for young offenders today. But 
the education was good, outside the class
room we had freedom to range indepen
dently, and the jungle training course im
posed by my fellow inmates was character 
forming. 

For some reason I had always wanted 
to be a doctor. It is possible that the dim 
memory from Ceylon of having my appen
dix out at the age of four and the coinci
dent death of one of the twins from dysen
tery had something to do with this. At all 
events, during my last year in the Biology 
Sixth at Marlborough I came under the 
influence of a remarkable eccentric named 
Ashley Gordon Lowndes. He had a pas
sionate research interest in fresh water 
invertebrates and was a superb observer 
and taxonomic investigator. I learned all 
manner of things from him, particularly to 
be a precise observer as well as to enjoy 
technical skills . He opened my eyes to 
biology and exploration. 

If one looks at the map of the South 
Coast of England and the English Channel, 
one sees that the Channel Islands are very 
close to the northwest coast of France. In 
August 1939 I had just left school to go to 
university and my parents had, at last, 
retired home to Guernsey from the Far 
East. But we were destined not to be to
gether there for very long. The 3rd of 
September was a lovely sunny day, and 
we all went swimming at the foot of the 
red granite cliffs of the Gouffre on the 
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south coast of the island. When we got 
home our neighbor came running in to tell 
us that Neville Chamberlain had an
nounced that we were at war with Ger
many. My father reminded us that in the 
First World War the U-boat blockade had 
separated Guernsey from the mainland, so 
we decided that we should all return to the 
main land of England at once, as refuges. 
Within a few months the Channel Islands 
were invaded and occupied by the Ger
man army in its sweep through northern 
France . 

It was exciting to be a medical student 
at St. Thomas's Hospital across the 
Thames from the Houses of Parliament in 
the last world war. The site was a prime 
target for German air raids. The hospital 
received its fair share of bombing , so the 
wards and operating theatres took to the 
cellars. Even as preclinical students we 
were involved as apprentices to our sen 
iors . The bulk of the people who taught us 
were dugouts (like myself now) who were 
too old for the services and kept one page 
ahead of us in the book. But they inspired 
us with their enthusiasm and tantalized us 
with how little time we had to learn. Four 
and a half years after entering medical 
school I was a qualified doctor, had done a 
short intern job, and found myself in 
northern Italy as a RMO (Regimental Med
ical Officer) in a tank regiment in the 
eighth Army during its final assault across 
the Senio and Po River when it destroyed 
the remains of the German army in Italy. 
Three years later I was finally released 
from the army. I returned to Britain with 
an enormous amount of clinical experi
ence of every kind. I had not just treated 
battle casualties but tropical disease and 
acute infections of all kinds in Italy , in the 
Sudan, and in Egypt. 

I returned to London to find the place 
swarming with young doctors who had 
been demobilized before me but had no 
jobs . I decided that if I were to get any
where at all , I would have to do something 

different from the others. My first need 
was to get some scientific training. At that 
time the only place in Britain where one 
could learn hard science as a clinician was 
the Postgraduate (PG) Medical School in 
London. I had learned another important 
lesson in the army: always go to the top for 
an authoritative decision. So I knocked on 
the door of Sir John McMichael (still plain 
John then) (Fig . 1). He was professor of 
medicine at the PG School at Ham 
mersmith and I asked to work for him. He 
seemed surprised, but a few weeks later I 
was working for him-as a humble house 
physician (HP) once more. 

During the war McMichael and Shar
pey-Schafer had been the first in Europe to 
study factors affecting cardiac output in 
man by the direct Fick principle using 
cardiac catheters. 18 The term of my HP 
was about to end, when one day Mc
Michael gave me an article to read from 

Figure 1. Professor Sir John McMichael. 



192 • THE PULMONARY CIRCULATION AND GAS EXCHANGE 

the latest issue of the American Journal of 
Physiology . It was by W. F. Hamilton and 
his colleagues in Atlanta and Andre Cour
nand and his colleagues in New York. 8 

They had just published their results com
paring simultaneous measurements of car
diac output by the Fick method and the 
dye dilution method, which Hamilton and 
his colleagues had devised much earlier. 7 

McMichael was keen that we should 
set up the dye method, so I did this for him 
with Harry Kopelman, my registrar and 
my first lifelong friend made through labo
ratory work (Fig. 2.). We made simultane
ous measurements with McMichael dur
ing his studies of the effects of intravenous 
digoxin on cardiac output in patients with 
acute congestive heart failure from hyper
tension and from mitral stenosis. 

The dye dilution method not only 
allowed us to measure cardiac output and 
to compare it with the Fick method, but it 
also enabled us to calculate the mean cir
culation time of the dye through the heart 
and lungs and thus calculate the intratho
racic blood volume. 

We stumbled on a remarkable finding. 
The patients with hypertensive congestive 
cardiac failure had a much larger intratho
racic blood volume than those with con
gestive cardiac failure from mitral steno
sis. Yet both groups of patients had ap
proximately the same heart size, measured 
radiologically. We could only conclude 
that the patients with hypertensive heart 
failure had an increased lung blood vol
ume, whereas the patients with mitral ste
nosis had a lung blood volume that was 
virtually normal even when in heart fail
ure (Fig. 3).15 Was this discovery an exam
ple of Serendipity? I think so . 

Paul Wood was a staff member at 
Hammersmith at that time. He was a bril
liant Australian cardiologist who always 
seemed to be one step ahead of everyone 
else. He argued that our finding could best 
be explained by reflex pulmonary arterio
lar vasconstriction in patients with mitral 
stenosis, which protected their lungs from 

Figure 2. Dr. H. Kopelman. 

pulmonary oedema. I could not believe 
this , for lung histology reveals a paucity of 
vascular smooth muscle in the peripheral 
pulmonary arteries and veins compared 
with the systemic circulation. 

About this time Peter Sharpey
Schafer left the PG School to take the chair 
of medicine at my old teaching hospital at 
St. Thomas's . He was having quite a time 
of it there trying to persuade his col
leagues, particularly the nursing staff at St. 
Thomas's, that dutifully applied clinical 
investigation was a gentle science rather 
than barbaric personal assault. At that 
time there was no possibility for me to rise 
up the ladder of academic medicine with
out having held a junior job in the teach
ing hospital in which I worked so Peter 
Schafer invited me to join him as a clinical 
lecturer and junior investigator. Over the 
next few years master and pupil became 
very close friends (Fig. 4). 

Sharpey-Schafer had made great 
strides in understanding how the systemic 
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Figure 3. Comparisons of the intrat hor acic 
blood volume index (L/sq.M) in normal sub 
ject s and in patients with heart failure from 
mitral stenosis and from hypertension, studied 
before and after recovery. 

baroreceptors reflexly control the blood 
pressure in man. He recorded the blood 
pressure directly from the brachia! artery 
and studied the changes brought about by 
the Valsalva manoeuvre. 

You will remember that when a sub
ject blows against an external pressure 
such as a mercury column, the consequent 
rise in intrathoracic pressure impedes ve 
nous return to the heart. As a result stroke 
volume falls, manifest by a fall in pulse 
pressure. This affects the carotid barore 
ceptors, leading to generalized systemic 
vasoconstriction. On release of the Val
salva manoeuvre, rapid inflow into the 
heart is resumed and stroke volume in 
creases, producing a blood pressure over
shot affecting both mean and pulse pres
sure. This activates the carotid barorecep
tors, which initiate reflex vasodilatation, 
and the blood pressure returns to normal. 
In patients with autonomic failure no such 
reflex responses take place. 

Sharpey-Schafer had also shown that 
the increase in arterial pressure following 
the Valsalva manoeuvre was associated 
with decrease in forearm blood flow ex
cept in the sympathectomized limb. In 
addition, tetraethyl ammonium chloride 
had just been discovered as a potential 
blood pressure lowering agent. It worked 
as a ganglion blocking agent. 

We decided to compare the vasomo-

tor responses of the systemic and pulmo
nary arterial systems simultaneously in 
response to the Valsalva manoeuvre. If 
Paul Wood was right and the lung periph 
eral arterial system was vasoactive, then 
the pulmonary and systemic arterial re
sponses to Valsalva's manoeuvre would 
be similar. If, however, the peripheral ar
terial system of the lungs was insuffi
ciently provided with smooth muscle, 
then the refl ex response would be absent 
or weak . We therefore studied patients 
admitted with a variety of cardiovascular 
conditions but whose blood pressure re
sponse to the Valsalva manoeuvre was 
normal. To make satisfactory measure
ments we needed to record pressures from 
the right atrium, pulmonary artery, and 
pulmonary capillary independent of su
perimposed intrathoracic pressure 
changes taking place as a result of the 
Valsalva manoeuvre and due to effects of 
respiration. To do this we recorded in 
trathoracic pressure from a water-filled 
catheter in the oesophagus at the same 
time that we also recorded right atrial, 

Figure 4. Professor E. P. Sharpey-Schafer. 
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pulmonary arterial , and pulmonary capil
lary pressures by right heart catheteriza
tion. We used Hansen Capacitance ma
nometers and a simple subtractor circuit 
linking their electrical outputs. In this way 
we could obtain net right atrial, net pul
monary arterial, and pulmonary capillary 
pressures independent of superimposed 
intrathoracic pressure events. 

Figure 5 shows what we found . Fol
lowing the Valsalva manoeuvre there was 
the usual rise in brachial arterial pressure 
but little rise in net pulmonary arterial 
pressure. Moreover, the net pulmonary 
arterial pressure rises coincided with the 
inspiratory phases of respiration and fell 
again with expi ration, indicating that the 
pulmonary arterial pressure was largely 
dominated by changes in stroke volume as 
a result of respiration. Following an infu
sion of intravenous tetraethyl ammonium 
chloride, the rise in brachial arterial pres
sure following the Valsalva manoeuvre 
was abolished due to autonomic blockade 
by the drug. The response of the pulmo
nary arterial pressure to the Valsalva re
mained unaffected. To all intents and pur
poses the pulmonary arterial system 

seemed to respond passively to these 
changes in pulmonary arterial inflow, sec
ondary to changes in right ventricular 
stroke volume. 

In Britain at that time the only people 
studying the physiology of the lung were 
animal physiologists. So when I presented 
our work at the Medical Research Society 
it was received with some skepticism, for 
there was general belief that unless pul
monary arterial inflow was controlled it 
was impossible to come to the conclusions 
that we had made. It was plain that if I 
were to compete I had to learn to be more 
professional as a human pulmonary vas
cular applied physiologist as well as clini
cian . At that time a number of my friends 
who were becoming the new breed of 
chest physician were returning from the 
United States, having worked in the De
partment of Physiology and Pharmacology 
at the University of Pennsylvania in Phila
delphia under Professor Julius Comroe 
(Fig. 6). "Uncle Julius," as we all came to 
know him, had become the guru for aspir
ing applied lung physiologists in Britain. 
He enjoyed having young people from our 
country because we were used to working 
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Figure 5. The effect of the Valsalva maneuver on brachial artery (BA), pulmonary 
arterial (PA), and right atrial (RA) pressure before and after tetra-ethyl Ammonium 
Bromide (TEAB). 
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Figure 6. Dr. Julius Comroe. 

for about halfthe stipend of any American 
research follow and therefore worked hard 
because we had no money to do anything 
else! 

I asked Peter Schafer if I could go and 
work for Uncle Julius. In no time at all he 
had found some money from the St. Tho
mas' s Hospital Endowment Trust, and my 
wife and I set sail for the United States, 
bound for Philadelphia. 

Terra Nova 

We arrived in Philadelphia in April 
1953. It was the week of the meetings in 
Atlantic City of the Federated Society of 
American Biologists. The whole of Julius 
Comroe's department was there, with the 
exception of one man-Arthur Du Bois. 
Arthur had recently come from the famous 
stable led by Wallace Fenn in Rochester, 

New York, where he had worked with 
Herman Rahn and Arthur Otis. He had 
devised a means for studying the lung's 
airway mechanics in man using a whole 
body plethysmograph. Julius Comroe built 
one for him before Du Bois arrived in 
Philadelphia. 

When I arrived I found Arthur work
ing alone in his lab. He asked who I was, 
apologized for the absence of his col
leagues, and, after brief and gentle ex
change of pleasantries, asked what my 
particular interest was. I said I had found 
that the pulmonary arterial system in man 
seemed to be largely passive in its re
sponse to changes in right heart output 
due to an absence of any significant reflex 
vasomotor control. I had come to learn 
some physiology, as the animal physiolo
gists in Britain had questioned my find 
ings. Arthur has an electric mind. He was 
silent for perhaps half a minute and then 
said, "In that case, what do you think 
happens to lung capillary blood flow?" 
Without thinking I replied, "It must be 
pulsatile." At once he replied, "In that 
case the whole of our physiological under
standing of blood-gas exchange in the 
lungs by steady-state diffusion (Bohr inte
gration) is likely to be wrong. Let's see if 
lung capillary blood flow really is pulsa
tile ! " 

Arthur remembered the work of 
Krogh and Lindhard, 16 who had measured 
cardiac output in man using nitrous oxide 
inhaled from a wedge spirometer. So he 
attached electrocardiograph electrodes to 
my limbs, gave me a bag of nitrous oxide, 
and said, "Jump in the box and you can be 
the first subject." The ambient pressure in 
the body plethysmograph was measured 
with a Lilly capacitance manometer, 
which Arthur turned up to maximum 
gain. He told me to breathe out maximally, 
to inhale a full breath of nitrous oxide 
from the bag, and to hold my breath with 
my glottis open. He then recorded the 
pressure in the body plethysmograph as it 
fell due to the uptake of N20 from my 



196 • THE PULMONARY CIRCULATION AND GAS EXCHANGE 

·::-~· .. , y,,'-~r: 1:'/377~·r:-,-.r,~ 
-·. --,~,:.er-~,-;~ ~4:t=L-~:;_ ; --~· -. 

··· ·- .' . T-···. -,"-· :- .. _-·. > -·- --· ... 
'--·--·--· · .·· - - --·· 

Figure 7. Nitrous oxide (N20) from the lungs 
in man, measured in the whole body pleth
ysmograph . As the gas is absorbed by the lung 
capillary blood flow, the plethysmographic 
pressure falls . The fall is steepest at the time of 
each ECG Twave. The sharp upward defection 
of the tracing indicates where the pleth
ysmograph chamber was vented to atmo
sphere. 

lungs. If the blood through my lung capil
laries had been flowing at a constant rate, 
then N20 uptake would have been con
stant and the pressure within the pleth
ysmograph would have fallen at a constant 
rate. But lo and behold, (Fig. 7) the pleth
ysmograph fell in waves, with the steepest 
fall soon after the T wave of the ECG (Fig. 
3). We had discovered that lung capillary 
blood flow was indeed pulsatile with each 
heart beat. In two and a half months we 
had all the information we needed to pub
lish a definitive paper on the pulsatile 
nature of pulmonary capillary blood flow 
in man. 17 

I had found my own internal delta
the lung alveolar capillary circulation. 

An Oxford Education: 
Through Its Back Door 

I returned to England, excited by what 
had been possible to find in so short a 
time . At the time I believed that ifl were to 
dig for gold in the streets I would find it! 

So far, my journey from Serendip had 
shown me that (1) the mean lung volume 
was not increased in pulmonary venous 
hypertension from mitral stenosis; (2) this 
was unlikely to be due to reflex vasomotor 
control of the lung vascular system ; and 

(3) because of its low peripheral vascular 
impedence, the lung's capillary blood 
flow was highly pulsatile during each car
diac cycle . 

In Philadelphia, Arthur and I had dis
cussed how the lung's low impedance vas
cular bed could cope with so pulsatile an 
ejection of blood from the right ventricle 
so as to ensure that transcapillary hydro
static pressure never exceeded plasma on
cotic pressure and yet always allowed op
timal alveolar-capillary gas exchange . If 
the capillaries behaved as a fixed volume 
system then the pulsatile ejection of the 
blood from the right ventricle would have 
to be pushed through the capillary bed in 
squirts . This would be recognized by a 
linear rise in pulmonary arterial pressure 
as flow rate increased during systole. 
Moreover , as blood flow rate increased 
through the capillaries during systole, 
there would be a shorter and shorter pas
sage time for individual red cells to trav
erse alveolar capillaries for gas exchange. 
If, however, the alveolar capillaries be
haved as a series of Starling resistors 
stacked one above the other, which 
opened in response to small increments in 
pressure as blood flow increased, then 
optimal gas exchange would be main
tained and the pulmonary arterial pres
sure would be down regulated as capillary 
systems were recruited vertically. 

We believed this explanation was cor
rect, for there was intuitive evidence to 
support it. Cournand and his group in 
New York had shown that the mean pul
monary arterial pressure did not rise line
arly with increases in cardiac output at 
low levels of exercise, whereas Riley and 
his colleagues at Johns Hopkins Univer
sity had shown that the oxygen diffusing 
capacity initially rose linearly with exer
cise. These two pieces of information sug
gested that the lung alveolar capillaries 
could be acting as vertically stacked Star
ling resistors and were capable of recruit
ment. 

We had to wait until 1960 , when West 
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and Doller y ,34 using radioactive C20), 
found that in erect human subjects blood 
flow at the lung bases was some eight 
times greater than at the apexes and that 
ventilation distribution was also some
what greater in the lower zones than in the 
upper zones of the lungs . Intense study of 
the lung ventilation-perfusion distribution 
then followed, led particularly by Per
mutt, Bromberger-Barnea , and Bane 20 in 
the United States and West, Dollery , and 
Naimark in Britain .35 West and his col
leagues found that in the vertically sus
pended, isolated, ventilated, and perfused 
lung there was no capillary blood flow at 
hydrostatic levels above which the alveo 
lar pressure exceeded both the pulmonary 
arterial and venous pressures (West: Zone 
1). Flow in the lung capillaries began at a 
level down the lung where pulmonary 
arterial pressure exceeded alveolar pres
sure (West: Zone 2). It continued to rise in 
a manner determined by the difference 
between pulmonary arterial and alveolar 
pressures until a level was reached where 
the pulmonary venous pressure also ex
ceeded the alveolar pressure. Over the 
remainder of the dependent lung, blood 
flow was then governed by the pulmonary 
arterial-venous pressure difference (West: 
Zone 3). 

These findings postdate the events I 
have traced in my own life. When I re 
turned to England and St. Thomas 's in 
September 1963 and told my story about 
the lung capillaries , I found a total lack of 
interest except from Peter Sharpey 
Schafer. I was getting to an age when I 
needed a more senior position where I 
could set up my own laboratory. Posts of 
this kind were scarce , but a senior Beit 
Fellowship was advertised and I applied 
for it. The selector was Professor George 
Pickering from St. Mary's Hospital. He 
interviewed me kindly but skeptically . No 
fellowship followed, but about a fortnight 
later he phoned to ask if I would be inter
ested in being his first assistant in Oxford , 
as he had just been appointed Regius Pro-

fessor of Medicine there . He had intended 
to take Stanley Peart , his first assistant at 
St. Mary's Hospital , but Peart had gotten 
Pickering's job at St. Mary's instead! Pick 
ering needed somebody who was compe
tent clinically to run his wards when he 
was busy with his professorial duties in 
Oxford, the nation, and overseas. He also 
wanted someone who could set up a re
gional cardiovascular diagnostic labora 
tory to support a new professor of surgery 
in Oxford who was about to start open 
heart surgery . 

It was not difficult to accept his invi 
tation. The medical school in Oxford has a 
long and storied history, but until the war 
it only had a preclinical school. Its gradu
ates went to the London teaching hospitals 
for their clinical training. As a result of the 
bombing of London , most London clinical 
schools were evacuated. Thus the Rad 
cliffe Infirmary in Oxford, which hitherto 
had been a county hospital , received its 
first clinical students, and its clinical staff 
became associate teachers in the univer
sity. 

Following the war the clinical school 
remained in Oxford but the general preju
dice among the university dons was that it 
was a second-rate institution compared 
with the London teaching hospitals. By 
1965, when Pickering was invited to be 
the new clinical Regius Professor in Ox
ford, the school was at a low ebb. George 
Pickering was, above all, a great educator. 
He saw the enormous opportunity Oxford 
offered him to create an integrated clinical 
medical school between the basic sciences 
and bedside medicine. Our job under him 
was to provide a first -rate clinical service 
in the hospital, to be available at all times 
to assist colleagues if they asked for it, to 
teach clinical students virtually by ap
prenticeship, and to undertake our own 
research. 

As far as research was concerned, I 
had one difficult y . Pickering was inter
ested in big research concepts involving 
the study and relief of major diseases. As a 
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young man he had studied pain. He was 
now world famous for his research on high 
blood pressure. He was not a bit interested 
in the applied physiology of the lung mi
crocirculation, let alone funding me for a 
whole body plethysmograph! 

One or two years after I arrived in 
Pickering's unit I went into the Red Lion 
opposite the hospital one evening. In 
through the door walked Jim Henry, 
dressed as a colonel in the U.S. Air Force. 
I had met Jim briefly at the fall meeting of 
the American Physiological Society at 
Madison, Wisconsin, in 1953, where he 
had given a paper immediately before the 
one I had given with Arthur du Bois on 
pulsatile capillary blood flow. I was sur
prised to see him and I asked him what he 
was doing in Oxford. He told me he was 
now scientific director in Brussels for the 
U.S. Air Force Aerospace Research and 
Development Command. He had come to 
Oxford to negotiate contracts for research 
in the university science departments! In 
no time at all I had asked Jim Henry to 
come upstairs in the Radcliffe Infirmary to 
my laboratory to talk about a project for 
the U.S. Air Force on lung blood flow. 
After a few glasses of beer a whole body 
plethysmograph and a small space cap
sule seemed two very similar devices in 
which to study the effects of physical and 
mental stress on cardiac output, measured 
by nitrous oxide uptake! Henry soon nego
tiated a research contract with the U.S. Air 
Force that gave me laboratory indepen
dence until 1965. 

I was now running a diagnostic car
diac catheter laboratory, and the opportu
nity to measure the physical characteris
tics of the pulmonary arterial fluid trans
mission line in patients was obvious. I 
could make a beginning by measuring pul
monary arterial pressure and pulmonary 
capillary blood flow simultaneously dur
ing cardiac catheterization using nitrous 
oxide. A lot of development work had to 
be done before I could start. I built a body 
plethysmograph that could be slung from 

the ceiling and lowered by an electric 
crane onto the cardiac catheter table . Prof 
iting from my experience in Philadelphia, 
I made the walls of the plethysmog raph 
circular and of thick perspex to make it 
rigid. The cardiac catheter table was about 
two inches thick, so I hoped that this too 
would be rigid. 

In the previous N20-plethysmograph 
studies, gas uptake by the lungs was mea
sured by recording the pressure change 
that occurred in the airtight chamber 
maintained at constant volume in which 
changes in chamber pressure due to N20 
uptake were converted to volume by ap
plying Boyle's Law. The immediate chal 
lenge was to record the rate of change of 
gas volume entering the body pleth
ysmograph directly, to replace the volume 
of N20 absorbed by lung capillary blood 
flow. Under such circumstances the base 
line for zero gas uptake is a straight hori 
zontal line, and any slow drift due, for 
example, to temperature change in the 
plethysmograph or respiratory quot ient ef
fects, would be manifest as slight displace 
ments of the baseline. But the main advan 
tage in recording the rate of gas uptake in 
this manner was that the records produced 
by pulsatile pulmonary capillary blood 
flow could be directly compared with si
multaneous records of pulmonary vascu 
lar pressure. 

When I first went back to St. Thomas's 
to join Sharpey-Schafer I had met a nurse 
there who had just married a biophysicist 
who was a brilliant inventor. His name 
was Frank Stott. He was a member of the 
MRC Instrument Research Unit, which, 
amongst other things, had designed the 
oxygen breathing equipment provided to 
the British expedition to Everest under the 
leadership of Sir John Hunt, in which 
Edmund Hillary and She rpa Tensing had 
succeeded in reaching the summit. The 
unit was subsequently disbanded, and 
Frank had then been appointed to Sir 
George Pickering's unit in Oxford. 

Frank designed a brilliantly con -
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ceived servopneumatic flow meter for use 
in the body plethysmograph with which to 
measure the instantaneous rate of N20 
uptake from the lungs. The pneumatic 
flow meter was a little temperamental, but 
a greater difficulty was that the flat bed of 
the catheter table resonated just as the 
walls of the original plethysmograph had 
done in Philadelphia . The concrete floor 
of the laboratory had a terrazzo surface, so 
we glued a newly designed base for the 
plethysmograph directly to the floor and 
were then able to get beautiful curves of 
gas volume change within the lungs from 
the pneumatic flow meter. 

During this development period we 
indulged in some amateur respiratory 
physiology and studied the effect of pulsa
tile capillary blood flow on oxygen and 
carbon dioxide exchange within the lungs . 
We breathed appropriate gas mixtures so 
as to obtain mixed venous 0 2 and CO2 

tensions within the lungs. This enabled us 
to measure the alveolar capillary 0 2 and 
CO2 exchange individually and to com
pare them with the pulmonary capillary 
blood flow . The rate of oxygen uptake was 
linearly related to capillary blood flow 
throughout the cardiac cycles, but CO2 

elimination occurred at two rates depen
dent both on the pulmonary capillary 
blood flow rate during systole and on a 
more sustained rate of discharge of CO2 

stored in solution within the lung tissues 2 

(Fig. 8). 
It was plain that simultaneous mea

surements of pulmonary arterial pressure 
and lung capillary blood flow by cardiac 
catheterization and N20 uptake were not 
going to be ideal if conducted on the floor! 
Happily for us, at just about this time the 
hoped-for breakthrough for augmenting 
the sensitivity of carcinoma of the bron
chus to radiotherapy by hyperbaric oxy
gen had proven ill found. Vickers Re
search had built a number of single
subject hyperbaric oxygen chambers for 
this purpose . They were unable to sell 
them, and the company donated one such 
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Figure 8. Comparison ofNzO and Oz flow rates 
into the lungs and COz flow rate out of the 
lungs, measured by plethysmographic method. 
Oz uptake obtained at P.AL Oz:100 mmHg and 
P.AL COz:49 mmHg. COz uptake obtained at 
P.AL Oz:50 mmHg and P.AL COz:38 mmHg. 

chamber to me. The patient could lie on a 
flat bed, which slid out of the chamber. 
This enabled me to catheterize the patient 
in the normal way for diagnostic purposes. 
With the catheter in situ, including the 
catheter manometer heads and N20 supply 
system all contained within the hyperbaric 
oxygen chamber bulkhead, it was a simple 
matter to slide the patient into the hyper
baric chamber and close the bulkhead to 
make simultaneous measurements of pul
monary arterial pressure and N20 uptake . 

Figure 9 shows our first simultaneous 
recording of pulmonary arterial pressure 
and pulmonary capillary blood flow (N20 
uptake) obtained at cardiac catheteriza
tion in the Vickers plethysmograph. We 
found that the N20 pulsatility closely re
sembled the pulmonary arterial pressure 
pulse but was delayed in time. The normal 
pulmonary arterial - pulmonary capillary 
flow conduction time averaged approxi
matel y 120 ms because of th e physical 
distensibility of the pulmonar y arterial 
transmission line . 
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Figure 9. The first simultaneous record of pul 
monary arterial pressure (P A p) and pulmonary 
capillary blood flow, measured by Np uptake 
during cardiac catheterization of a patient dur
ing routine diagnostic studies. Pl V = rate of gas 
uptake measured in the body plethysmograph . 
FEN20 = N20 concentration at the mouth. The 
ECG is also shown. 

By now I had been joined by Nicholas 
Karatzas, a young cardiologist from 
Athens. He made detailed studies in nor
mal individuals and in patients with pul
monary arterial and venous hypertension 
secondary to heart disease, particularly 
mitral stenosis. 13 •14 We found that 67% of 
the stroke volume was required to distend 
the pulmonary arterial system during sys 
tole for onward transmission to the capil 
laries during diastole. With tachycardia 
and with pulmonary hypertension the 
fraction of stroke volume stored in the 
arterial system during systole became less, 
indicating that the arterial system was be
coming less distensible. 

Karatzas then went on to study severe 
pulmonary hypertension, particularly 
from mitral stenosis . We expected that in 
such conditions morphological changes in 
th e small pulmonary arterioles would pro
duce such an increase in precapillary re
sistance that pulsatile inflow to the capil
laries would become damped. We hoped 
this would allow us to develop a noninva
sive method for estimating pulmonary ar
terial hypertension, simply by measuring 
how much N20 uptake pulsatility became 
damped . But nothing of the kind occurred. 
In virtually every case of pulmonary arte
rial hypertension we studied, pulsatile 

lung capillary blood flow remained unal
tered. 

It was obvious that empirical compar
ison of the wave forms of pulmonary arte 
rial pressure and pulmonary arterial blood 
flow were insufficient to describe the fluid 
dynamics within the pulmonary arterial 
system. If we were to develop a method to 
enable us to measure pulmonary arterial 
flow as well as pulmonary arterial pres
sure and pulmonary capillary blood flow 
simultaneously, we would be able to de
rive the equations to solve for pulmonary 
arterial resistance, compliance, and dy
namic impedance. The difficulty was that 
no such flow -measuring device yet ex
isted . 

Donald Schultz was an aerodynamic 
engineer in the Department of Engineering 
Science. He had first come to Oxford as a 
Rhodes scholar from New Zealand. After 
obtaining his doctorate he worked at the 
National Physical Laboratory in Tedding
ton. He then returned to Oxford as a foun
dation fellow of St . Catherine's College 
and university lecturer in mechanical en
gineering. Soon he was elected to a reader
ship, then a personal chair. He had an 
international reputation for his research in 
high-speed fluid dynamics and made im 
portant contributions to jet engine turbine 
design . 

Donald and I got to know each other 
dining at high table in college. One of the 
joys of an intercollegiate university like 
Oxford is that much learning comes 
through recreation and good fellowship. 
At night after good food and good wine 
one is able to talk freely and without shy 
ness to individuals of great learning from 
every discipline under the sun and to 
share enthusiasms together . From such a 
chance meeting Donald and I became great 
friends. Life in Oxford lost some of its fun 
for me when in April 1987 Donald died 
suddenly walking the Routburn Track in 
New Zealand while on holiday with his 
wife June. 

When Donald learned that nothing 
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was then known about blood velocity dis
tribution within th e great vessels of the 
body , he saw the enormous contribution 
he could make. So we joined forces to 
work together for many happy years in the 
animal laboratory, the cardiac catheter 
lab , and with my colleague Alf Gunning 
during open heart surgery . The heated 
thin film anemometers he used in his aero
dynamic research were adapted for this 
purpose. They consisted of minute plati
num films bonded to a ceramic base at
tached to our catheters and specially de
signed needles with which to traverse the 
great vessels of the body . In this way we 
were able to be the first to map blood 
velocity profiles in the great vessels enter
ing and leaving the heart in man both in 
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health and in valve disease, as well as 
mapping the whole of the velocity distri
bution of the aorta in the dog. Of relevance 
here was the important finding that the 
velocity profile at the root of the aorta and 
the pulmonary artery is flat. Thus, if one 
measures the diameter of either these ves
sels from a transverse chest x-ray, one is 
able to calculate instantaneous bulk flow 
within these vessels from a catheter tip 
velocity device (Fig. 10 a and b). 27 ,30 

We now had a flourishing, beautifully 
equipped fluid dynamics laboratory with 
measuring devices that were unavailable 
anywhere else in the world at that time. 
We had needle probes equipped with high 
frequency velocity sensors, cardiac cathe
ters of every size and description similarly 
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equipped, as well as microchip ultrasonic 
methods for measuring the diameter of 
blood vessels. In addition we had finan
cial security for 10 years from the Medical 
Research Council in a program grant that 
enabled us to recruit more people. 

Our efforts to diagnose pulmonary ar
terial hypertension from a damped pulmo
nary capillary flow pulse had proven fruit
less because the pulsatility remained unal
tered in virtually all circumstances. It was 
plain to Donald that the likely explanation 
for this was that, as pulmonary arterial 
resistance increased leading to pulmonary 
hypertension, there was a compensatory 
decrease in pulmonary arterial compli
ance. 

So Stuart Reuben joined us for this 
work. He was keen to train as an investiga
tive cardiologist and became the prime 
mover working on the physics of the 
pulmonary arterial system that we now 
embarked on. He was not only a natural 
experimentalist but also a fine clinician . 

Using closed chested dogs in the body 
plethysmograph and the appropriate de 
vices designed by Donald Schultz, we 
measured pulmonary arterial pressure and 
flow in the pulmonary artery simulta
neously with pulmonary capillary flow 
with N20 from which to derive pulmonary 
arterial resistance, compliance, and im
pedance in normal animals in response to 
hypoxia, serotonin infusion, and stellate 
ganglion sympathetic stimulation. Similar 
studies were made in patients with vari
ous degrees of pulmonary hypertension 
from mitral stenosis undergoing routine 
cardiac catheterization. 26 ,28 ,29 

The findings were similar in both dog 
and man. They provided a satisfactory 
explanation for the maintained pulsatility 
of pulmonary capillary blood flow, even 
in conditions of moderate hypertension in 
which the mean pulmonary arterial pres
sure was as high as 45 mmHg (peak sys
tolic pressure 75 mmHg). Figure 11a sum
marizes these findings in the dog . When 
the pulmonary arterial pressure rose as a 

result of increasing pulmonary arterial re
sistance (R), there was a reciprocal fall in 
pulmonary arterial compliance (C) proxi
mal to the site of increased resistance. As 
a result, the time constant of the arterial 
system as whole remained unaltered (RX 
C = Kt), thus preserving normal capillary 
blood flow pulsations even when pulmo 
nary hypertension had developed. The de 
crease in pulmonary arterial compliance 
leads to an increase in pulmonary arterial 
pulse wave velocity (Fig. 11b). Stuart Reu 
ben cleverly exploited this finding to de 
velop a means of calculating pulmonary 
arterial pressure using nitrous oxide up 
take. He measured the opening of the pul 
monary valve by means of a phonocardi 
ograph and the arrival of the flow pulse at 
the capillaries by nitrous oxide uptake. 
This enabled him to calculate the pulmo
nary arterial flow conduction time and to 
derive pulmonary arterial pulse wave 
velocity and pulmonary arterial pressure. 26 

Having spent so long studying how 
the fluid dynamics of the pulmonary arte
rial system regulated inflow into the alve
olar capillaries and having learned from 
others how the alveolar capillaries them
selves regulated their own hydrostatic 
pressure in the lungs at large, it was now 
time for us to tackle the pulmonary venous 
system. In the mid-1970s this was virgin 
territory. The particular question that in 
trigued me was this: How was it that pul
monary capillary blood flow remained 
pulsatile in pulmonary venous hyperten
sion? The bulk of such cases come from 
left sided heart disease in which the left 
atrial pressure is elevated. One would thus 
expect the elevated pressure pulses ema
nating from the left atrium to be reflected 
backward through the pulmonary veins to 
impede outflow from the lung capillaries, 
thus altering the wave form of nitrous 
oxide uptake. But all the evidence showed 
that the pulmonary capillary flow pulse 
activity remained unaltered under such 
circumstances. Presumably the pulmo
nary venous system must contain a com-
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Figure 11.a. The relationship between pulmonary arterial compliance (CJ, pulmonary 
arterial resistance (R), mean pulmonary arterial pressure (PAP) and pulmonary arterial 
time constant (t) obtained from the produce of (C X R) in dogs. Combined data from 
control, hypoxia , and serotonin studies. b. The relationship between pulmonary arterial 
pulse wave velocity and mean pulmonary artery input pressure (PAP). Pulse wave 
velocity calculated from compliance data using the Bramwell-Hill equation. 

ponent that is highly distensible and acts 
as a Windkessel to damp out retrograde 
pressure pulsations from the left atrium. 

Bishma Rajagopalan now joined the 
group. He had come to Balliol College 
Oxford as a scholar from India to read 
medicine . He was keen to study a project 
in depth and to work toward his doctorate 
of philosophy . Using the animal body ple
thysmograph that Stuart Reuben had de
signed, Bishma undertook meticulous 
studies in closed chested dogs in which he 
made simultaneous measurements of 
pressure and flow in the pulmonary ar
tery, in the pulmonary capillary system , 
and in the left lower lobe veins external to 
the lung prior to their entry into the left 
atrium. The technical challenges were for
midable. So Bishma, Stuart Reuben, and I 
each took a portion of them to get good at. 
Stuart ran the plethysmographic side of 
things, I did the surgery, and Bishma de-

veloped the vein techniques to enable him 
to measure not only pressure and flow 
simultaneously but also changes in their 
cross sectional dimension . These were 
measured ultrasonically using minute 
crystals glued to the veins. 

The first successful studies soon 
showed that the pulsatile ejection of blood 
flow from the right ventricle into the main 
pulmonary artery, which was transmitted 
as an arterialized pulse through the lung 
capillaries , had an entirely different wave 
form in the large pulmonary veins exter
nal to the lung prior to their entry into the 
left atrium. Vein flow, though pulsatile, 
had a profile that was almost identical to 
the mirror image of left atrial pressure . 

We confirmed identical findings dur
ing cardiac catheterization of patients 
with tight aortic stenosis in whom the left 
ventricular-aortic pressure gradient had 
first to be measured for diagnostic pur-
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poses. A thin film velocity sensor was 
placed at the tip of a fine nylon catheter 
positioned in the mouth of one of the 
pulmonary veins entering the left atrium, 
having been inserted via a Brockenbor
ough catheter placed there via the trans
septal route. Figure 12 demonstrates find
ings in both dog and man. It compares 
simultaneous measurements of left atrial 
pressure (LA P) and flow in a large pulmo
nary vein close to the left atrium in a dog 
(PV Q) and provides a similar comparison 
of left atrial pressure and pulmonary vein 
flow velocity (PV Vel) in a patient. 

The findings in both dog and man 23 

suggested that the large pulmonary veins 
external to the lung parenchyma must be 
very compliant to be able to absorb the 
forward pulse that should have been trans
mitted from the lung capillary bed to the 
veins and at the same time prevent retro
grade transmission of pressure pulses 
from the left atrium from reaching the 
pulmonary capillaries. We tested this hy
pothesis by undertaking studies in which 
we could either study the pulmonary vein 
flow from the lung to the left atrium in 
continuity (intact mode) or separated from 
the left atrium by draining the blood from 
the severed vein into a constant pressure 
reservoir (divided mode). In the intact 
mode we saw the normal inverse relation
ship between pulmonary vein flow veloc
ity and left atrial pressure. In the divided 
mode we found blood flow through the 
parenchymatous portion of the pulmonary 
venous system issued from the lung sub 
stance still resembling a lung capillary 
flow pulse, though somewhat delayed 
from it in time and attenuated in ampli
tude. 

The flow pulse leaving the lung was 
very sensitive to changes in transcapillary 
pressure as a result of changes in in
traalveolar pressure due to lung inflation. 
Blood flow returning from the constant 
pressure reservoir via the severed pulmo
nary vein entering the left atrium still had 
a flow pattern that was dominated by the 
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Figure 12. Simultaneous measurement of left 
atriai pressure (LAP), pulmonary vein flow 
(PVQ) in the dog and pulmonary vein flow 
velocity (PV Vel) in man. * = Inverted LAP 
scale. 

pressure events taking place within the 
left atrium. Its flow pattern was still a 
mirror image of the left atrial pressure. 24 

Plainly, the large pulmonary veins exter 
nal to the lung provided the distensible 
portion of the system we were seeking . 

During this period an enterprising 
medical student from Chicago named Judy 
Banks invited herself to the department 
during a long vacation to undertake a stu
dent research project. I am terrified of 
supervising such projects because they 
seldom turn out to be fruitful, but in Judy's 
case I was wrong. We decided that she 
should measure the distensibility of the 
large pulmonary veins and compare it 
with the distensibility of the main pulmo 
nary artery trunk from material collected 
postmortem from patients who had died 
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from causes from other than lung and 
heart disease. 

We copied the method that Harris and 
his colleagues had used when they com
pared the distensibility of the pulmonary 
artery and aorta in man. 10 Judy made 
stress-strain measurements on circumfer
ential strips of main pulmonary artery and 
large pulmonary veins using a simple ten
sion balance. Just as Harris had found, the 
pulmonary arteries were highly distensi 
ble, although their distensibility tended to 
become less with age. But we were sur 
prised to find out the pulmonary veins 
were virtually indistensible at all ages. It 
was as if the pulmonary arteries behaved 
as elastic tubes , whereas the pulmonary 
veins behaved as nylon ones. 1 We had 
found that the pulmonary veins, which 
acted as capacitance vessels, did so in 
spite of being virtually indistensible. We 
therefore postulated that if pulmonary 
veins were collapsible rather than disten
sible structures, they could fill or empty 
over a very narrow transmural pressure 
range. This would absorb the retrograde 
pressure pulses from the left atrium and 
prevent them from traveling backward to 
the capillaries. The veins would also ab
sorb any forward flow pulse coming from 
the capillaries toward the left atrium . 
Once fully filled, the veins could accom
modate more blood only by distending. 
This distension would likely be accompa
nied by a rapid rise in pulmonary venous 
pressure. 

The first requirement for this hypoth
esis was that the large pulmonary veins 
should always assume a collapsed config
uration at zero transmural pressure. This 
was easily proven by taking postmortem 
pieces of main pulmonary artery and pul
monary vein from both man and dog and 
examining their shape when immersed in 
saline within a glass vessel. The pulmo
nary artery, with its more muscular walls, 
remained almost circular whereas the pul
monary veins collapsed flat. 

Bishma Rajagopalan next compared 

both left atrial pressure and blood flow 
within the pulmonary veins with changes 
in cross sectional dimension of pulmonary 
veins using minute ultrasonic crystals 
glued to their walls with biological adhe
sive. The dimensions of both the major and 
minor axes of the veins were studied. 25 

When rapid left atrial filling took 
place during the y descent of pressure 
early in diastole in the left atrium and 
again during the x descent in left atrial 
pressure, there was a concommitant 
reduction in the dimensions of the minor 
axis of the pulmonary vein. When pulmo 
nary vein flow into the left atrium was 
impeded during the left atrial a and v 
pressure waves, the dimension of the mi 
nor axis of the vein increased. 

The changes in pulmonary vein di
mensions could be correlated with 
changes in left atrial pressure over a very 
wide range. The increase in minor axis 
dimension continued until the intralumi
nal pressure in the vein reached about 10 
mmHg . Thereafter the dimensions of both 
the major and minor axes increased . This 
indicated that above a certain pressure 
within the vein further increase in cross 
sectional area could take place only by 
distension . Figure 13 plots the data ob
tained . The minor axis of the veins is 
virtually collapsed at zero transmural 
pressure. Over the normal venous trans
mural pressure range 0- 12 mmHg, the 
minor axis steadily increases as the vessel 
changes from a dumbbell to a circular 
shape. Above 10-12 mmHg both the mi
nor and major axes start to increase to
gether as the vein begins to distend to the 
limits of its compliance. Thus the pulmo
nary veins external to the parenchyma of 
the lung together act as a large variable 
capacitance. Indeed, we found from silas
tic casts made of the left atrium and pul
monary veins in both dog and man that the 
aggregate volume of the distended pulmo 
nary veins could amount to approximately 
90% of the average stroke volume from the 
right ventricle. 
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Figure 13. Relationship between left atrial pressure (LAP) and the dimensions of major 
and minor axes of a large pulmonary vein entering external to the lung in a living dog, 
measured with ultrasonic crystals. 

There is still little information about 
how the pulmonary veins within the lungs 
themselves behave, but we are confident 
about the role of the extraparenchymal 
pulmonary veins. They are collapsible 
structures that enable blood flow out of 
the lungs to be accommodated and left 
atrial supply to be maintained in such a 
way that the lung capillaries are effec
tively isolated from left atrial pressures 
even as high as 15 mmHg . Only when left 
atrial pressure exceeds the limits of dis
tensibility of the large extraparanchymal 
pulmonary veins will left atrial pressure 
events impede blood flow from the lung 
capillaries. There is another beauty in this 
system. The large pulmonary veins to
gether act as a collapsible reservoir with 
which to supply the left atrium to main
tain more or less uniform blood supply to 
the left ventricle despite beat to beat 
changes in right ventricular output due to 
alternations in its filling during respira
tion. 

Why is it that the lungs so jealously 
preserve pulsatile blood flow in their cap
illaries? I believe there is a very simple 
explanation. Only during systole does the 
pressure in the lung capillaries temporar
ily exceed the equilibration level regulat
ing the net inward direction of water flux 

between capillary and interstitium of the 
lung. So during systole, particularly in the 
dependent parts of the lung, the transcap
illary hydrostatic pressure temporarily ex
ceeds oncotic pressure, and a net flux of 
water takes place outward from capillaries 
to interstitium. During diastole, however, 
the intracapillary pressure falls below on
cotic pressure so that the net water flux 
will be back again from the interstitium to 
capillary. 

During physical rest the diastolic pe
riod of the cardiac cycle is longer than the 
systolic period, so the tendency will al
ways be to keep the alveolar-capillary in
terstitium dry. During exercise, both heart 
rate and pulmonary capillary pressure 
both rise as a result of an increase in 
cardiac output. Thus with exercise and 
left sided heart disease, which tend to 
increase capillary hydrostatic pressure as 
well as heart rate, the net flux of water will 
be outward from capillary to interstitium 
and the alveolar tissues will rapidly be 
come charged with water. Breathlessness 
will ensue even before clinical pulmonary 
oedema has occurred. This is because the 
alveolar interstitial gel loses its compli
ance once it is charged with water. This 
stimulates the /-receptors of Paintal.1 9 

These afferent reflex sensors are ideally 
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placed to sense changes in alveolar wall 
compliance. When the individual stops 
exercising, the physiological status quo 
ante is resumed. I believe the loss of inter 
alveola r compliance in this way is likely 
to be a very important pathophysiological 
trigger initiating the sensation of breath
lessness. Thus, the onset of unexplained 
breathlessness at rest can be a useful clini 
cal guide to impending lung oedema. 

I have one piece of anecdotal evi
dence to support these views . I once had 
to study a patient by cardiac catheteriza
tion who had aortic stenosis associated 
with scleroderma. At rest the patient's 
mean pulmonary arterial wedge pressure 
was 34 mmHg, her pulse rate was 86 beats/ 
min and the chest x-ray showed Kerle y 
lymph lines at the lung bases, which indi
cated active lymphatic fluid clearance. 
There was no overt clinical pulmonary 
oedema. The patient was not particularly 
breathless. Unfortunately, she had been 
ineffectively sedated and became anxious 
during the cardiac catheterization proce
dure . Her heart rate increased to 120 
beats/min. The mean pulmonary arterial 
wedge pressure rose to 45 mmHg and she 
became intensely breathless. A chest x-ray 
showed florid pu lmonary oedema. Rather 
than give her a diuretic to reduce the 
oedema , I treated her with intravenous 
Propanalol to slow the heart rate. The 
heart rate fell back to 80 beats/min , and 
she was relieved of her pulmonary oe
dema and her breathlessness. Her pulmo
nary oedema was entirely heart rate de
pendent. 

Walls Do Not a Prison Make 

The story so far has dwelt almost en
tirely on the fluid dynamics of blood flow 
conduction through the lung vascular sys
tem to maintain optimal blood -gas ex
change despite major changes from dis
ease leading to pulmonary arterial and 
pulmonary venous hypertension. But I 

was still no nearer to understanding pre
cisely how the lungs protect themselves 
from pulmonary oedema in conditions 
leading to pulmonary venous hyperten
sion. 

Although clinicians were beginning 
to be aware of the importance of the lung 
lymphatics in clearing fluid from the 
lungs in pulmonary oedema, there was a 
general ignorance of the forces governing 
net fluid movement across the capillary 
wall, which Starling had suggested over 
80 years previously . 31 Indeed cardiolo 
gists in particular never seemed to con 
sider that there could be any other cause 
but a hydrostatic one leading to pulmo
nary oedema. 

I was getting fed up with the body 
plethysmograph, so it seemed high time to 
see if I couldn 't find ways of looking at 
how fluids got through the walls of the 
capillaries rather than down their lumen . 
Just about this time the cardiac depart
ment was moved from the old Radcliffe 
Infirmary into the new John Radcliffe Hos
pital in Oxford, so I took the opportunity 
of getting rid of the body plethysmographs 
from the lab. (One of them is now in my 
garden acting as a cold frame for young 
seedlings (Fig. 14). But long before this, I 
had a strange experience , which I would 
like to relate in a rather round about way . 

Although this tale might suggest a 
logical sequence of questions and an 
swers , applied physiology invo lving inva
sive methods in patients is more haphaz
ard . This is because the measurements 
needed for research have to be made pari 
passu with those required for diagnosis 
otherwise one would be committing the 
felony of assault. 

Functional pathology is nature ' s 
physiological ablation experiment, so the 
philosophy I had learned from McMichael 
and Schafer trained me to sharpen clinical 
skills and to study those common diseases 
that helped answer particular physiologi 
cal questions in man . However , I had to 
wait for patients to turn up with the dis-
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Figure 14 . Oxford plethysmograph (Mark2) 
converted for horticulture. 

eases whose pathophysiology I needed to 
precisely perturb the organ function I 
wished to study. Using such an approach, 
I benefited from remaining a generalist as 
a physician so as to trawl for the diseases 
I needed for my studies. Because of their 
episodic presentation, it was also wise to 
be working on a number of interrelated 
projects. 

Yet none of the studies I have de
scribed so far had addressed the original 
problem that had so interested Paul Wood: 
how the lungs protected themselves from 
becoming oedematous in mitral stenosis. 
Clinicians, however, were beginning to 
recognize the importance of the lymphatic 
system in this regard . 

In 1961 I chanced on an article by 
Uhley and his colleagues 32 in San Fran
cisco, who had produced experimental 
evidence on the importance of the lung 
lymphatics. They measured greatly in
creased lung lymph flow from the cannu
lated right lymphatic duct in dogs in 

whom they had induced high cardiac out 
put heart failure by means of a surgically 
created chronic aortocaval fistula in the 
abdomen. 

The background to this work was that 
Drinker and Field 5 had reasoned that the 
composition of lymph and interstitial 
fluid was identical. Later Warren and 
Drinker 33 had shown that lung lymph was 
removed almost exclusively by the right 
lymphatic duct. Then in 1949 Courtice 
and Simmonds 4 had concluded that pro
tein injected into the trachea was absorbed 
from the terminal respiratory tree by lym
phatic pathways alone. It occurred to me 
that if I were to instill a small bolus of 
radioiodinated serum albumin (RISA) in 
saline via a fine catheter into the periph
eral airways of the lung in dogs, then the 
RISA would be cleared from the lung 
interstitium into the systemic circulation 
via the lung lymphatics alone. Thus, if I 
were to count the rate of rise of radioactiv
ity in the blood, I could get an indirect 
estimate of lung lymph clearance, which I 
could apply to man ifI had first proven by 
animal experiments the idea was sound. 

Bill Gillespie had joined the lab from 
Arthur Guyton's stable in the other Ox
ford. Together we attempted the appropri
ate animal experiments. But our surgery of 
the right lymphatic duct was not good 
enough, and we were initially unsuccess 
ful and stopped the experiments. I had to 
wait until 1963 before I could engineer a 
sabbatical to go to San Francisco and learn 
from Uhley. The studies there, though 
carefully planned, did not work out as we 
had hoped . Not only was the aortocaval 
fistula unreliable in inducing heart failure, 
but also we found that the radioactive 
albumin readily entered the blood stream 
across the alveolar capillary endothelium 
even when right lymphatic duct lymph 
flow was normal. Thus, there was no hope 
of developing an indirect means of meas
uring lung lymph flow by such a method . 

I had a couple of weeks left before my 
sabbatical leave was over when, on Sep-
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tember 4, 1965, it was announced that the 
great Albert Schweitzer-organist, philos 
opher, theologian, and medical mission 
ary-had died at his leprosarium in Lam
barene , in West Africa. I believe it was in 
the San Francisco Chronical that I read his 
obituary. The obituary was headed "Rev 
erence for Life ." At the time we had two 
dogs prepared for study who had devel 
oped acute pneumonia from distemper, 
and the animal house veterinarian had 
informed us that they would have to be 
put down. The obituary's reference to Al
bert Schweitzer's dictum for the reverence 
of life was so compelling that I felt it was 
wrong to kill those animals just because 
they had distemper and did not suit our 
experimental purposes. So we studied 
them the next day. 

Figure 15 shows what we found. We 
instilled 50 µ Ci Risa in 5 ml saline via a 
catheter wedged into a peripheral bron
chus of the lower lobe in these two ani
mals. Postmortem lung sections later 
showed extensive staining of alveoli and 
terminal respiratory bronchioles and per
ibronchial tissues in the pneumonic areas. 
The percentage of RISA entering the 
plasma after its instillation into the pe-
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Figure 15. Percentage of Iodin e-125 albumin 
ent erin g th e plasma after its installation into 
the lung of a dog with pn eumonia , compared 
with results in 6 normal animals. 

ripheral airways in the two dogs with 
distemper was startlingly different from 
what we found in our six normal animals. 
In contrast to the slow absorption of RISA 
into the plasma in the normal dogs, 26% of 
the dose instilled into the lungs of the dogs 
with pneumonia had entered the plasma 
in under 2 hours. We had stumbled on an 
extraordinarily simple way of measuring 
changes in alveolar capillary vascular per 
meability. 6 

Consequences, Which Led 
to Inflammation 

I returned to Oxford and got on with 
my usual clinical and laboratory work, 
impatient to finish the lung blood flow 
studies. I had to wait until the mid-1970s 
before I could find time to start on what 
turned out to be a new adventure, explor
ing high permeability lung oedema and, 
ultimately, inflammatory lung injury. 

The wait was worthwhile, for in about 
1975 I was joined in the wards by a new 
senior registrar named John Prichard. The 
study of lung capillary permeability at
tracted him enormously as a physiological 
chemist. 

Using the Uhley preparation in open 
chested anaesthetized dogs, we measured 
the lung water compartments by sequen 
tial intravenous injections of markers la
beled with iodine -125. When the markers 
were fully mixed, we counted the lungs 
externally with a calibrated scintillation 
counter simultaneously with counts in pe 
ripheral blood samples from which to cal
culate the distribution volume of each 
marker. We used (1) RISA-125 from the 
plasma space , (2) iodine-125 iodide from 
the extracellular water space, and (3) io
dine-125-iodo-antipyrine to label total re
gional lung water. Prichard then extended 
the method to calculate the transcapillary 
flux of RISA from capillary to interstitium 
in the lung from simultaneous counts of 
lung radioa ctivit y measured externall y 
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and amounts of RISA collected from si
multaneous blood samples. This was done 
using the general flux equation 

where V = interstitial volume, Cp and CI 
the concentration of tracer (z) in plasma 
and interstitium, respectively, and KP and 
KI the transfer rate constants of tracer flux 
from plasma to interstitium and from in
terstitium to plasma and lymph, respec
tively. KP and KI were calculated from two 
simultaneous equations generated by inte
gration of the above equation over two 
periods of time (t0 - t 1 ; t 1 - t2). Figure 16 
shows what we found. Having measured 
the distribution volumes of plasma and 
extracellular water in the lung, we contin
ued to count the radioactivity within the 
lung and compared this with simultane
ous blood samples over the same period of 
time. We were then able to measure the 
concentrations of RISA in the plasma and 
in the lung lymph and compare these with 
the calculated concentrations of RISA in 
the lung interstitium. 

At the end of approximately 90 min
utes we found that the concentration of 
RISA in the lung lymph and the calculated 
amount present in the lung interstitium 
were virtually identical. We then went on 
to study the transfer rate constant for albu
min from plasma to interstitium (Kp) in 
experimental pulmonary oedema. We 
studied the effects of intravenous injec
tions of pseudomonas bacteria, haemor
rhagic hypotension, and alloxan. Our 
measurements were combined with 
simultaneous measurements of pulmo
nary capillary pressure (Swan - Ganz 
method) and plasma oncotic pressure. We 
found that such a combination of methods 
enabled us to differentiate successfully 
among hydrostatic, hypoosmolar, and 
high permeability pulmonary oedema. 21 •22 

In 1980 John was appointed associate 
professor of clinical medicine at Trinity 
College, Dublin. His Irish wife, Bernie, 
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Figure 16. Iodine-125 serum albumin and Io
dine-125 iodide concentrations in right lym
phatic duct lymph, plasma and pulmonary 
interstitial fluid in a dog. Plasma and lymph 
concentrations were measured directly. Iodine-
125 serum albumin concentration in intersti
tial fluid was calculated (see text). 

was absolutely delighted. I was sad when 
he left, for John, one of the most creative 
and generous-hearted of men, had become 
a lifelong friend. 

During the 1970s intensivists the 
world over had become dismayed by the 
relentless mortality from acute respiratory 
failure associated with sudden severe pul
monary oedema, often unassociated with 
cardiovascular disease, in some of their 
patients admitted to intensive care wards. 
The occurrence of this fatal process, origi
nally known as "Shock Lung" or Adult 
Respiratory Distress Syndrome (ARDS) 
was unpredictable. Its aetiology was un
known, but it could be anticipated in 
those subject to violent bodily assault by 
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such events as acute haemorrhagic sho ck, 
closed body trauma , anaphylaxis , amni
otic fluid embolism, and septicaemia , to 
name but a few. Studies in animal models 
had shown that lung injury was the cause 3 

and that this was probably associated with 
gran ulocyte aggregation in the 1 ungs 
through the activation of complement. 9 ,12 

Our method for quantitating in 
creased lung capillary endothelial perme
ability would be perfect for quantitating 
similar endothelial injur y in patients sus
pected of developing ARDS- if only we 
could adapt the method for use in man. 
The trouble was that after an injection of 
RISA, some 30% of the radiation detected 
externally over the chest came from the 
chest wall itself. 

We had to find a trick way to " dis 
sect" th e chest wall from the overlying 
lung. John Prichard thumbed through the 
periodic tables and determined that io
dine-123 would do this . Not only had the 
isotope a short half-life (13 hours), which 
would enable us to label our albumin with 
high intensity as well as to repeat the 
human studies serially over time without 
radiation overdose, but it also had two 
photopeaks, one at 29 KeV and one at 159 
KeV. If we used this isotope to label our 
markers and counted externally over the 
chest, we could then use the differential 
absorptions of the two photopeaks by the 
chest wall to calculate the content of iso 
tope in the lung independent of chest wall. 

Iodine-123 was not yet commercially 
available, but Oxford was close to the 
Atomic Energy Research Establishment 
(AERE) at Harwell. So we contacted Gary 
Cunninghame, chief chemist in charge of 
the variable energy cyclotron at Harwell , 
who had also spotted the medical poten 
tial of iodine -123. He agreed to make the 
isotope and allow us to test its potential. 
We used a simple " lung " phantom con 
sisting of a thin-walled perspex container 
with the dimensions of a human lung 
filled with a bran/wat er mixture contain
ing the isotope with the same density as 

lung tissue. Outside of the phantom lung 
we placed phantom chest walls consisting 
of perspex chambers filled with water . 
External spectral analysis of the counts 
emanating from the phantom lung after 
attenuation by the overlying chest wall 
showed that the photopeak at 29 KeV was 
much more attenuated than at 159 KeV. 
The isotope would be ideal for our pur 
poses . 

Three or four years of steady battle 
against government inertia then followed 
for Gary Cunninghame and myself . AERE 
Harwell was supposed to undertake re
search into atomic energy applied to fields 
other than medicine. The government ra 
diochemical centre at Amersham had the 
latter responsibility, but its cyclotron had 
insufficient energy to produce iodine -123 
isotopically pure enough for medical use . 
Only Harwell could to this . But bureauc
racy won, assisted by clinical inertia in the 
field of nuclear medicine . When Amer
sham conducted a market survey of poten
tial users in Britain, not a spark of in terest 
in its medical potential was shown. How 
ever, in Europe, particularly in West Ger
many, there was interest but no ready 
sources of iodine -123. By this time my 
research contacts in Europe were exten 
sive and whenever a conference took 
place in a European city besides London, I 
visited the British embassy or consulate 
and called on the scientific attache . I 
would bring with me a colleague from the 
city I was visiting , who kindly expressed 
interest in getting iodine -123 air freigh ted 
from Harwell for research . A foreign office 
file of inquiries slowly built up in London. 
A medical working party was set up by the 
Department of Health, and ultimately a 
3-year pilot programme for the manufac 
ture by Harwell of iodine -123 for medical 
use was approved. We could start at last. 

My overseas marketing endeavour 
had extended to Japan . In 1978 I found 
myself in Tokyo for the Eighth World Con
gress of Cardiology. There I met a young 
respirator y physician named Minoru Ka-
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nazawa from Keio University. His boss 
needed a method for measuring lung vas
cular permeability in chromium plating 
workers in the Japanese car industry, 
some of whom had developed pulmonary 
oedema. Minoru applied to come and 
work with me. In due time he arrived in 
Oxford with his wife and small daughter, 
having won a Wellcome Research Fellow
ship from the British Council in Tokyo 
and having become fluent in English. Not 
only was he an excellent ambassador for 
his country but also an example of its 
superb educational system. He was con
versant in the arts and literature of Japan 
and Europe and used mathematics as a 
working language. 

Calculation of concentration volumes 
of isotope-labeled fluid markers in the lung 
independent of chest wall by subtraction 
analysis using the 29 and 159 KeV pho
topeaks of iodine-123 counted externally is 
conceptually easy . It took ability and the 
ingenuity of Anwar Hussein to make the 
method reliable for which Anwar obtained 
his D.Phil. 

CHEST ANO BLOOD COUNTS IN A NORMAL SUBJECT 
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Figure 17a shows the raw data from a 
normal subject used to study albumen 
transfer rate (Kp), It compares total counts 
measured externally over the chest (RT) 
with simultaneous counts in peripheral 
blood samples. The calculated counts 
emanating from the chest wall (Rw) and 
from the lung, attenuated by chest wall 
(RAL), are also shown . Figure 17b shows 
similar data from a patient with ARDS. 
Note how the chest counts (RT) rise much 
more steeply than in the normal subject. 
This is because of the increased flux of 
radioactive albumen from lung capillaries 
to interstitium due to their increased per
meability. 

Note that the slopes of RT and Rw run 
parallel to one another both in the normal 
subject and the patient with ARDS. We 
found this to be a constant feature in all 
the patients we studied, indicating that the 
proportion of counts emanating from the 
chest wall remains unchanged throughout 
the procedure. Thus, for clinical purposes , 
it is legitimate to eliminate the compli 
cated mathematics required to calculate 
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Figure 17. a. Comparison ofradiation count rates measured from the surface of the chest 
(RT) and from simultaneous blood samples over time, following the injection of Iodine-
123 albumin intravenously in a normal subject. Rw and RAL are the counts emanating 
from the chest wall and from the lung attenuated by chest wall respectively, calculated 
from RT using 291159 Ke V ratio analysis. b. Comparison of radiation count rates measured 
from the surface of the chest (RT) and from simultaneous blood samples over time 
following the injection oflodine-123 albumin intravenously in a subject with ARDS. Rw 
and RAL are the calculated counts emanating from the ches t wall and lung attenuated by 
the chest wall, respectively. 
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absolute values of counts from the lung 
independent of chest wall and obtain this 
same information from measurements of 
total external counts multiplied by a re 
duction constant representing the chest 
wall. 

An even simpler method for estimat 
ing changes in lung capillary permeability 
is to measure the percentage changes in 
externally detected counts from the lung 
and in peripheral plasma sampl es over 
time. At the end of 1 hour the ratio of lung 
to plasma counts detected externally over 
the chest in normal subjects rose approxi
mately 5%. In the patients with cardiac 
oedema due to increased pulmonary cap
illary hydrostatic pressure this ratio had 
increased only to 6 % . However , in pa
ti en ts with pulmonary oedema from 
ARDS the percentage ratio of lung to 
plasma counts had risen to 14% (Fig. 18). 

The lung plasma water volume in pa
tients with pulmonary oedema from car
diac causes or from ARDS was statistically 
no different from the lung plasma water 
volume in normal subjects. In pneumonia 
the affected lung had reduced lung plasma 
volume compared with the healthy lung, 
indicating a shift of blood flow from the 
affected lung toward the healthy lung. In
terstitial lung water was increased in the 
patients with pulmonary oedema both 
from cardiac causes and from ARDS. This 
increase was similar in both groups, de
spite their different aetiologies. The in 
crease was over double the interstitial 
lung water volume found in normal sub
jects. The patients with pneumonia were 
not equally affected . In the more severely 
affected patient , lung interstitial water 
was grossly increased compared with nor
mal subjects. 

As was to be expected, the capillary 
hydrostatic pressure was significantly ele
vated in the group with pulmonary oe
dema from cardiac causes . Most of these 
patients had chronic mitral stenosis. In 
contradistinction, the patients with pul
monary oedema from ARDS had normal 

pulmonary arterial wedge pressures , as 
did the two patients with pneumonia . 
Their interstitial fluid oedema was not 
due to an increase in capillary hydrostatic 
filtration pressure. 

Plasma osmolality was normal in all 
the patients with lung oedema , indicating 
that plasma hypoosmoality was not an 
aetiological factor . However , the albumen 
transfer rate constant (Kp) from plasma to 
interstitium increased in all but one of the 
patients with ARDS. KP was also increased 
in the affected lung of the two patients 
with pneumonia. Thus, in both ARDS and 
in pneumonia, pulmonary capillary endo 
thelial injury was responsible for the pul
monary oedema. Note also that in cardiac 
pulmonary oedema KP was within the nor 
mal range. In one patient with ARDS, KP 
rose to 8 X 10- 3/min. This patient had 
been inappropriately transfused with flu
ids, and his capillary hydrostatic pressure 
had risen to 2 7 mmHg . The combination of 
endothelial lung injury and elevation of 
intracapillary hydrostatic pressure led to 
intense lung flooding. 

I have alread y mentioned how animal 
studies by others had suggest ed that lung 
capillar y endothelial injur y in ARDS 
could be due to the action of inflammatory 
products released from aggragated gran
ulocytes within the lung. We were there
fore interested to see whether this could 
be the reason patients with pulmonary 
oedema from ARDS so rarely develop sys
temic microvascular injury. If the acti
vated granulocytes remain trapped in the 
lungs, their baleful effects would not be 
expected to spread to the systemic circula 
tion. So we were delighted to find that 
transcapillary albumen flux (Kp) in the 
thigh in patients with ARDS was virtually 
normal. Thus we had strong evidence that 
granulocyte aggregation in the lungs was 
responsible for lung capillary endothelial 
injury in ARDS and the sequestration of 
granulocytes in the lungs protect ed the 
systemic circulation from similar damage. 

I was near retirement when in 1984 I 
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Figure 18. Percentage change in externally detected counts from the lung (o----o) and in 
peripheral plasma samples ( ---- ) after intravenous injection of Iodine-123 albumin in 
normal subjects , patients with ARDS, and patients with cardiac pulmonary edema(+ 1 
SD). Broken lines (o o) represent % change in ratio of lung to plasma counts. 

was invited as a McLaughlin Visiting Pro
fessor to McMaster University in Hamil
ton, Ontario . Geoff Coates and Hugh 
O'Brodovich had proposed that we con
duct research together. Geoff had visited 
me in Oxford some time previous! y, and 
we found we had common interests in 
ARDS. The big question seemed to be this: 
How does the body protect itself from 
inappropriate inflammatory responses in 
the lung rather than invariably developing 
ARDS? 

Geoff Coates and Hugh O'Brodovich 
were studying experimental inflammatory 
lung oedema induced by E. Coli en 
dotoxaemia in sheep provided with 
chronically implanted catheters in the 
pulmonary artery, left atrium, and dorsal 
lymphatic duct with which to collect lung 
lymph. The researchers were also inter
ested in finding out why inflammatory 
lung injury was not the invariable re
sponse to injections of bacterial lipopoly
saccharide endotoxin (LPS). The usual 
pathophysiological responses to this in-

sult were well known, 3 but a correlation 
between these events and changes in sys 
temic blood and lung lymph white blood 
cell counts had not yet been made. We 
therefore decided to look at this (Fig. 19). 

We infused E. Coli endotoxin either 
into the pulmonary artery or left atrium 
and observed its effect on the pulmonary 
arterial pressure, lung lymph flow, and 
lung lymph protein content (expressed as 
lung lymph to plasma protein ratio). We 
followed events for 2 hours and compared 
them with simultaneous changes in pe
ripheral blood and lung lymph total and 
differential white blood cell (WBC) counts 
(lymphocytes, monocytes/macrophages, 
and granulocytes). Blood and lymph con
centrations of thromboxane B2 , PGE1, and 
PGF1 were also measured in some ani 
mals.11 The lung response to lipopoly 
sacccharide (LPS) infusion via the pulmo 
nary artery and left atrium were similar, 
but much greater when LPS was infused 
via the left atrium rather than the pulmo
nary artery. We assumed that this was 
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Figure 19. a. Effects of 5 gm/min E.Coli endotoxin infused for 15 min into the 
pulmonary artery of a sheep with chronically implanted catheters in the pulmonary 
artery, dorsal lymphatic duct , and left atrium. PAP= PA pressure. Q lung lymph= lung 
lymph flow from dorsal lymphatic duct. LIP = lymph to plasma protein ratio. Blood and 
lymph total and differential WBC counts also shown (G = granulocytes; M = monocytes/ 
macrophages; L = lymphocytes). b. Effects of 1 gm/min E.Coli endotoxin infused via the 
left atrium (LA) for 30 min in a sheep with chronically imp lanted catheters in PA, LA, 
and dorsal lymphatic duct. Following endotoxin note increase in lung lymph flow , 
systemic granulopenia and slow appearance of macrocytes and granulocytes in lung 
lymph accompanied by a rise in lung lymph protein concentration (rise in lymph to 
plasma protein ratio). These effects were more marked after LA infusion of endotoxin 
than when infused into the pulmonary artery. 

because the whole systemic system had 
been challenged in the former case (Figs. 
14a and 14b). 

We only had time to study six animals 
when I was unexpectedly called home to 
England. At the time our findings ap
peared inconclusive. With hindsight, I be
lieve they tell an important story. 

Three of the sheep responded conven
tionally to LPS. The pulmonary arterial 
pressure rose, accompanied by a slight fall 
in left atrial pressure, indicating pulmo-

nary venular constriction and an initial 
increase in capillary hydrostatic pressure. 
This was associated with release ofthrom
boxane B2 into the blood. These events led 
to an immediate rise in lung lymph flow, 
dilute in protein (reduced lung lymph to 
plasma protein ratio). 

These events were also associated 
with a granulopaenia and a reversed gran
ulocyte to lymphocyte ratio in the periph
eral blood . In addition, we were fascinated 
by the changes in lung lymph cell counts. 
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Figure 20. a. Effects of 2.0 then 5.0 gm/min E. Coli endotoxin infused for 65 min into the 
pulmonary artery in the same manner as in Figure 14a. b. Effects of 4 gm/min E. Coli 
endotoxin infused via left atrium for 20 min as in Figure 14b. Although lung lymph flow 
increased and systemic granulopenia occurred just as in Figure 14a and 14, no macro
phages or granulocytes appeared in the lung lymph nor was there an increase in lun g 
lymph protein concentration (no rise in lymph plasma protein ratio). 

After an initial burst of lymphocytes rep
resenting those flushed from the system by 
the surge of increased lymph flow, the 
number of monocytes/macrophages stead
ily rose. The cells looked sick, with de
granulated and vacuolated cytoplasm. 
Close behind the macrophages followed 
granulocytes, also with the degranulated 
cytoplasm. The appearance of these cells 
was accompanied by a marked rise in 
lymph protein content. 

The appearance of macrophages in the 
lung lymph prior to the appearance of gran
ulocytes suggested that it was the local 
macrophages that had activated the dor
mant granulocytes sequestered in the lung 
to release their inflammatory products. 

However, an entirely different response 
was found in the three other sheep we 
studied, even though they received similar 
doses of LPS. There was no migration of 
macrophages or granulocytes into the lung 
lymph nor was there an accompanying rise 
in protein flux into the lymph (Figs. 20a 
and 20b). Endothelial injury did not appear 
to have taken place, despite the fact that 
granulocyte aggregation had still occurred 
within the lungs (systemic granulopaenia 
and reversed systemic granulocyte to lym
phocyte ratio, as in the previous animals). 
Yet there was still the same rise in pulmo
nary arterial pressure, leading to increased 
lymph flow dilute in protein, just as in the 
previous three animals. 
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In summary, granulocyte adherence 
within the lungs occurred in all of the 
animals receiving LPS. But in only half of 
the animals did the granulocytes release 
their inflammatory mediators to harm the 
lung capillary endothelium. 

Blood levels of thromboxane B2 , pro
staglandin E1 , and prostaglandin F1 1 were 
identical in both groups of animals. This 
suggested that these autocoids are largely 
responsible for the vasoactive components 
of the acute phase response and have little 
to do with endothelial injury . It was the 
macrophages activating the granulocytes 
that was responsible for this. 

Could these few amateur observations 
on the effects of endotoxin on the temporal 
order of events leading to the acute phase 
inflammatory response in the lung micro
circulation help us understand how the 
body normally regulates its response to 
pathogenic material entering the systemic 
circulation without triggering an in
appropriate inflammatory response in the 
lungs? My hunch is this. The lungs-like 
the skin, gut, and urinary tract-are 
equipped to combat microbial invaders en
tering the body from the external envi
ronment. In the case of the lungs, the com 
bat cells alert to these invaders are the fixed 
macrophages in the bronchial and alveolar 
epithelium. But the healthy lungs also act 
as a single-pass filter that removes particu
late waste material from the systemic ve
nous circulation (e.g., small venous clots , 
cellular debris, etc.) to prevent their contin
ued passage as microemboli, which could 
damage vital organs such as the brain. Our 
few sheep studies also now lead me to 
believe that it is likely that normal systemic 
acute phase inflammatory homeostasis also 
depends on this same filter to sequestrate 
those activated granulocytes released in ex
cess of need into the systemic microcircula
tion. These granulocytes remain dormant 
in the lung unless something alerts the 
local alveolar macrophages to "arm" them. 
When this happens they will harm the 
alveolar tissues themselves. 

Macrophage activity can be triggered 
by a host of protean pertubations . Acute 
alveolar hypoxia is one such stimulus. 
Imagine a small area of lung atelectasis in 
a patient with severe haemorrhagic shock. 
The resulting local hypoxia stimulates lo
cal macrophages to release their own in
flammatory mediators (superoxides, pro
teases, etc.), as well as the cytokines that 
now "arm" the sequestered granulocytes 
adherent in the adjacent capillaries. An 
overwhelming local inflammatory re
sponse results. Oedema fluid floods the 
local tissues, hypoxia spreads, and the 
injurious tide of oedema rises . ARDS is the 
clinical result. 

The Next Crossroads 

Some three months before I was due 
to finish at McMaster my wife Pamela 
went home to Oxford to make ready for a 
new grandchild soon to enter the planet. 
About a month after she left a colleague 
phoned me to say that he had admitted her 
to hospital with fever , generalized muscle 
pains, weakness, inflamed joints, and 
rapid weight loss. No inflammatory or au
toimmune cause had been isolated , and 
she was responding poorly to steroids . I 
packed up and went home immediately. 

Pamela took months to recover from 
this strange illness. My new interest in 
acute inflammation had become alto
gether too personal for comfort. By the 
time things had settled down , they seemed 
to point like a signpost to the next cross
roads or Ypoint in life. Why not leave the 
old road still at a point of mystery and 
follow where the new road leads? So I did 
just that. 
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