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I was born in Melbourne, Australia , of 
Scottish extraction, from farming and 
commercial folk. This meant that educa 
tion was important, although I had no 
professional people among my immediate 
relatives. "You must be able to earn your 
own living," was the only requirement 
from my parents . 

I paid my first visit to America as a 
teenager. It was during the Second World 
War - a fascinating if somewhat scarey 
journey - after Dunkirk but before Pearl 
Harbor. I had been at school in London 
for several years, and we were on our 
way back to Australia . I attended the 

World's Fair and went across Canada by 
train. 

In 1942, I started medical school at 
Melbourne University . The Australian 
army had already lost so many doctors that 
during our first year being a "medical stu
dent" became a reserved occupation, and 
the course of study was compressed to 
process us as doctors more quickly . After 
the compressed medical course, our resi
dent years were extended as the troops 
returned. During my second year I became 
resident and registrar to the new Depart
ment of Thoracic Surgery. This was headed 
by John Hayward, who had just returned 
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from the war in the Pacific . In those days to 
see inside the chest was just as exciting 
and, to the public, just as glamorous as 
transplantation is today. 

One of my duties-a taste of things to 
come- was to inflate and fix the surgical 
specimens with formalin. This often oc
curred late at night, because we operated 
on Friday afternoon and in those days a 
lobectomy or pneumonectomy often took 
eight hours. In was on Tuesday morning 
that the team gathered for the pathologist, 
E. S. J. King, to cut the specimen, and woe 
betide me if any segment, any part of that 
lung was not perfectly fixed or inflated. 
"Tut tut, hardly up to Brampton's stan
dards," would be Hayward's comment. He 
had trained there before the war . This hos
pital embodied the history of thoracic med 
icine and represented its new challenges. 

At that time the pattern for postgradu
ate medical education in Australia was for 
new physicians to take advanced exams 
first in Australia and then again in En
gland. Several of the older generation, 
Hume Turnbull, a senior physician at the 
Royal Melbourne Hospital; Sir Alan New
ton, an early president of the Royal Aus
tralasian College of Surgeons, now active 
in reforming medical teaching; and Ivan 
Maxwell, also a senior physician and one 
of my special teachers, were encouraging 
us to try research instead. 

Bronchiectasis and lung cancer were 
the most common diseases treated surgi
cally. One day I asked Hayward what hap 
pened in bronchiectasis to the bronchi 
that did not opacify in the bronchogram 
the method we used in those days to diag
nose bronchiectasis. "Nobody knows," he 
said. "Perhaps you had better find out and 
tell us." This led to my first research grant 
with the National Health and Medical Re
search Council of Australia. I would learn 
later from Professor King that it was the 
first given to pathology . One of the impor
tant questions to be answered at that time 
was whether bronchiectasis was congeni
tal or acquired . 

To tackle this question, it was neces
sary to first establish the normal anatomy 
of the lung. How many airways does it 
have? How do they really branch? It was 
not enough to fit pattern to botanical mod
els, as had previously been done by 
bearded professors and discussed in vari 
ous dusty tomes available to me in the 
basement of the university library. Cotyle 
dons, dichotomy, trichotomy, equal and 
unequal-all melted into abstract models. 
First I dissected the leathery and unin 
flated lungs that I harvested from the ca
davers in the anatomy school. It was about 
this time that the lung segmental anatomy 
was established by Boyden and Brock to 
fill practical surgical needs. 

This epitomizes the start of the new 
specialty of thoracic medicine and sur 
gery. It was necessary to discover the rele 
vant practical lung anatomy and function. 
New journals appeared-Thorax in En
gland, the Journal of Thoracic and Cardio
vascular Surgery in the United States. A 
multidisciplinary approach was now be
ing harnessed to understand and treat dis 
eases of that paired organ, the lung. Did 
you put a paper on lung pathology in a 
general pathology journal or in a lung 
journal? This was a practical question that 
perhaps some recognize for cellular pa 
thology today. 

In 1950 I went back to England for 
further postgraduate work, unsure of 
whether I would be able to continue in 
research or would -go back to clinical med
icine. Even if I continued in lung research 
I wanted more clinical background, and so 
it was on to Brampton Hospital planning a 
medical residency. At this time Neville 
Oswald, with the support of F. H. Young 
(both were physicians at Brampton and at 
St. Bartholomew's), was putting together a 
team to tackle a pulmonary problem that 
surfaced after the war once antibiotics had 
controlled acute infectious lung diseases . 
They were interested in me because of my 
research experience. I had two papers, one 
in press and one submitted, so I was en-
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rolled as pathologist to the group. What is 
chronic bronchitis? What is emphysema? 
Are they different, or are they the same 
and these words are just the different Eng
lish and American names? These were the 
questions to be answered. 

This led to my link to Sir Roy 
Cameron , professor of pathology at Lon
don University and head of the Depart
ment of Pathology at University College 
Hospital, Fellow of the Royal Society, and 
later first president of the Royal College of 
Pathologists. University College was prob
ably the only hospital in the United King
dom that had experimental research as a 
major activity in its pathology depart
ment-and it was an outstanding one. For 
example, Professor Howard Florey's de
partment at Oxford had no hospital link. 
From Cameron I learned many things, 
among them the way he educated, helped, 
and supervised his research trainees and 
that it was possible to move from the 
pathology of human disease to experiment 
and to animal models. 

George Simon, a great radiologist and 
wonderful person , was an important and 
challenging colleague. He specialized in 
lung radiology at the Brampton and at St. 
Batholomew's Hospital (Barts) in London . 
"You can always tell a Barts man, but you 
can't tell him much" is the quip for the 
graduates of that oldest of hospitals, 
founded by Rahere. He was part of the 
multidisciplinary approach and de
manded reliable and precise patho
logical information. "What causes that 
Shaaadow?" he fired at me in his 
characteristic voice. He had been deaf 
since medical student days. Many a time I 
found in the middle of my desk a scruffy 
slice of lung in a plastic lunch bag, brought 
from some other hospital, to help him 
interpret some interesting "shaaadow." 
He raised critical questions from examin
ing the chest radiograph that we could 
explore in the surgical specimen. 

To give more precision to the analysis 
of arteries, we followed a method , already 

in the literature , of concentrating on a 
selected anatomic level in the pattern of 
branching to compare the normal with 
diseased lung. 87 This revealed a greater 
complexity in structure of the peripheral 
vascular bed than expected and new facts 
about the branching pattern. The next 
round of questions included: How did 
these structures develop? How did these 
branches grow? 

Cardiac surgery had by now budded 
from thoracic surgery, so the effect of con
genital heart lesions on vascular structure 
was important, as was the question of 
whether surgical correction of the cardiac 
lesion would be followed by structural 
and functional correction of the lung's 
vessels. 

The airway and arterial anatomy kept 
us in touch with Edward Allen Boyden, a 
true New Englander and the doyen of lung 
anatomists. For many years he was a sum
mer visitor for several precious weeks 
when he alighted at Brampton on his flight 
from Seattle to Athens to spend his sum
mer holiday in Greece. 

In the 1960s I made a special return 
flight to America . It was the same year the 
Beatles made their first. They went to 
Carnegie Hall, and I went to Aspen to meet 
Roger Mitchell and his colleagues and to 
attend the first official Aspen Conference. 
I also recall alighting in New York during 
several journeys to visit Dorothy An
dersen at Presbyterian Babies Hospital to 
share her experience in cystic fibrosis, 
which meant retrieving formalin-fixed 
lung specimens from the dungeons of the 
hospital. 

These were years when young col
leagues from England and abroad joined 
me and we formed a department. Mucus, 
or Schleimstoff, as the Germans more pic
turesquely call it , was still a major inter
est. What causes hypersecretion? What 
prevents it? These were questions we ex
plored in animal experimental studies, in 
organ culture, and by biochemical analy
sis in our laboratory and in collaboration 
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with colleagues such as R. A. Gibbons and 
Scott Blair. "How can you let these pretty 
girls work on something as unpleasant as 
sputum?" a French colleague once chided 
me. 

We had added a new model for study 
relevant to lung and heart disease
hypoxia. Our physiological colleagues 
could tell us that hypoxia made arteries 
twitch, but what did it do to structure? For 
the first time we showed in detail the 
structural remodeling it induced. 

As we focus on the pulmonary vasu
lar bed, we will see that as for the airways 
it was necessary to establish the appropri
ate normal anatomy before proceeding to 
identify abnormality of disease. The chal
lenge came from the cardiac surgeons who 
needed help with interpretation of biopsy 
material from patients with congenital 
heart lesions. From understanding the ef
fects of growth as well as other changes in 
the pulmonary vascular bed, outcome 
could be more reliably predicted and evo
lution of disease better understood and 
interpreted. 

Quantitative Analysis of 
Pulmonary Circulation

Preacinar Arterial 
Branching 

To analyze quantitatively structural 
features of the pulmonary circulation, the 
first concern is choice of technique. It is 
intuitive that the external diameter and 
wall thickness of an artery reflect its state 
of constriction. To obtain a consistent and 
defined artifact so that normal pulmonary 
arteries at different ages and at various 
levels within the lung can be character
ized and then compared with disease, it is 
first necessary to distend the arteries be
fore fixation (Fig. 1). 

The increased understanding of the 
systemic circulation achieved in the last 
century was based on vessels distended 
before fixation. Bright 11 and his succes-

sors studied systemic hypertension in dis
tended vessels. For some reason, in the 
early years of this century this habit, cer
tainly for the pulmonary bed, was lost. In 
the decade after World War II Short 114 , a 
radiologist, used a radio-opaque barium 
gelatine mixture for preparing angiograms 
of the excised lung, developing a method 
that gives good filling of the precapillary 
side of the pulmonary circulation, pro
vides an excellent angiogram and permits 
light microscopic examination and quan
titation (Fig. 1) Histologically, veins are 
identified as unfilled. If the injection is 
into the veins, then filling stops at post 
capillary venules and the arteries are iden
tified as unfilled. 

I visited J. Schilling at Hammersmith 
Hospital: he was interested in the coro
nary microcirculation. The old phar
macy-in my memory it seems it was in a 
dungeon-had many great vats that 
should have been used for wine or beer 
fermentation but in which barium was 
being washed to leave a consistent charge, 
because this influenced the viscosity of 
the mixture. I think Dr. Schilling's pur
pose was to fill the capillary bed, and such 
technical aspects were critical. We 
adopted the method of Short using the 
mixture of barium sulphate-gelatin rela
tively liquid when warm but of a viscosity 
that did not penetrate capillaries. As the 
medium cools it sets into a firm gel that 
can be sectioned in a paraffin block-a big 
advantage over corosion casts, although at 
certain times these are useful. 

In their study of biopsy material 
O'Neil, Thomas, and Hartroft 87 focused on 
arteries running with bronchioli to achieve 
some consistency. Max Elliott, a newly 
fledged pulmonary physician from 
Sydney, wanted to prepare a Ph.D. thesis. 28 

Our plan for Dr. Elliott's study-as it turned 
out an ambitious one-was to establish in 
several normal adult lungs the structure, 
diameter, and wall thickness of arteries 
along the course of an axial pathway, that 
is, an arterial channel running from a seg-
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Figure 1. Arteriogram of the human lung at thee ages. Top left: Newborn. Bottom left : 18 
months . Right: Adult. All preacinar arteries are present at birth . The increase in 
peripheral filling and in background haze represents an increase in density of intraacinar 
arteries (From reference 99.) 

mental hilum to the distal pleural surface of 
the segment. If we "landmarked" the artery 
by its accompanying airway , this would 
allow comparison at similar levels of 
branching and provide a precise basis of 
comparison between lungs of various ages 
and between the normal and diseased lung. 
We expected some range of size and struc
ture in large or small, young or old, male or 
female, but we were not prepared for the 
complexity and interesting new facts his 
study revealed (Fig. 2). 

In addition to the expected pulmo 
nary artery branch that accompanies each 
bronchial branch, Elliott found two to 
three times as many additional ones that 
ran a short course independent of the 
branching airways (Fig. 3). 29 ,95 ,100 ,106 The 
former we called "conventional," the lat
ter "supernumerary." In the distended 
bed the lumen area of the preacinar 

supernumeraries is about one third of the 
total area of all preacinar side branches, 
conventional added to supernumerary. So 
these supernumerary arteries represent a 
significant volume. 23 

The supernumerary branches arise 
from all preacinar arteries as well as from 
arteries that run with the identified in 
traacinar prealveolar airways, the respira
tory bronchioli and alveolar ducts. At a 
given level the supernumeraries tend to be 
smaller than the adjacent conventional ar
teries, but over the whole length of an 
artery some supernumeraries are larger 
than some conventional. 15 •28 •29 •50 •51 At the 
preacinar level all arteries, whether con
ventional or supernumerary, have a mus
cular structure . In the adt!lt it is possible to 
predict structure from external diameter, 
that is, if diameter measurement is made 
in an injected specimen. 
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Figure 2. Left: Postmortem arteriogram of anterior basal segmental artery in a slice of 
adult lung 1-cm thick from a normal male of 39 (prepared by injection of barium 
sulfate-gelatin mixture). The number of arteries arising from the axial artery shown here 
is about three times as many as the number of branches that arise from the accompanying 
airway . Right : Diagrammatic representation of the structure of the anterior basal segmen 
tal artery shown in the left-hand figure. At generation 8 cartilage stops in accompanying 
airway. The region distal to the arrow represents the cluster of acini making up a lobule. 
(From reference 29.) 

It is intriguing to speculate on the 
special function of these arteries. First, 
how do they contribute to recruitment? 
Over a given stretch of artery the diameter 
of adjacent branches varies , implying a 
different critical opening or closing pres
sure. Do these relatively minor differences 
in successive branches contribute to the 
"instability" at a given level so that in
creased local flow and pressure progres
sively recruit more branches. We know 
from a single pass angiogram that many 
more arteries are present than show as 
large branches in the clinical angiogram. 
Whether this means that even large arter
ies rotate function through successive 

heart beats or whether, at low basal flow, 
some pathways receive so little blood that 
the lumen is below resolution has not 
really been addressed . 

Another important function of these 
arteries is that they represent a short cut to 
regions of lung whose main supply arrives 
after a longer and roundabout course. If 
there is a block in more distal channels, 
these short ones provide a collateral 
flow-through the back door. If one imag
ines a block anywhere along an axial ar
tery, the downstream lung does not re
ceive its "central" supply. Insofar as the 
distal lung abuts against the more proxi
mal stretch of pulmonary artery, it re-
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Figure 3. Reconstruction of the arterial branching pattern within a lobule and its 
immediate prelobular region from a lung of a 5-year-old child . The external diameter of 
the axial pathwa y and of th e conventional and supernumerary arteries is shown . The 
length of the pathway traced is 1.26 cm . (From reference 58). 

ceives short side branches from the proxi
mal artery that enter one side of that respi
ratory unit. Such collateral flow opens 
further connections to the vascular bed 
distal to the block. 

Such a block could be from a throm
bus or the intimal injury of pulmonary 
vascular obstructive disease that develops 
under conditions of high flow . The open
ing of channels larger than capillaries be
tween pulmonary artery and pulmonary 
artery produces "arcades," seen in a num
ber of conditions-congenital heart le 
sions, interst itial fibrosis of the idiopathic 
variety 74 and emphysema associated with 
antiprotease deficiency to mention a few . 
We do not know how long these arcades 
take to develop. 

A similar arrangement of conven
tional and supernumerary is seen in the 
veins. 23 Venous tributaries are even more 
numerous than pulmonary artery 
branches. From each point of branching of 
the bronchial tree two veins pass in oppo
site directions . Always drainage is to the 
periphery of a unit, be it acinus , lobule, or 
segment. Effectively then a venogram or 
arteriogram shows a similar tapering pat-

tern of large vessels, like the main 
branches of a tree, as well as a "whisk
ered" look of shorter vessels between the 
main branchings that are distributed for 
supply or drainage to the sheath ofrespira
tory lung enclosing each major vessel. 

Intraacinar-Pulmonary 
Circulation-Pre- and 

Postcapillary 

The pulmonary microcirculation has 
a characteristic structure that I like to 
think is as characteristic as the glomer
ul us. It is an epithelial-vascular unit. Here 
we concentrate on its microvessels. Along 
any arterial pathway, whether short and 
close to the hilum or long and running to 
the furthest pleural surface, we pass from 
a muscular structure to one in which the 
muscular coat is incomplete in a cross 
section appearing "partially muscular" 
(Figs . 4 and 5) . This continues into an 
artery that, by light microscopy, has no 
muscle , is "non-muscular." 99 ,102 ,105 These 
structural features appear in arteries big
ger than capillaries . The part of the wall 
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Figure 4. Diagrammatic representation of the 
end of any arterial pathway within the lung . 
Top and bottom drawing shows appearance by 
light microscopy, in longitudinal and trans 
verse section, respectively . Middle drawing in
cludes additional features shown by electron 
microscopy: in the muscle -free region of the 
wall, a pericyte (Pl is found in the nonmuscular 
artery and an intermediate cell (1) in the par 
tially muscular artery. These are precursor 
smooth muscle cells. E = endothelial cell; M = 
muscle. Dr. Anderson (see iv) once started a 
talk with the top and bottom of this slide and 
the remark "by which you will know that I am 
one of Professor Reid's muscle men ." I should 
explain that in England this means a "chucker
outer" or "bouncer." (From reference 101.) 

that is nonmuscular has the structure of a 
capillary and is doubtless part of the gas 
exchanging surface. Electron microscopy, 
particularly when coupled with dissec
tion reconstruction, reveals additional fea
tures. zo,so The nonmuscular stretches of 
wall also include muscle cell: often the 
cell processes of this subintimal layer are 
even thinner than the endothelium or 
Type I epithelial cell. This is a critical 
region because it undergoes significant 
and widespread remodeling in disease, 
particularly in hypertension, both primary 
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Figure 5. Morphometric analysis of pulmo 
nary artery profiles: (1) vessel structure is 
noted - muscular, partially muscular , nonmus 
cular; (2) the external diameter is measured 
the distance between the two edges of the 
external lamina; (3) the medial thickness is 
measured - the distance between the internal 
(IEL) and the external (EEL) elastic lamina, and 
the accompanying airway is recorded as a land
mark - bronchus or terminal bronchiolus 
(preacinar), respiratory bronchiolus, alveolar 
duct, or alveolar wall (intraacinar) . (From refer 
ence 67 .) 

or idiopathic and secondary varieties, 
where the cause can be identified. 

A similar structure is seen on the 
venous side. Like a mirror image, the cap 
illary opens into a nonmuscular vein that 
passes to a partially and then to a fully 
muscular vein. The unit that is important 
to consider here is the mesh between the 
end of the muscular pulmonary artery and 
the start of the first pulmonary muscular 
vein. This model therefore includes a unit 
that can be identified by its ports of ingress 
and egress. Probably the unit really starts 
with the smallest muscular artery, which 
has the thickest wall for its diameter and 
thus is a resistance artery. From their cross 
communication in disease, we know that 
these units are not isolated. Just as collat 
eral ventilation occurs between a unit and 
its neighbors, so the capillary bed between 
adjacent vascular units is an open mesh, at 
least potentially. 

The change or transition from one 
arterial structure to another does not al
ways occur in arteries of the same size. In 
any one size range there is a mixed popu-
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lation of arteries-muscular, partially 
muscular , and nonmuscular-so to ana 
lyze in a given lung the structural features 
of the microvasculature, the proportion of 
each structural type of a given size must be 
assessed . 28 ,101 ,102 ,105 The behavior of this 
part of the lung in response to disease or 
change in ambient conditions indicates 
that, in spite of similarit y in structure 
between microartery and microvein , their 
receptors are different. 

New Features: Internal and 
External Elastic Laminae in 

Pulmonary Arteries
Contracture in Disease 

The quantitative techniques I have 
described , including vascular injection , 
are time consuming, but their advantage 
for research is not in doubt. Artery " size" 
is usually measured as the diameter be-

tween the external elastic laminae. It was 
a reasonable hope that the injection proce
dure could be sidestepped if an artery 
could be characterized by the length of an 
elastic lamina(e). For this reason Fernie 
and Lamb , for example , have tried to char
acterize artery size by external lamina 
length. 31 •32 But this expectation is not ful
filled by findings. 

By serendipity, Paul Davies found 
that the lengths of internal and external 
laminae seem discordant. Surprisingly, in 
some arteries, the larger ones, the internal 
lamina is longer than the external (Fig. 6): 
in small arteries it is the reverse (Fig. 7). 
The length relationship between the lami 
nae varies with artery size: even more 
seriously this relationship is changed by 
hypoxia. In the normal lung this method 
might be justified if landmarking is in
cluded: as a basis for comparing normal 
with diseased it fails. 

Figure 6. Electron micrography of a distended preacinar , muscular artery of a 
normal rat showing persistence of crenations in the internal elastic lamina (il), 
the external lamina being smooth; e = endothelium ; lu = lume n ; sm = medial 
smooth muscle cell (X8,400) . (From reference 22). 
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Figure 7. Regression lines of internal to exter
nal lamina length for cross sections of muscu
lar arteries from normal rats and of muscular 
and newly muscularized arteries from rats ex
posed for 14 days to hypobaric hypoxia. (From 
reference 19.) 

Davies was investigating in vitro reac
tivity by the partially and nonmuscular 
small arteries, by placing tissue into phys
iological medium with added constrictor 
drugs .18 ,19 The arteries he studied are 
much smaller than can be analyzed by 
threading on a wire and applying strain. 
Certainly small vessels without smooth 
muscle respond to a constrictor by lumen 
area reduction and by thickening or crink
ling their walls. It is also of interest that 
the response by the remodeled hypoxic 
bed, expressed in relation to wall mass, is 
no greater than in the normal. 

That the internal lamina is usually 
longer than the external suggests the exter
nal lamina is the one smoothed first and is 
the restraint to distension . At maximum 
distension the inner lamina is never 
smoothed out, so that the endothelium 
lines a series of corrugations that must 
provide a special microenvironment for 
these cells. The physiological implica
tions of this and the way local changes in 
intraluminal pressure and flow are 
transduced to wall effects pose intriguing 
questions. 

In the smaller vessels the internal 
lamina is the shorter one and presumably 

determines distensibility. Hypoxic remod
eling changes this relationship (Fig. 7). 
Meyrick had shown that contracture of the 
large arteries is associated with increase in 
collagen and hyperplasia of adventitial 
fibroblasts. 56 ,81 The laminae have not been 
specifically studied. In some small muscu
lar arteries, where normally the internal 
lamina is longer than the external, under 
conditions of hypoxia it becomes the 
shorter one. This is part of the overall 
infringement on the luminal space by wall 
hypertrophy and restructuring. Some inju
ries cause a vessel dilation and increase in 
microvascular volume as in cirrhosis of 
liver (4), whereas in the pulmonary hyper 
tensions the typical injury is vascular lu
men narrowing and restriction of mi
crovascular volume. Recently, Dhar and 
colleagues have demonstrated contracture 
of the elastic laminae in small vessels in a 
model of pulmonary hypertension after 
platelet activating factor administration. 86 

The laminar length is an unsatisfactory 
way to characterize an artery. 

Primary Pulmonary Artery 
Hypertension 

The technique of injection and the 
new facts it revealed about normal pulmo
nary vessels permitted quantitative explo
ration of a variety of serious diseases. The 
first I mention is primary pulmonary ar
tery hypertension and whether it is a sepa
rate disease. When I started our studies 
this was fiercely debated. 

Nothing so frustrates a physician as 
the inability to diagnose and to treat, pref
erably to cure, a patient. With this I sym
pathize, but it sometimes leads to illogical 
and unfeeling behavior on the part of the 
clinician. To say "primary" is to admit 
ignorance, a difficult thing for a great phy
sician. The leading cardiologists of the day 
considered primary pulmonary artery hy
pertension a microthromboembolic dis
ease missed by the pathologist. In London 
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cardiologists at the Heart Hospital and the 
Hammersmith Hospitals subscribed to 
this view. Paul Wood was certainly in the 
vanguard. As a clinician/pathologist I had 
seen cases where it seemed clear that pul
monary hypertension was idiopathic (or 
" essential"), that is , without an identified 
cause. I had seen "primary" cases in 
which , during their clinical course, right 
heart failure had led to peripheral throm
bus and then embolus, but this complica
tion hardly justifies the idea of spectrum. 
Certainly to invoke "missed" thromboem
bolic disease seems unnecessary, but 
many pathologists were playing into the 
hands of the cardiologist. 

Series of primary pulmonary artery 
hypertension and thromboembolic hyper
tension were being reported with, in gen 
eral, the conclusion that they represent a 
"spectrum of change." I shudder intellec 
tually when I hear the word "spectrum" or 
"continuum." Logic and reasoning go out 
the window. "Spectrum" usually means 
that the right questions have yet to be 
asked to identify the distinguishing char
acteristics of either end of that spectrum. 
A separate question arises as to why there 
should be overlap in the middle . 

I well recall Paul Wood hoping to 
enlist my support in a request to the sur
geons to place a collecting filter in the 
inferior vena cava of an adolescent girl to 
collect clots that he believed were being 
"thrown off" by her pelvic veins. The 
patient, now diagnosed as having pulmo
nary hypertension , was short of breath 
going up stairs during her first menstrual 
period. The history also included two or 
three such incidents a month apart, the 
last preceeding her first period by about a 
month. Such was the conviction of the 
cardiologists (perhaps faith is the word) 
that Paul Wood was prepared to see this as 
an example of thromboembolism . 

Over several years I had collected for 
vascular injection and quantitative study 
three "earl y" cases of primary and three of 
thromboembolic pulmonary hyperten-

sion, in each of which there seemed no 
doubt as to the diagnosis because there 
were no confounding symptoms or signs. 
All had a short history, so as far as possible 
we were looking at the earliest cases of the 
disease that could be collected. Of course 
this does not tell us about the duration of 
the disease; the best we can do is to select 
short duration of symptoms. 

This small group of carefully selected 
patients was important .1 •2 It established 
the separateness of the pathological find
ings in the two conditions. As Flopper has 
emphasized, we do not "prove" a hypoth 
esis; rather, we "fail to disprove " it. For 
this the critical case has great value : num
bers are not everything. Gerald Anderson, 
now a distinguished consultant physician 
in the United Kingdom, made a quantita 
tive assessment of the lungs of these six 
cases and presented them as thesis for his 
M.D. at London University. The time came 
for oral examination of the thesis . It was to 
be held at Hammersmith Hospital with 
three external examiners (not from our 
hospital). "There are only four people in 
the world I don't want to examine my 
thesis, and I have three of them," Ander
son announced to me when he received 
his notification from London University . 
After his exam he was to call at my home 
near the Brampton to tell me the outcome 
and, we hoped, to quaff a glass of cham
pagne. I had expected him about 5 o'clock . 
At 6 o'clock I thought perhaps he had gone 
straight home, I hoped wishing to cele
brate , not needing to be comforted by his 
delightful physician wife and family. At 7 
he rang the doorbell. The exam that had 
been expected to last about an hour had 
gone for nearly three, but he was success
ful, now an accredited M.D. It had taken 
all that time for the physicians to over
come their discomfort at the results and 
conclusions of this research. 

Primary pulmonary artery hyperten
sion has continued to suffer from unfortu
nate attitudes. As a result of the work of 
the committee of the World Health Organi-



88 • THE PULMONARY CIRCULATION AND GAS EXCHANGE 

zation called to consider pulmonary hy
pertension, it was decided to call primary 
pulmonary artery hypertension plex
ogenic or plexiform. 39 I feel like Cassandra 
when I deplore the unfortunate results of 
this, but it put the "cause" back decades. 
Even elementary logic confirms that this 
lesion is not an appropriate way to charac
terize the disease. Certainly it does get at 
the cause of primary pulmonary artery 
hypertension even if it has some bearing 
on its pathophysiology. The plexiform le
sion is found in secondary hypertensions 
as well as in the so-called primary hyper
tension (synonyms: essential, idiopathic), 
and it is not found in all cases of primary 
hypertension. Members of that committee 
have recently stated that the way the terms 
have been used misrepresents the position 
of the pathologists on that committee . Be 
that as it may, perhaps we can begin to 
investigate the disease without condition
ing by these preconceived ideas . 

A more cheerful part of this story is 
that Dr. Anderson found special features 
in those three cases of primary pulmonar
yarterial hypertension. 15 At least one sub
group is characterized by an obliterative 
lesion of the small arteries (those less than 
40µ: the nonmuscular and some of the 
partially muscular arteries disappear 
(Figs. 8, 9, and 10). When seen in an early 
stage, affected vessels are detected as 
"ghost" arteries, but these ultimately 
leave no trace; only quantitative assess
ment reveals their loss. At least sometimes 
the obliterative lesions appear quickly. 
Untrastructural studies in a further case 75 

also showed these obliterative changes. 
Collaboration with George Simon 

made an important contribution to the 
study . Anderson and I analyzed with Si
mon the radiographic features of the six 
cases but we also studied a much larger 
series of pulmonary artery hypertension 
patients. 2 This included presumptive 
cases of primary and of thromboembolic 
as well as those that were clinically less 

Figure 8. Angiograms of the left lung of a 
patient with idiopathic pulmonary arterial hy

. pertension . Fine peripheral pruning is appar
ent throughout the lung. Case 1 in Figur e 10. 
(From reference 1.) 

clear. In this way we included some late 
cases in which the picture and the pathol
ogy were doubtless mixed . The patho
physiology of dilatation of central arteries 
in some cases is still not clear. 

George Simon was a brilliant and pop
ular teacher. He also struck delicious terror 
into the hearts of his audience as he orches
trated a film-reading session. It was diffi
cult to choose betw een closeness to the film 
as better for learning and the comfort of the 
relative anonymity of the back row. Even 
there, however , one was likely to be passed 
that long grey aero knitting needle , particu
larly if the patient had tuberculosis and the 
student clearly saw a cavity. "Show me the 
caaaarvit y ," he would say. That clear , per
fect ring you outlined would be progres-
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Figure 9. Photomicrograph of lung section from patient with idio
pathic pulmonary arterial hypertension who died within 6 months of 
the first symptom. Filling of small muscular artery (*) and its side 
branch (open arrow) with another branch (closed arrow) being re
placed by concentric arrangement of fibrils and nuclei ( 4-µm section; 
Verhoff 's elastic van Gieson , original magnification x 500). (From 
reference 1.) 

sively dismissed as "rib," "clavicle ," 
"blood vessel." 

One day Tracy Harold, registrar to 
Oswald 's firm , an experienced chest phy
sician (he had been the youngest major in 
the British Army at the time of his recent 
demobilization), and a highly intelligent 
and analytical investigator , asked me to 
join him and several other members of our 
"firm" (I was now attached to Oswald's 
group) to visit Simon at his home. I 
learned that he had recently had his an
nua l chest radiograph, a check up for long 
standing apical scarring. This time it was 
found to have spread. In those days bed 
rest and soon antibiotics wou ld be treat
ment. Out of this visit it emerged that 
Simon would write a book and we at the 
hospital would help in any way we could. 
So started a series of valuable and stimu
lating collaborations, and the precious 
friendship with George and Joanna Simon 
and their family. Ultimately, George's 
book was written and the first of several 

editions of it appeared in 1956. 115 It is 
outstanding for the rigor of the patholog 
ical correlations he demanded. 

Hypoxia 

When I started in the study of lung 
disease , there was little research beyond 
physiological studies and epidemiologi
cal/physiological studies. Thoracic Soci
ety meetings were dominated by papers 
and discussions of lung function and of 
the techniques used . I recall once think
ing, "Heavens, this is like an argument as 
to whether Sahli, Talquist , or Haldane 
technique is better for measuring haemo
globin-and almost as boring. Why don't 
we use lung function techniques to find 
out something about disease? " Looking 
globally there were bright spots of pulmo 
nary experimental studies, for example, 
on pulmonary and bronchial circulatory 
interactions by Averill Liebow. Other ex-
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Figure 10. Reduction in the number of 
nonmuscular arteries less than 40 µmin diam
eter in primary pulmonary hypertension 
(PPH). Case 1: the patient with the shortest 
clinical history had no dilatation lesions. Case 
2: a patient with a longer clinical history did 
have dilatation lesions. (From reference 1.) 

perimental studies were surgeon con
ducted and directed to problems of practi
cal significance in the surgical field . 

When Ted Badger was president of 
the American Thoracic Society, I was a 
visiting professor in Boston. In response to 
his question as to where I thought the 
society should be putting its money, I 
recall saying something like, "Not into 
proving that chronic bronchitis is the 
same in New York as London, Pittsburgh 
as Sheffield, Dallas as Pittsburgh. I think 
experimental pathology, using animal 
models of disease, could help us." For I 
had been privileged to be accepted by Sir 
Roy Cameron as an extramural student in 
pathology to the University College Hospi
tal and had watched and learned from him 
the way to use and work in experimental 
pathology and to use this to train physi
cians or pathologists. Quickly Ted Badger 
came back to me with the fact that well 
over 90% of their funding was going into 
just such lung function studies as I had 
mentioned. 

Some years later I heard, on what to 

me was a red letter day, a talk by Julius 
Comroe in which he questioned the value 
of respiratory function tests in the clinical 
setting . As we might expect from Comroe, 
he also put his criticism in perspective . 
Normal human lung function is so depen
dent on the voluntary cooperation of the 
subject that animal studies are of little use, 
and the hospital setting is in fact the only 
place where a captive population is avail
able. Perhaps my disillusionment with the 
function studies had started when my pul
monary physiological colleagues would 
not allow me to deduce from the fascinat
ing reduction in diffusing capacity , as in 
primary pulmonary artery hypertension 
or a probably hypoplastic vascular bed, 
that there was something defective in the 
microcirculation. In this physiological cli
mate it was the vasoconstrictive response 
to hypoxia 107 rapidly reversed on return to 
air, that occupied students of hypoxia, 
whether at altitude or for the patient. 

Thus in search of structure, that yang 
to the yin of function, we investigated an 
animal model of chronic hypoxia-half 
atmospheric pressure gave us a hypobaric 
model. Our chamber did not have the 
glories that I have now seen from Natick to 
Shanghai, but was a converted small auto
c1ave about a yard high and a couple of 
feet across. Practical advice for this con
version was given by Coats, a hematologist 
(the sister of Coats, the physiologist) who 
had used such an autoclave to develop a 
model of polycythemia. 

The structural changes that Hislop 
found were surprising and represented a 
response and remodeling of that precapil
lary arterial segment that we had identi
fied in the normal adult human lung. 56 

After a few days in hypoxia, structural 
change in the rat precapillary segment is 
apparent by light microscopy. The struc
tural effects of hypoxia we could then 
correlate with the functional changes of 
pulmonary hypertension and right ven 
tricular hypertrophy. These correlations 
became a major research interest and con-
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tribution of the department, first in Lon
don and then in Boston. But a model of 
disease is only as good as how you use it, 
as the questions you ask. On e of the ques
tions we asked was whether recovery oc
curred. At least partial recovery occurred 
as assessed by light microscopy: later we 
would know that "baggage" was still car
ried by the lung even after some months 
back in air. 

The paper was sent to a cardiological 
journal, selected as first choice because 
these studies had been supported by the 
Heart Foundation. To our surprise and 
consternation, the reviewers gave us the 
message, "This paper must not be pub 
lished since it contradicts the conclusions 
of the World Health Organization on Pul
monary Hypertension." Their conclusion 
had been that there is no recovery from 
hypertension. I can remember from my 
philosophical vantage of 45 years of age 
reassuring Hislop. 

"This is life, and strangely it does not 
detract from the results - rather the re
verse! The more genuinely new, the more 
discomforting the fact, the harder for the 
scientific establishment to accept it." 

From the susceptibilities of someone 
in their twenties came the reply, "Oh I am 
glad you're here! I would have jumped 
into the Thames." 

I contacted the editor, prepared to 
answer the editorial questions but demur
ring over rejection. It was clear he would 
be discomforted if I pressed the point; the 
policy evidently was "to let the reviewers 
have last word." This was an occasion on 
which I wished for a colleague with at 
least a little "fire in the belly." I called the 
Journal of Experimental Pathology , the 
main peer -reviewed publication in this 
field , explained to the editor what had 
happened, and offered to send a copy of 
the review in question . I received the en
couraging reply , "Just send us the paper. 
We don't want the review." It was soon 
published . 56 

From subsequent studies at light and 

ultrastructural level, 56·76·78,100 combined 
with functional investigation explored by 
additional pharmacological perturba
tion71,7z,73,79,ss,91 the interesting facts 
emerge. One of the advantages of coming 
to Harvard was that we developed and 
applied appropriate catheterization of the 
rat heart 87 thanks to the skills of Mark 
Aronwitz , and the collaboration of Walter 
Gamble and Marlene Rabinovitch, and the 
participation of Barbara Meyrick, Ruth El
len Fried, Paul Davies, David Langleben, 
and Rosemary Jones. 

The hypoxic model revealed rapid 
changes in the precursor muscle cells at 
the periphery (Figs. lla ,b, and 12). Hy 
pertrophy, then hyperplasia, remodels the 
microcirculation , lengthening the resis 
tance segment, thickening the wall , and 
narrowing the lumen-a structural restric 
tion of volume in addition to any constric 
tor response. 78·79 The simulated ascent of 
Everest indicates that similar changes oc
cur in man. 38 

This effect falls predominantly on the 
arteries, and arteries at all levels are af
fected, the large arteries as early as the 
peripheral. 81 Centrally the striking change 
is an increase in labeling index of the 
advential fibroblast (i.e ., cell division in
creases , a measure of hyperplasia) (Figs. 
12A & B). This change occurs when pres
sure rise is slight. In a given vessel the 
timing of the hyperplastic response is dif
ferent for each layer and for a given layer 
different at different levels of branching 
(Figs. 13 and 14). This diversity of recep
tor and receptor activity of a given cell 
type reflects the structural diversity along 
a vessel and the changes in cytokine / 
mediator soup stimulated by acute and 
continuing change in partial pressure of 
oxygen in airway gas and oxygen tension 
in tissue. The separate significance of 
these is still not quite defined. 

It is as safe as most generalizations in 
medicine to say that in all species some 
individuals, "nonresponders, " do not re
act to acute hypoxia by vasoconstriction. 
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Figure 11. Labeling index of vascular cells after exposure to hypoxia. A Adventitial 
fibroblasts, medial smooth muscle cells, and endothelial cells of the hilar muscular 
artery. B Intraacinar new muscle cells (solid circles) and arterial endothelial cells (open 
circles) of intraacinar arteries. (From reference 79.) 

We have never found an animal that does 
not show structural remodeling. Even in a 
series of animals with structural remodel
ing from chronic hypoxia, nonresponders 
to the acute challenge are identified. 60 

Vasoconstriction is not necessary to struc
tural change . The gradually increasing 
pulmonary arterial pressure that persists 
when animals are returned to room air 
correlates with increase in severity of 
structural change. Polycythemia when 
present also makes a significant contribu
tion to elevated blood pressure. 34 

In the media, it is hypertrophy of the 
smooth muscle cell rather than hyperpla
sia that predominates. Elastin increases so 
that the laminae are thicker, and the inter
stitial matrix thickens, separating the 
smooth muscle cells more widely. In large 
arteries endothelial cells increase in num
ber and size. In the nonmuscular part of 
small arteries the precursor smooth mus
cle cells change with little effect seen on 
the endothelium. 79 

Recovery means that pressure will 
reach the normal level within months, and 
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Figure 12. Electron micrograph of an artery 
running within the alveolar wall external di
ameter, 13 µm. A process (arrow) of the peri 
cyte (p) passes through the single basement 
membrane separating it from the endothe lial 
cell (X40,500) . (From reference 22.) 

there will be reversal of the peripheral 
remodeling detected by light micros
copy. 35 Return to air is seen as further 
injury, however. Barbara Meyrick would 
show that endothelial cells, while still at
tached to the basement membrane at their 
periphery, are separated centrally from the 
basement membrane by a bulla of fluid. 81 

Return to air is seen thus as relative hyper 
oxia, with edema the marker of this injury. 

Cor pulmonale was helpfully defined 
by the World Health Organization as right 
ventricular hypertrophy in contrast to the 
usual definition of right heart failure. This 
has the virtue of separating cardiac failure 
from hypertrophy, the latter being an ad
aptation by the right ventricle to high pul
monary vascular resistance, emphasizing 
the need to distinguish right ventricular 
hypertrophy from failure. 

Cystic fibrosis 16 •37 •97 •11 1 and chronic 

bronchitis 112 •113 are diseases of chronic 
hypoxia that cause vascu lar remodeling, 
but of course at the autopsy the lungs are a 
palimps est of so many accidents that it is 
difficult to analyze them with the preci 
sion of an experiment . In the lung it was 
taught that emphysema and fibrosis cause 
right ventricular hypertrophy because of 
loss of vascular bed, but by no means does 
this always occur. 101 •1 11 •112 Arcades open 
up between pulmonary arteries and pro
vide "run-off." In fibrosis it may be that 
the level of hypoxic constriction is criti 
cal. In emphysema it seems that resistance 
arteries are lost so that there is a different 
reaction by the vascular bed from that of a 
normal lung. 

The role of constriction in structural 
remodeling is difficult to analyze. We 
have tried giving a dilator but found that 
the effect of isoproterenol itself is to cause 
restructuring. 36 One "growth" pathway 
then is provoked by its receptors. 

In cystic fibrosis, right ventricular hy
pertrophy occurs very late . In a group of 
children and young adults we studied it 
was with in the last year or so of life that 
right ventricular hypertrophy could be 
identified. 110 It is curious and unex
plained that polycythemia seems virtually 
not to occur in cystic fibrosis patients. 

Hyperoxia 

When we moved to Boston, I was 
encouraged by Harvard and Children 's to 
maintain an interest in adult disease. We 
continued with organ culture and bio
chemical studies to study bronchial mu
cus, to follow the nature and control of 
mucus secretion in the normal and in the 
hypersecretory airway, as of chronic bron
chitis and cystic fibrosis. We added an 
interest in "shock lung" or adult respira
tory distress syndrome, as it was soon to 
be called as part of a fruitful collaboration 
with Warren Zapol and his special center 
of research based at the Department of 
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Figure 13. A Electron micrography of the wall of a distal rat artery, newly muscularized 
after 14 days hypoxia, fixed undistended: e = endothelial cell; sm = new muscle cells. 
Area in rectangle is shown at higher magnification in B; lu = lumen (Xl0,200). B High 
power electron micrograph of the area enclosed by a rectangle in A. A thin, branched 
extension of the new muscle cell (sm) projec ts toward the endothelium (e). Like the main 
part of the cell, the extension bears many caveolae (arrows), mainly along the abluminal 
membrane. bm = basement membrane (X40,500). (From reference 22.) 

Figure 14. Exposure to hyperoxia cause s pulmonary hypertension by widespread 
obliteration of small arteries. Rat pulmonary arteriogram (original magnification X2.5): A 
Normal. B Showing narrowing of main axial pathways and loss of filling of small 
branches after 87% 02 for 28 days. (From reference 63.) 
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Anesthesia at Massachusetts General Hos
pital. 6 7,118 The devastating response of the 
lung to severe peripheral trauma poses 
intriguing questions about normal lung 
function, the products of severe tissue 
damage, and the susceptibility of the lung 
to injury by such products . Clearly the 
lung's vascular bed is central in this prob
lem, both as the route by which cytokines 
arrive and as the first site of the severe 
injury that leads to lung congestion, 
edema, and hemorrhage and starts the of
ten fatal amplification of inflammation 
produced by the early injury. 

Oxygen administration, while life 
saving, is likely a player in ongoing injury, 
and so we set ourselves to identify its 
contribution, as well as to explore other 
models of injury . Rosemary Jones became 
the authority on the vascular injury of 
high oxygen 61 ,62 ,63 as well as of sepsis and 
endotoxemia. 66 •67 She was able to develop 
models of each of these, both as acute as 
well as the more difficult and challenging 
one of continuing injury. Orlando Kirton 
worked with her on the sepsis and en 
dotoxemia models: his surgical skill, cou 
pled with his hard work led to significant 
biological results relating to these particu 
lar models as well as to the nature of injury 
in general. 

But back to hyperoxia. In the alveolar 
region Crapo has described the ne
crotizing injury. 14 Jones's first concern 
was analysis of the vascular structures we 
have described above (Fig. 15). Major dif
ferences between hyperoxia and hypoxia 
emerged . Hyperoxia affects the vessels up 
stream and downstream from the capillary 
bed, causing significant injury to the 
veins 13 ,59 : it produces an obliterative le
sion-an injury different from the meta
bolic or hypertrophic response during 
hypoxia. The residual patent bed is re
modeled, perhaps in response to high 
pressure and flow through the persisting 
patent channels, perhaps to cytokines re 
leased by cells of the injured tissue and 
activated inflammatory cells . The patent 
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Figure 15. Percentage of muscularized (mus 
cular and partially muscular) alveolar duct and 
alveolar wall arteries (mean ± SEM) in control 
rats and in five groups of rats exposed to 87% 
02 for 28 days (hyperoxia) . A Hyperoxia alone. 
B Hyperoxia plus weaning to air over 7 days by 
daily 10% reduction in oxygen concentration . 
Recovery equals B plus 2, 4, or 8 weeks of 
breathing air . (From reference 63.) 

vessels in the rat alveolar wall are restruc
tured to form muscular arteries. 61 ,62 

Dr. Jones studied recovery from hy 
peroxic pulmonary hypertension. 63 Ani 
mals only survived return to air if weaned 
to it gradually - a drop of FI0 2 from 0.8 to 
0.2 over 7 or more days. The extraordinary 
result was that during this time right ven 
tricular hypertrophy, as well as muscular 
ization of small arteries, continued to in
crease (Fig. 16): hemodynamic studies re
vealed the pulmonary arterial pressure 
continued to rise during this period and 
identified the rapid constrictive response 
of too fast a return to air. Animals , accli-
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Figure 16. Arterial wall thickness (WT) as per
centage of external diameter (ED) calculated by 
(2 x WT/ED) x 100. Arteries of all sizes are 
thicker in the fetus than in the adult. Soon after 
birth , the increase in compliance of small arter
ies is apparent by a decrease in wall thickness 
and an increase in external diameter (judged at 
similar level in branching pattern) . (Modified 
from reference 58.) 

matized to high oxygen, identified return 
to air as relative hypoxia and a vasocon
strictor response occurred. The abnormal 
now represents homeostasis : shift this, 
even a little, and it represents new injury. 

The obliterative lesions put this in
jury with the group of primary pulmonary 
artery hypertension (1), some cases of ve
nous hypertension, 17 •22 and expe rimental 
models such as that caused by monocro
taline injury . 53 •72 •77 These are different 
from either hypoxia or the early stages of 
high flow, where change can be consid
ered hypertrophic and metabolic rather 
than obliterative and necrotic . 

Recently Jones has written a new 
chapter in our understanding of structural 
remodeling. In high oxygen injury two 
main types of restructuring are seen . 69 •72 

In the first the precursor smooth muscle 
cells in the nonmuscular stretches of ar
tery wall (i.e ., part of the partially muscu
lar and nonmuscular walls) remodels to 
produce a muscular artery with internal 
and external elastic laminae. The second 
type is at present identified only for hyper
oxia. Here some nonmuscular stretches of 

vessel remodel from migration and align
ment of an interstitial fibroblast, which 
changes its phenotype to a contractile cell 
and produces an internal and external 
elastic lamina, changing the structure of 
the microvessel to that of a muscular ar
tery. Evolution of this response has been 
followed in a series of elegant electron 
microscopic reconstructions . 68 

Persistent Pulmonary 
Hypertension of the 

Newborn 

Although the Brampton was primar
ily an adult hospital , pediatric patients, 
medical and surgical, called for analysis of 
lung disease affecting growth . The 
McLeod syndrome , congenital heart le
sions , lobar emphysema of the newborn 
and childhood, cystic fibrosis, and scoli
osis all challenged us to understand lung 
growth in a way that would help us diag
nose and interpret disease, follow its treat
ment, and understand compensatory 
growth. For persistent pulmonar y hyper
tension of the newborn , our move to Har
vard provided us with critical material. 

In London I had received consult ma
terial on several infants who had died a 
few weeks after birth from unexplained 
pulmonary hypertension .40 Our expecta
tion was that perinatal adaptation 54 •58 had 
failed, but microscopic sections revealed 
an abnormal structure to the alveolar wall 
arteries .40 ,83 •84 In the newborn, these are 
normally nonmuscular whereas in the 
cases of hypertension they are well mus
cularized. Because within a few weeks 
hypoxia can produce structural changes , 
apparent by light microscopy, we were 
cautious in interpreting the structural 
findings. Perhaps these changes had been 
acquired after birth and were not present 
at birth. At Children's Hospital, Boston, 
we examined the lungs of the six fatal 
cases of persistent pulmonary hyperten
sion of the newborn that died over a 12-
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month period. John Murph y, a cardiologi
cal fellow, was responsible for the arterial 
injections and quantification of vascular 
arteria l structure, and Gordon Vawter was 
responsible for the general pathological 
interpretation. I would never have made 
the move from the adult to the pediatric 
setting if Gordon Vawter had not been 
there with special responsibility for the 
diagnostic services. He was a superb diag 
nostic pediatric pathologist , a thoughtful 
and inspiring clinical investigator, and a 
loyal and warm colleague. 

Because these patients had died within 
3 days of birth, our hypothesis was that the 
lung, including the vasular bed, would be 
normal but that the perinatal adaptation of 
thinning of the resistance arteries had 
failed. This thinn ing reflects an increase in 
compliance exquisi tely localized to the re 
sistance segment: in the small resistance 
muscular arteries , normally situated near 
the beginning of the acinus in the newborn, 
external diameter increases and wall thick 
ness drops. 49 •50 ,52 •58 To our surprise struc 
tural changes in excessive muscularization 
of arteries within the acinus were found . 
This change had been present not only at 
birth, but also a significant time before 
birth. 84 •85 The intraalveolar wall arteries 
were smaller than normal, had thick mus 
cular walls, and often had two elastic lam 
inae and a thick collagen adventitia. In 
some patients upstream preacinar arteries 
were smaller than normal and also had 
increased collagenous adventitia. In at least 
one case numerous thrombi were present. 
This, then, was a new disease, a new syn
drome. No wonder dilators did not help 
these infants. 

We now looked at fatal cases of meco 
nium aspiration. 85 Here surely the hypoth
esis would hold - normal structure but the 
accident of aspiration, associated with 
hypoxia and hypoxemia, preventing nor
mal perinatal adaptation. In 10 of the 11 
consecutive deaths from this syndrome 
we found the same excessive arterial mus
cularization. "Precocious musculariza-

tion" is convenient shorthand to describe 
this finding. 84 •8 5 Hypoxemia in utero does 
not cause these changes 83 , nor does ad
ministration of indomethacin. 24 

This finding is consistent with the 
clinical study carried out at Children's 
Hospital of Philadelphia 33 : that report 
does not include pathological examina 
tion. The clinicians were frustrated that 
they could not predict which babies with 
meconium passage or aspiration would 
have clinical problems. Some with seem 
ingly severe meconium aspiration had a 
benign course, whereas others in whom it 
was expected to cause little problem were 
dead within a few days and with relatively 
clear radiographs . They found that only 
those babies who had persistent pulmo
nary hypertension caused clinical con
cern, that the deaths were in this group , 
and that about half of these infants died . 

So it seemed that meconium passage 
and aspiration , rather than the cause, is a 
marker of persistent pulmonary hyperten 
sion of the newborn . The term "meconium 
aspiration syndrome" is used increas 
ingly. The results of these studies have 
significant medical and legal implications . 
A cesarean section an hour or two earlier 
will not prevent the structural changes 
characteristic of this persistent pulmonary 
hypertension of the newborn: more ag
gressive tracheal suction by the neonatolo
gist will not prevent the structural basis of 
the persistent pulmonary hypertension. 
The obstetrician and neonatologist have 
some protection. 

The move to Harvard came at a time 
when I was dean of the Cardio Thoracic 
Institute in London. The Wolfson Founda 
tion had recently given money toward a 
new four story animal facility and desig 
nated one floor for our department . We 
were at the stage when the vascular work 
was burgeoning , and we needed to ex
pand, so all seemed set favorably. But I 
knew that London University was running 
at about 30% inflation a year, largely due 
to the catch-up in salaries, particularly of 
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technicians . Twice as much money had to 
be raised to do the same amount of work as 
three years earlier, and this when the Med
ical Research Council Grants , mostly now 
for only three years, came with the proviso 
that no year-end adjustment for inflation 
need be requested. A three-year grant was 
virtually becoming 18 months. The de
partment was at least 16; myself, a secre
tary, and two technicians were the only 
ones on "hard money ." Recently my de
partment had been first on our institute's 
list for the next established academic ap
pointment of a lecturer . This would have 
been for an assistant to me, but that was 
the year a Conservative government can
celed any university expansion and our 
department was frozen without a second 
academic appointment. 

The invitation to Harvard included the 
invitation to bring any of my colleagues . Of 
course that assumed that we could raise 
research funds because no funds are pro
vided from Harvard or Children's for re
search. But I would have enough seed 
money to justify that leap of faith to cross 
the Atlantic. Twenty and a half souls 
crossed-me, nine of my colleagues, and 
their families: the half was "in utero." 

It was a heady time joining Children 's 
and Harvard . Mary Ellen A very was head 
of pediatrics and Alex Nadas, head of 
pediatric cardiology. These were two col
leagues with special interest and rele
vance for our coming and our work. I was 
greeted in one welcoming speech : "We 
now feel good. We have had a lady for the 
first breath and now we have one for the 
last gasp." On another occasion Dr. Avery 
admitted, "It was so good to be the first 
woman M.D. to be full professor at a Har
vard Hospital, but what if they had not 
appointed a second?" 

Lung Growth 

Hypoplastic lungs at birth as in Pot
ter's syndrome, 55 hyperlucent lungs after 

birth as in McLeod's syndrome 74-92,93,95 

the effect on lung growth of the abnormal 
hemodynamics of congenital heart dis
ease, 41·42·43.44,48·89,90 the mechanical emba-
rassment to lung by a congenital diaphrag 
matic hernia , and compensatory growth 
after correction of these conditions each 
pose questions concerning normal and ab
normal lung growth.16,ss,s9,106,10s,109,110 

Quantification was needed to analyze 
airway and alveolar as well as vascu lar 
growth . As part of my first study of bron 
chiectasis I analyzed the branching pat 
tern of the airways and established the 
number of airway generations along axia l 
pathways in the various segments. 45,46 Dr. 
Urs Bucher from Berne had made further 
studies using quantification methods to 
establish the pattern of growth. 12 Stereo 
logical methods were being successfully 
applied to counting alveoli and measuring 
features of the gas exchange surface. Cour
nand had told me of Gomez, the Cuban 
exile, who had been his friend of student 
days in Paris and who had worked with 
Homer Smith in quantifying renal struc 
ture. Cournand had also told me of his 
dream to one day interest Gomez in the 
lung . This dream was realized, and 
Weibel1 16 and Dunnill 26·27 were brought in 
to work with Gomez .116 These investiga
tors established the total alveolar number. 
Boyden with his reconstructions explored 
the intraacinar arrangement of the alve
oli.5·6·8·9·10 Emery and Mithal3° developed 
a quick way to check alveolar develop
ment-by counting the alveoli transected 
by a radian passing from a respiratory 
bronchiolus to the distal acinar edge. 

And now we had techniques that ena
bled us to quantify growth of the vascular 
bed. 14,43,45,46,47 With quantitative data, in a 
time frame we formulated the Laws of 
Lung Development that summarize air 
way, alveolar, and vessel growth. Each 
dances to a different drummer. 

Law I: Airways. The airways 
bronchi and bronchioli - are present by 
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the 16th week of intrauterine life. They 
develop before birth during the pseu
doglandular stage96,98 (Fig. 17). 

Law II: Alveoli. At birth the "alveo
lar" spaces are more primitive than in the 
adult and are described as "primitive sac
cules" by Boyden. 5 Of these saccules, 
about 20 X 106 are present at birth. 15,25,27 

After birth the alveoli appear and multiply 
so that by the age of about 8 years, their 
number is about 300 X 106 and are within 
the adult range. 

Law III: Vascular. The "vascular 
law" reflects the first two. The preacinar 
branches of the pulmonary artery , that is, 
those that accompany bronchi or bronchi
oli, appear at the same time as the accom
panying airways. These include conven
tional and supernumerary. The intraaci
nar vessels appear as alveoli grow 14 (Figs. 
18 and 19). The number of venous tribu
taries resembles the number of pulmonary 
artery branches. These veins also appear 
early as successive airway branches ap
pear. 23 

The airways are a prenatal story , the 
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alveoli mainly a postnatal one: the vascu
lar tree partakes of both . The similarity 
between the central arterial branching pat 
tern of siblings is an intriguing feature 
identified by Dr. Hislop. 57 

Lung development includes growth 
in mass and volume as well as maturation 
of function: it is marked by sudden and 
dramatic shifts in template, to which de
velopment conforms. These changes in 
template represent changes in signal and 
control. It is not necessary for the whole of 
one stage of development to be complete 
before the switch is thrown and the pro
gram shifts. The normal number of air
ways is not necessarily achieved before 
the lung switches to alveolar develop
ment. Dissociation between airway and 
alveolar multiplication is seen in many 
conditions-diaphragmatic hernia, renal 
agenesis 55,98 and the lung in rhesus isoim
munization, to name but a few. Scoliosis, 
cystic fibrosis, and McLeod syndrome are 
examples of disturbed postnatal growth . 

Congenital heart disease is a vascular 
story.41,42,43,44,4B,B9,9D Abnormal hemody-

Alveolar Post-Natal 
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Figure 17. Diagrammatic representation of the development of the bronchial 
tree. Lobar bronchi appear at the 6th week of gestation . By 16 weeks all 
nonrespiratory airways are present. Most respiratory ones appear between 16 
weeks and birth, some in infancy. Cartilage and glands appear later. (From 
reference 11.) 
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Figure 18. A normal intraacinar pulmonary 
artery (top) and one from a newborn infant with 
persistent pulmonary hypertension (bottom) 
showing a well-developed medial muscle layer 
and dense collagen sheath including a lym
phatic vessel. (From reference 84 .) 
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Figure 19. Diagram of muscle extension along 
pulmonary arterial branches (shad ed bars). In 
the normal newborn infant, virtually no in
traacinar artery is muscular. In 9 of 10 infants 
with meconium aspiration and persistent pul
monary hypertension (PPH), muscle extended 
into more peripheral arteries; the infant with 
meconium asp iration without PPH (case 11) 
had normal intraacinar arteries . PFC = persis
tent fetal circulation (From reference 85.) 

namic function before birth modulates 
vascular growth (Fig. 20). And yet the 
airspaces typically grow normally and ap
pear normal: some lesions are associated 
with abnormal hemodynamic growth only 
after birth, so that while alveoli multiply 
normally the vessels do not. Quantitative 
assessment makes it possible to detect 
such disturbance in lung growth, an addi
tional feature to the ones described by 
Heath and Edwards 47 for pulmonary vas
cular obstructive disease. This permits as
sessment of any effect on growth by con
genital heart lesions and assessment of 
adaptation and growth that occurs after 
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Peripheral Pulmonary Arterial Development 
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Figure 20. Biopsy analysis of structural 
changes in ventricular septal defect. The num
ber of alevoli (AL V) and the number of arteries 
(Art) per unit area are given as a ratio. A A. W. 
= alveolar wall; A. D. = alveolar duct; R. B. = 
respiratory bronchiolus; T. B. = terminal bron
chiolus. The progressive extension to the pe
riphery is illustrated at three ages. The size and 
wall thickness of the artery with terminal bron
chiolus is shown in cross section. B Findings in 
a case of ventricular septal defect (VSD) in a 
patient aged 2 years. The number of arteries is 
decreased , the arterial muscle is abnormally far 
to the periphery , and the artery is smaller, with 
an abnormally thick wall. (From reference 99.) 

their repair. A new dimension could be 
detected in the biopsy that paid back our 
debt to O'Neal and Hartroft. 87 

Professor Allen Boyden is linked 
closely to study of lung growth. My first 
meeting with him was after he had just 
given a guest lecture at the Institute of 
Diseases of the Chest, Brampton Hospital. 
I was too new and too low in the pecking 
order to have been asked to the sherry after 
the lecture served in the Institute Library. 
The small ladies cloak room-one toilet, 
one wash basin, one mirror,-was cram
med with the few women present at the 
lecture. There was a commanding knock 
on the door. Nervously the girl nearest to it 

opened the door. There stood in all his 
glory Norman Barrett (of Barrett's esopha
gus) with his commanding surgical pres
ence and Etonian background! 

"Is Lynne Reid there? Professor Boy
den has asked to meet her. He thinks she's 
a man!" 

So secretly rather chuffed but appro
priately demure I was conducted to the 
library and presented. 

Allen Boyden, the doyen of lung anat
omists, described in more detail than any 
other anatomist the distribution and varia 
tion of the broncho-pulmonary segments, 
units critical to the conduct of thoracic 
surgery. Also he had used the Born wax 
plate method to reconstruct the acinus at 
various ages and in various species. After 
the illness and death of his wife, he used to 
spend his summer holidays in Greece and 
the Eastern Mediterranean visiting and 
studying classical sites and artifacts. One 
year he went to Turkey, to Halicarnassus, 
to see the Greek medical school older than 
Cos. He developed the agreeable habit of 
visiting our department for several weeks 
or a month on his way to Greece. He 
became harbinger of summer and reason 
for a series of delightful dinners when we 
would go to his favorite French restaurant, 
Chez Solange near Leicester Square, eat 
scampi provern;;ale and drink a bottle of 
Lanson champagne, all of this punctuated 
by sketches on the back of a bill, or even a 
linen table napkin. These were mainly 
sketches of the acinus as its development 
unfolded progressively or of interesting 
cases of developmental anomalies, such as 
trachea-oesophageal fistulae. We were of
ten a source of considerable curiosity to 
our fellow diners, which was a cause of 
embarassment to that shy and somewhat 
staid New Englander. 

Professor Boyden had another love 
beside the lung-the gall bladder. In oppo
sition to another of my mentors and heroes 
Sir Gordon Gordon-Taylor, Boyden be
lieved, and then demonstrated, that the 
gall bladder has a sphincter. He often re-
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galed and enthraled me with stories of 
how he developed the fatty Boyden egg 
meal to relax that sphincter. At 6 o'clock 
in the morning he was allowed into the 
department of radiology of his hospital 
with his cats, colleagues, and the egg meal, 
on condition that all was clear by 8 o'clock 
when patients arrived. 

His beautiful work with acini had 
been done on a number of animal spe
cies. 8 •9 

"Allen, please give us a reconstruc
tion of the human lung?" 

"Oh no, Lynne, I can never get a 
perfect series of sections on human mate
rial." 

He was calling for thousands of truly 
serial sections, and even if a few in the 
thousands were missing, for him this was 
failure-"not perfect." If I was persuasive 
it was because I could tell him how much 
more useful it would be to the understand
ing oflung growth in health and disease in 
the human patient if he could overcome 
his aversion to anything less than perfec
tion and give us even a 90% perfect view 
of the human acinus. He happily gave us 
several important reconstructions of the 
human lung before, still in harness, he 
died at the age of 95. 5 ,6 ,10 

The systemic arteries in so-called se
questrated segments and the systemic ar
teries seen in some cases of congenital 
heart disease were a puzzle . In our attempt 
to interpret some systemic vessels associ
ated with congenital heart lesions, I had 
searched the literature . After I questioned 
him one day on these reports, he shook his 
head in the special solemn , sad way he 
had and said, "Oh, yes, but that and the 
literature is wrong." 

"Please then, go and tell us defini
tively, what does happen for the bronchial 
arteries?" 

He contacted administrators at the 
Carnegie Foundation, who waived their 
rules and allowed him to take special se
ries of slides home with him for his recon
struction work. From these slides came his 

paper describing the early "primitive" 
systemic arteries to the lung arising from 
the aorta in the neck, close to the celiac 
axis. 7 These normally disappear at about 6 
weeks of fetal life, and the definitive bron
chial arteries do not grow in from the aorta 
until about the 10th to the 12th week. If 
the primitive arteries persist, they migrate 
with the celiac axis to below the dia
phragm. The elastic artery that commonly 
supplies the sequestrated segment arising 
typically from the aorta below the dia
phragm represents persistence of this 
primitive system. 

Pathways of Cellular 
Control 

To understand remodeling of 
nonmuscular and partially muscular arter
ies we need to understand the control of 
cell phenotype. Intercellular communica
tion is critical, and this is modulated by 
interstitial matrix. 

When I talked of pulmonary hyper
tension, I became tired of hearing from 
some of my colleagues that pulmonary 
hypertension was really just the ather
oma/atherosclerosis of the lung. I admit 
that signals are likely to be conserved but 
emphasize that the differences are so great 
that this is an irrelevant way to describe 
pulmonary hypertension. Atheroma is es
sentially a disease of large and systemic 
arteries, pulmonary hypertension a dis
ease of the lung's microcirculation . Care 
must be taken in transferring information 
from the systemic to the pulmonary circu
lation . Certainly most of the studies that 
have been done with cellular control use 
systemic vessels and cells . 

If we wanted to study the lung in 
organ culture, I believed strongly that we 
must use lung cells. And so we started cell 
culture of lung cells . At that time Judah 
Folkman was studying endothelium but 
threw away the pericytes: we said we 
found pericytes even more interesting 
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than the things he kept. We could use 
available techniques to recover pericytes 21 

and also, with ingenuity, grow endothelial 
cells , smooth muscle cells, and fibroblasts 
from the lung, in some instances from both 
the hilum and periphery . 21,64,101 ,103 ,104 

A working hypothesis is that in the 
nonmuscular precapillary arteries , the 
normal endothelial cell inhibits the peri
cyte: in hypoxia and other types of exces
sive muscularization the pericyte breaks 
free and in some way develops further to 
change its phenotype. 104 

Paul Dav ies grew these cells and 
showed that the endothelial cell substrate 
has an autocrine/paracrine stimulatory ef
fect on endothelial cell culture, no effect 
on smooth muscle , and an inhibitory ef
fect on the pericyte. 21 This was a success 
(Fig. 21). Here we were poised to explore 
the inhibitory control in the lung, clearly 
important to understanding normal func 
tion and its modification in disease . We 
were due for a three-year review of this 
project in the Specialized Center of Re
search on pulmonary hypertension. At the 
beginning of the grant the three -year re 
view had been understandable because it 
was explicitly requested to confirm that 
we could do technically what we had 
hoped and claimed. Because we had done 
what we said we would do, I was prepared 
to waive a site visit and have the decision 
made by a conference call . I should not 
have done so . It was a great disappoint
ment that we were turned down. In an 
apologetic call from a member of the com
mittee and also in the "pink sheets' was 
included the remark that there was no 
need for anyone else to grow endothelial 
cells. I would have thought that it was the 
questions asked that were critical. Many of 
the issues that we would have addressed 
have still not been dealt with. 

But it is good to be active during this 
explosion of cytokines and mediators. We 
will likely learn more of the critical sys
tems of control in the next few years. 82 - 84 

And yet there must be concern at the 
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Figure 21. The effect on pulmonary vascular 
cell growth in vitro of substrate derived from 
rat lung microvascular endothelial cells. The 
endothelial cells were grown to postconfluence 
and treated with 0.5% aqueous Triton-X. • = 
cells plated on substrate; o = cells placed on 
plastic. Each point is the mean ± SEM. The 
pericyte multiplication is inhibited , that of 
muscle cell unaffected, and of endothelial cells 
enhanced . (From reference 21.) 

uncritical approach of some investigators 
to results of in vitro studies. The ultimate 
appeal must be to tissue, to the in vivo 
preparations either of the normal subject 
or patient or in the experimental animal 
model. We need something on the order of 
Koch's postulates for infectious disease to 
keep us on the rails in assessing the signif
icance of cellular events. 103 - 10 5 

Cirrhosis of the Liver 

Not all disease is restriction or con
striction . Some injuries cause dilatation , 
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flaccidity of the vessel wall: dilatation is 
also injury. 

Even as a medical student the topic of 
spider nevi had intrigued me as presented 
in the elegant studies and monograph of 
William Bean. 3 In the 1950s in London 
hypoxemia in patients with cirrhosis of the 
liver was much discussed. I was not im
pressed with the theory of vascular shunt
ing giving venous admixture. After pulmo
nary artery injections, the intraacinar mi
crocirculation of the lungs of patients dying 
from cirrhosis of the liver was analyzed . In 
some of these patients the pleura was cov
ered with hundreds of spider nevi. 4 •69 None 
were seen in control specimens, yet in most 
cases there was virtually no cross filling to 
the veins (Fig. 2 2). The small arteries of the 
lung were affected by diffuse dilatation. 
These were evidently like the spider nevi 
in the skin as described by Bean: dilatation 
is on the arterial side of the capillary bed. 
Our injection techniques revealed this pic
ture, although we knew from the clinical 
use of radiolabeled media that there is a 
degree of capillary dilatation that allows 
more and larger particulate matter to pass 
the capillary bed than in the normal. The 
finding of spider nevi was especially grati
fying as it extended Bean 's findings; he had 
considered that there were no spider nevi 
in deep organs. 

The colleague involved in this study 
was P. Bertholet from Paris. He had come to 
work on liver disease with Professor Sheila 
Sherlock. I believe it was planned that he 
would use radioactive markers to investi
gate vascular shunting as the cause of hyp
oxemia in liver cirrhosis. Sadly, or I might 
say happily, for him and us, it was found 
that an accident had caused such radioac
tive contamination to the laboratory where 
he was to work that the studies were not 
now possible. An urgent call came from 
Professor Sherlock. Could I include Ber
tholet in our study? So a serious but crest
fallen young French academic traveled 
across London and arrived at our labora
tory . I could reassure him that Professor 

Figure 22. Pleural surface showing the numer
ous, mostly discrete spider nae vi injected with 
Micropaque barium suspension present over 
the surface of the lung. (From reference 69.) 

Sherlock would also have her name on the 
paper. 4 It seemed that in the eyes of his 
professor in Paris the sine qua non for his 
visit to be successful was coauthorship of a 
paper with Professor Sherlock. 

His next disappointment was when 
he presented his results to me, saying he 
could see no rhyme or reason to them. But 
analyzing beyond standard statistics of the 
mean, it became clear that there was one 
case of biliary cirrhosis mistakenly in
cluded that alarmingly distorted the data 
and that the characteristic change was in 
deed a diffuse dilatation. 

Later , against my better judgement, we 
would agree to look at fatal cases of fulmi
nant hepatic necrosis .117 Fortunately, I was 
mistaken . These patients are also hypoxe-
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mic, but I presumed that the other prob 
lems of overdose with paracetamol caused 
the hypoxemia. To our surprise we found 
that in these patients within a few days of 
the injury, diffuse arterial dilatation had 
developed. What cytokine is responsible 
for this? Even now I do not think it has been 
established. But the change is not only 
rapid in onset but rapidly reversible. Sev
eral of the hypoxemic patients whose lungs 
we did not receive survived, and as they 
recovered the hypoxemia disappeared. 
Here was a vicarious experiment. And now 
liver transplant is giving us additional 
information on this story. 

These years have seen what Kuhn 
would call a shift in paradigm that repre
sents nothing short of a scientific revolu 
tion. 70 The most recent one is the shift to 
the study of cytokines and mediators. 
Kornberg, in opening his autobiography, 
The Odyssey of an Enzyme Biochemist, 
considers that this century of science is 
characterized by a series of successive 
hunts, each about two decades long. 74 

First he recognizes the microbe hunters, 
then vitamin hunters, enzyme hunters, 
and gene hunters . Finally he considers 
neurobiology so successful a subject that 
the end of this century may well become 
the time of the "head hunters." I would 
rather make this a little broader and say 
that it looks very much as if the last dec 
ades go to the "cytokine meddlers and 
mediator peddlers." Structure and func
tion are a yang and yin , particularly as we 
try to understand the normal pulmonary 
vascular bed, its response to growth and 
environment, and its disturbance by dis
ease . Each of the more biochemical and 
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