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Introduction

P Hasleton

Donald Heath can truly be called one of the
characters of British pathology.
He was born in Henley on Thames, saw

the war years and its privations, and worked
through the state system to study medicine at
Sheffield University. The early tuition of his
schoolmaster in English was to be with him for
his academic life in that his writing was clear
and precise. Not for him was the loose phrase
or the ill-defined concept.
At Sheffield Professor Sir Charles Stuart-

Harris, Professor of Medicine, was pushing
back frontiers in the relations between viruses
and lung disease, as well as noting the large
numbers of cases of chronic bronchitis and
emphysema and their relation with atmospheric
pollution. After qualifying Donald teamed up
with James Brown and Willie Whitaker (see
page S2) in events that were to fashion his life.
He once asked, as a youthful SHO: "Is there
enough material in the pulmonary circulation
to provide the material for an MD thesis?"
He made certain there was, and utilised every
possibility to push his work forward. A sojourn
with Jesse Edwards at the Mayo Clinic helped
to consolidate what was to be a life's work on
the pulmonary vasculature. On his return from
Rochester he went to Birmingham as a lecturer
in pathology. This post could not have been
more appropriate since Melville Arnott was
assembling a teamn to carry out haemodynamic
studies in chronic lung disease and it was nat-
ural to have a pulmonary pathologist as part of
the group. At Birmingham he teamed up with
Peter Harris for what was to become a lifetime's

fruitful collaboration between the structure and
function of the pulmonary circulation.

Life was never quiet in the lungs, however,
and several trips to the Andes - as well as the
introduction of immunoperoxidase methods -
led to an interest in neuroendocrine cells in the
lung as well as the carotid body. Many an
MRCPath candidate has gone to Liverpool in
fear of having to demonstrate this structure.

Concurrently diet was shown to play a part
in the development of pulmonary hypertension
(see pages S33-8) and this led to a wealth of
papers and much nail biting for a time by the
pharmaceutical industry.

Life was not all research, however. Donald
cared for his students and would wander
through the museum and give minitutorials to
interested parties. He had an abiding interest
in people and had the knack of remembering
their pet hobbies, wife's interests, etc. This gave
rise to innumerable stories of the characters in
the cardiopulmonary world.
Donald was not a man of compromise and

lived uneasily in the new world of block con-
tracts, contracts for research, and the provider-
purchaser concept. He saw this as eating away
at academic freedom and research time, things
to be cherished. He was supportive of many
juniors who wished to pursue an academic
career, as evidenced by the numerous high
quality publications stemming from his de-
partment. He has given much to cardiothoracic
medicine and pathology, and we all wish him
a long and happy retirement.

Publication of this Supplement has been partly funded by an educational grant from the University of
Liverpool.
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The initiation of an interest in the pulmonary
circulation

W Whitaker

My association with Donald Heath began in
1953 when he started as a senior house officer
at the Sheffield Regional Cardiovascular Centre
based in the City General Hospital, now the
Northern General Hospital. To appreciate the
influence ofthese early days on Donald's career,
which established him as a world authority on
pulmonary vascular disease, it is helpful to look
at the state of the art at that time and, in
particular, at the developments taking place in
Sheffield.
About 1950 James W Brown was appointed

as consultant cardiologist to the Sheffield
region, with the responsibility of developing a
regional centre at the City General Hospital in
Sheffield. James was a world figure in cardio-
logy but had no experience of modern diag-
nostic methods. In Grimsby and Hull, with
his contemporary, David Muir, James Brown
pursued an interest in congenital heart disease,
summarised in his book.' No effective treat-
ment for congenital heart disease was available
until the 1940s when Blalock, Gaaford and
Gross pioneered surgical treatment for patients
with Fallot's tetralogy, coarctation of the aorta,
and patent ductus arteriosus. These operations
were introduced into the UK by Brock,
Holmes-Sellars, Price-Thomas, and Tubbs.
Without James Brown's backing there would
have been probably no hypertensive pul-
monary vascular disease story. Donald ded-
icated his MD thesis to James Brown.

I had been fortunate to obtain an ap-
pointment as a senior registrar in the Institute
of Cardiology at the National Heart Hospital
in London, where Paul Wood was the driving
force. Wood published his observations in lec-
tures on congenital heart disease in 1950.23
This is a wonderful illustration of the quality
of the individual being ofmuch greater import-
ance than the expense of the equipment. Wood
was a clinical master; he had said on a ward
round that a clinician should have such con-
fidence in his observations that he would be
prepared to diagnose conditions which he pre-
viously did not know existed. There were about
six training posts for registrars and senior re-
gistrars and it was Wood's intention to fill these
with young postgraduates from the provinces
and abroad, with the expectation that, when
trained in clinical and investigative cardiology,
they would return to their own regions to es-
tablish modern cardiological centres. When my
training period in London was over I was
offered a lectureship in medicine in Sheffield.
The Medical Professorial Unit in Sheffield,

headed by Professor C H Stuart-Harris, was
based at the Royal Hospital where there were
two wards and restricted laboratory facilities.

In January 1951 I resuscitated cardiac cath-
eterisation at the Royal Hospital and, during
the next two years, investigated many patients
with pulmonary and rheumatic heart disease.45

Stuart-Harris and James Brown had agreed
that, rather than appoint a health service senior
registrar to his research cardiological unit, he
would have me to work with him. This was
a promising venture since, not only did the
Professorial Medical Unit and the Regional
Cardiovascular Unit share wards, but our ex-
periences were complementary. On the one
hand there was James Brown - the pioneer of
congenital cardiology in the UK but with no
experience of modern cardiological in-
vestigations - faced with the problem of de-
veloping from scratch a modern diagnostic
investigative cardiological service. On the other
there was me with experience of cardiac cath-
eterisation at the Royal Hospital, anxious to
extend my expertise to patients with congenital
heart disease. James had dozens of patients
with obscure congenital anomalies who were
investigated in Sheffield. Within a few weeks he
produced seven patients with total anomalous
pulmonary venous drainage.6 Donald came in
later with a contribution to the series when
one of these patients required a post mortem
examination.'

In 1952 the investigative activities at the
Royal Hospital were transferred to the new
cardiac catheterisation suite at the City General
Hospital where facilities for angiography had
become established. The revolution in our in-
vestigations was the development of a spectro-
photometric method for estimating blood
oxygen saturations by Dr Mervyn Gattman, the
lecturer in charge of the chemical laboratories
of the Medical Professorial Unit at the Royal
Hospital. This technique made redundant the
tedious method of the Van Slyke blood gas
analysis. Unfortunately he refused to publish
his method before returning to his native New
Zealand and was denied the credit he rightly
deserved.
Within a few days of joining us Donald was

taking an active part in, and had become re-
sponsible for, organising these investigations
into congenital and acquired heart disease. He
had the capacity to mobilise the team effectively
but gently to a standard of perfection. Looking
through my laboratory day books from the early
1950s I am moved to find the minute to minute
records of cardiac catheterisations and renal
clearances in Donald's strong clear hand writ-
ing.
Donald was planning a career in clinical

medicine and soon became a competent clinical
cardiologist. He would carefully examine pa-
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The initiation of an interest in the pulmonary circulation

tients on the wards, record his findings, and
make a diagnosis or, at least, arrive at a differ-
ential diagnosis. Later when I did my ward
round he would document my findings and
clinical opinion in the notes in red ink, having
provided himself with a special pen for this
purpose. We would later have joint discussions
when the results of laboratory studies and ana-
tomical observations from operations or post
mortem examinations were available, to see
how these matched with our clinical ob-
servations.

I had nursed the idea of investigating the
association between the pathology of pul-
monary vascular disease and the abnormalities
in pulmonary haemodynamics. Histological
sections from the lungs of patients with pul-
monary hypertension were scrutinised. Pre-
viously described abnormalities89 were seen.
Lung biopsies in many patients with acquired
and congenital heart disease who were being
treated surgically would be justifiable as a
prognostic indicator. This would enable
correlation of the haemodynamics with the
pathology ofthe pulmonary vascular bed. James
Brown gave unqualified support to the project
and Stuart-Harris agreed.

Donald's interest was immediate and en-
thusiastic; it was rather like lighting a fuse,
sitting back, and watching the firework display.
Donald saw William Evans in his Harley Street
rooms. Evans warned him that if he was plan-
ning a career in research he would have to be
prepared to starve. This advice obviously so
influenced Donald that, since that time, one of
his highest priorities has been to avoid star-
vation.
James Brown produced a constant succession

of patients for investigation as candidates for
surgical treatment. Every two or three months
Donald and I would accompany Brown to
Nottingham or Leicester where the local phys-
icians and cardiac surgeons would present their
cardiological patients as candidates for in-
vestigation in Sheffield. Material from these
patients allowed us to investigate the relations
between pulmonary hypertension and the ana-
tomical changes in the pulmonary blood vessels
- the main thrust ofour research and the theme
of Donald's MD thesis - and led to papers
being published in the J7ournal of Pathology and
Bacteriology and the British Heart Journal.'0
There was a second string to our

investigations. By correlating the clinical
observations with the haemodynamic and an-
giographic and, when available, anatomical and
histological findings, we were able to reassess
the characteristics of many congenital an-
omalies including patent ductus arteriosus," Ei-
senmenger's complex,5 ventricular septal
defects,'2 cardioaortic fistula,'3 Ebstein's dis-
ease,'4 tricuspid atresia,'5 and idiopathic pul-
monary hypertension.'6"7
Once Donald had his teeth into the pul-

monary vascular disease project there was no
doubt that it would be a success, but there
was a minor problem of finding him a more
permanent appointment. With support from
Professor Wayne, James Brown persuaded the

Royal College of Physicians of London to ap-
point him a Leverhulme Research Scholar to
work in the Sheffield Regional Cardiovascular
Centre and with access to the University
Department of Pathology.
Donald and I shared a room in the Regional

Centre where we had a very efficient and happy
production line; Donald would coordinate our
efforts. One or two evenings a week he would
come to my home, literally after tea. He would
already have tables and illustrations im-
maculately prepared. He would sit at the dining
room table with pen poised; there was no day-
dreaming or small talk; I was constantly urged
to find the appropriate succinct phrases to
express our views.
A memorable occasion from these early days

was a symposium at Queen's College Dundee
in September 1955. Dr Averil Liebow, Pro-
fessor of Pathology at Yale, was visiting the
University of St Andrews as Proelector and the
Faculty of Medicine felt this was a unique
opportunity to bring together physiologists,
physicians, surgeons, and pathologists working
within the pulmonary field. Donald was invited
because of his important contribution to the
work in Sheffield.

It is difficult to convey the excitement and
electric atmosphere of those two days. I still
look back on that Dundee meeting as one of
the most important I have ever attended and I
know that Donald, still in his twenties and
attending his first national meeting, felt as if
he were encountering deities.
Having launched the concept ofhypertensive

pulmonary vascular disease it seemed natural
that we should publish our views. I remember
clearly that we decided to do this as we were
driving back from one of our visits to Not-
tingham, a week or two after the Dundee sym-
posium. We agreed that there was a place for
a review of the papers on the clinical and
pathological features of pulmonary hyper-
tension. We were spurred on by the knowledge
that we would both soon be leaving Sheffield,
Donald to a lectureship in Pathology in Bir-
mingham and me to a Health Service ap-
pointment in Leeds. The article was offered to
the Quarterly Journal of Medicine and, to our
amazement, was rejected. This was our first
and only rejection but, as events turned out, it
was the best thing that could have happened
for Donald's career. The script was submitted
to Circulation.'8 The paper was immediately
accepted and read by a world audience of
cardiologists and pathologists. It also gave Don-
ald the opportunity to flaunt his MD for the
first time in the press.

After its publication I was thrilled to receive
a letter from Dr Jesse Edwards of the Mayo
Clinic expressing an interest in our work. I
replied to Dr Edwards telling of Donald's con-
tribution to the pathological aspects ofour joint
papers and suggested that they should make
contact. The outcome was that Donald ob-
tained a Rockefeller Fellowship for 1957-58 to
work with Jesse Edwards at the Mayo Clinic.
This is the end of the Sheffield story; the rest
is history. At the Mayo Clinic Edwards and
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S4Whitaker

Heath developed and elaborated the work star-
ted in Sheffield and produced a classification
and grading of hypertensive pulmonary vas-

cular disease which is now universally accepted.
I only met Dr Jesse Edwards on one occasion,

at the World Congress ofCardiology in Brussels
in 1958. I introduced myself and thanked him
for accepting Donald as a Fellow at the Mayo
Clinic. I forget his exact words, but Donald
was obviously fresh in his mind when he replied
that he was the one who should be thanking
me, although he added that he had not realised
that when he took on Donald he would be
sacrificing two or three nights a week of his
time to the production of their joint papers.

Several years ago at a medical meeting in
Oxford I was approached by a South American
postgraduate student who was, no doubt, aware

ofDonald's studies in the Andes. He asked me if
I was the Dr Whitaker who had been Professor
Heath's assistant. My immediate thought was

to inform him of the proper historical hier-
archical structure of the Heath-Whitaker re-

lationship, but I desisted. I can think ofnothing
better than to be thought of as someone who
was once of assistance to Donald Heath.

1 Brown JW. Congenital heart disease. Staples Press, 1939.
2 Wood PH. Congenital heart disease. A review of its clinical

aspects in the light of experience gained by means of
modem techniques. BMJ 1950;2:639-45.

3 Wood PH. Congenital heart disease. A review of its clinical
aspects in the light of experience gained by means of
modem techniques. Pt II. BMJr 1950;2:693-8.

4 Whitaker W, Heath D, Brown JW. Patent ductus arteriosus
with pulmonary hypertension. BrHeartJ 1955;17: 121 -37.

5 Brown JW, Heath D, Whitaker W. Eisenmenger's complex.
Br Heart J 1955;17:273-84.

6 Whitaker W. Total pulmonary venous drainage through
persistent left super vena cavae. Br Heart J 1954;16:
177-88.

7 Heath D, Brown JW, Whitaker W. Total pulmonary venous
drainage through a left superior vena cava. 7 Clin Pract
1956;10:692-7.

8 Brenner 0. Pathology of the vessels of the pulmonary cir-
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10 Heath D, Whitaker W. The small pulmonary blood vessels
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Evolution and the pulmonary circulation

Peter Harris

We were sitting, I recall, in the canteen of the
Medical School at Birmingham. It must have
been 1958. I had just returned from a year and
a half at the Bellevue Hospital, New York,
my mind still reeling from the experience of
working in the cardiopulmonary laboratory of
Andre Cournand. Donald Heath had returned
from the Mayo Clinic where he had coolly
reshaped the face of pulmonary vascular path-
ology. And it was there, in the canteen, that
we planned to write a book on the pulmonary
circulation. It was the beginning of a col-
laboration and friendship which was to last to
this day and through which I came to ap-
preciate, among many other things, those ima-
ginative intellectual processes whereby static
anatomical images of dead tissue under the
microscope can be transfigured into dynamic
concepts of living pathological processes.
During the succeeding 30 years our mutual

interests led us on a series ofexpeditions to high
altitudes which, in unexpected ways, added a
depth of understanding and insight into com-
mon diseases back home. We were concerned,
not with the short term problems of ac-
climatisation encountered by the occasional
visitor to the mountains, but with the evidence
for genetic adaptation in populations of humans
and animals that have, for generations, been
fated to spend their entire lives there.
Such studies have, inevitably, prompted

wider considerations of the way in which ge-
netic influences have fashioned the lungs and,
in the following review, I shall try to give a
more general background ofthe evolution ofthe
lungs and to show how important evolutionary
influences may be in understanding the pul-
monary circulation.

Pollution of the atmosphere with oxygen
Life on our planet began in an atmosphere
devoid of oxygen. The first organisms derived
their energy from the breakdown of complex
molecules which had been formed in the im-
mense heat of the creation of the world. Some
of the primitive pathways of anaerobic meta-
bolism persist to this day in every cell of our
bodies.

It may be that the supply of such complex
molecules became used up. Perhaps for this
reason, or more probably out of random dis-
covery, about a billion and a half years ago a
group of microorganisms discovered a way of
producing biologically useful energy from the
sunlight which fell unfiltered on the earth.
These were the blue-green algae. The essential
substance through which the conversion of en-
ergy could be effected, and which gave them

their characteristic colour, was chlorophyll.
The problem for the rest of the inhabitants

of the planet was that the new process of energy
transformation had a highly toxic waste prod-
uct. This was oxygen. Its toxicity is not due to
the diatom of the molecule of oxygen, but
to other forms of oxygen known as oxygen free
radicals. The free radicals are highly reactive
chemically and attack many organic molecules. '
They inactivate enzyme proteins by oxidising
their sulphydryl groups, and they destroy cell
membranes by forming lipid peroxides.
The new photosynthetic process was highly

successful to the extent that the earth's at-
mosphere gradually accumulated oxygen. Such
pollution spelt death to most of the forms of
life then existing, and the threat to the world
community must have been immense.

Doubtless, through genetic processes they
responded by developing mechanisms ofchem-
ical defence. Some were simple intracellular
compounds such as glutathione which could
scavenge the free radicals. Others, such as
superoxide dismutase, were enzymes. Even
today these defences are still protecting the
cells in our bodies, preventing - for example -
our adipose tissue from going rancid inside us.

Oxygen as fuel
The force of life is always opportunistic and,
at a certain point, some organisms learned how
to use the properties of oxygen as an electron
donor and proton acceptor and to harness its
reduction to the formation of ATP. An even
more astonishing step was the takeover by nuc-
leated organisms of these oxygen utilising
forms, which became incorporated in their
cytoplasm as mitochondria where they have
remained ever since. In this extraordinary way
oxygen changed from being a lethal pollutant
of the atmosphere to become the element most
generally essential to life on the planet.

Diffusion and convection
Life had its origin in water, and the first cells
floated freely in that medium which is essential
to all living organisms. The cell wall was a
subtle compromise between the necessity to
maintain a barrier which would protect an
identity and the necessity to import and export
materials. Because of their minute size the
unicellular organisms were able to exchange
food and excrement directly across their sur-
face. The movement of such materials to and
from the cell was primarily by diffusion, al-
though the random currents of the watery en-
vironment must also have provided a fortuitous
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help. As multicellular organisms developed and
grew larger, however, simple diffusion became
inadequate and they needed to impose their
own convective streams on the surrounding
water in order to maintain an adequate ex-
change. Many simple organisms, such as the
coelenterates and sponges, use the surrounding
water as their sole means of convective trans-
port, which serves the combined functions of
ingestion, respiration, and excretion.
As animals grew ever larger and more com-

plex, an internal convective transport system
also became essential. The external convective
system was retained and, in primitive chordates
such as amphioxus or the tunicates, provides
a means for filtering food at the same time
as for respiratory exchange. Even in such an
advanced form of life as the fishes the function
of the external convective system is still mixed.
The passage of water through the mouth is
used for ingestion, while its movement across
the gills serves to exchange, not only respiratory
gases, but also water and salts and ammonia,
the chief end product of nitrogenous meta-
bolism.
The migration of the animals on to dry land

imposed great restrictions on the external con-
vective system. In amphibia considerable ex-
change of water, salt, urea, and respiratory
gases could still take place across the moist
skin. Exploration far from the water's edge
required an impervious skin and so those func-
tions of the skin largely became discarded.
Instead the skin took over the fuinction of re-
gulation of temperature which was required
by the evolution of warm blood. By now the
exchange of respiratory gases was restricted
to the newly evolved lungs where a certain
obligatory loss of water and heat also took
place, while the excretion of nitrogenous waste
was restricted to the kidneys.
Motion of the body as a whole is also a form

of external convection. The ambivalence of
the function of movement is expressed at its
simplest in the Paramecium. Does it swim? Or
is it simply renewing the water around it? Many
fish use swimming to force water across the
gills and to trap food in the pharynx. The
movement of any predator is only an extension
of the same principle. And we all walk away
from our own excrement. In these ways move-
ment of the body takes its place alongside the
other convective systems.

Oxygen requirements
The development of the warm blooded mam-
mals and birds was accompanied by a tenfold
increase in oxygen consumption. Such an in-
crease was made possible by the new external
convective medium. Oxygen is relatively
insoluble in water (about 0 3ml/100ml/
100mmHg), and its abundance in air per-
mitted an impressive decrease in the volume
of ventilation.2 On the other hand, the internal
convective medium was not so substantially
changed, so that the internal distribution of the
increased consumption of oxygen could be met
only by an increased cardiac output. The car-
diac output of most mammals is in the region

of 90-150 ml/min/kg, while that of fishes3 is
about 10-40 ml/min/kg.
A visit to the local butchers and fishmongers

will illustrate the reason for the increase in
oxygen consumption. Mammalian and avian
flesh is mostly red, while fish flesh is white.
The white skeletal muscle of the fish derives
its energy mainly from an anaerobic glycolytic
breakdown, while the red skeletal muscle of
the mammals and birds is rich in mitochondria
and the carrier pigment myoglobin which per-
mits an increased use of oxygen. Glycolysis can
provide energy only for short intense periods
of activity. The great advantage of oxidative
metabolism is that it permits the prolonged
activity that has made the warm blooded ani-
mals so dominating a force on the planet.

The cardiovascular system
In the crustaceans and molluscs the internal
convective system is an open one. The cardiac
pump moves blood through the arteries directly
into the intercellular spaces, whence it returns
to the heart through ostia. In the vertebrates
the cardiovascular system has become - for the
most part - a closed one, the blood being
separated from the interstitial liquid by
capillaries. There are points in the circulation,
however, where this separation is not complete
- in the liver, spleen, marrow, and renal glom-
eruli. In addition the lymphatic system provides
a direct communication between the blood and
the interstitial liquid.
The fish heart4 comprises a single atrium

and ventricle. The blood is expelled from the
ventricle into the ventral aorta, then passes
through the gills before reaching the dorsal
aorta. The supply of blood to the tissues is
from the dorsal aorta through a second capillary
bed in series with the exchange capillaries of
the gills.
The amphibian heart is composed of two

atria and one ventricle. Systemic venous blood
returns to the right atrium, while blood from
the primitive lungs passes to the left atrium.
The presence of a spiral valve in the conus
arteriosus and the positions of the atrio-
ventricular orifices are believed to direct most
of the systemic return to the lungs, and most
of the pulmonary venous blood to the rest of
the body.

In mammals and birds the systemic and
pulmonary circulations have become com-
pletely separated, apart from a minute com-
munication through the bronchial circulation.

Pulmonary and systemic perfusion
pressures
The separation of the circulatory system into
two parts was accompanied by a striking differ-
ence in the two arterial pressures. The reason
for a high systemic arterial pressure is usually
ascribed to the necessity of perfusing the head
in the upright posture. Guyton,5 for instance,
states: "One ofthe obvious purposes ofpressure
control is to keep the pressure high enough so
that blood can flow to all tissues of the body
even when some of the tissues are far above
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Evolution and the pulmonary circulation

the level of the heart. For instance, in giraffes
the mean arterial pressure is regulated to a
level between 200 and 300 mm Hg; this much
pressure is required to assure blood flow to the
top of the head. At the other extreme the
regulated level of the arterial pressure in prim-
itive fishes may be as low as 30 mm Hg; because
there are no hydrostatic gradients in fishes this
is an adequate pressure to assure blood flow to
all tissues."
However, the arterial pressure of the turkey

is as high as that of the giraffe,6 and aortic
rupture in turkeys is a common problem for
breeders. And why is the blood pressure of the
mouse as high as ours, or that of the sparrow
even higher? Or why does the seal need a blood
pressure four times as high as the dogfish?
A survey of the arterial pressure throughout

the vertebrates7 reveals that a high blood pres-
sure is a feature of the warm blooded animals.
It arrived together with the separation of the
circulation into two parts, and with the vastly
increased capacity for physical exercise which
accompanied the use of oxygen by red muscle.
The explanation for the high arterial pressure
of the warm blooded animals8 lies in the ca-
pacity of the heart to increase its output during
exercise. During maximal exercise there is a
massive vasodilatation of the vessels supplying
the muscles, so that the total systemic resistance
is near the lowest anatomically possible. The
perfusing pressure during exercise is thus what
it has to be in order to supply the muscles with
blood. Even if the system had been set at a low
resting pressure, the arterial pressure during
exercise would have to increase to ap-
proximately this level. In that case, at the mo-
ment when the left ventricle had to increase its
output it would be subjected to a substantial
increase in afterload. Experience from the iso-
lated heart shows how unadapted to this is the
myocardium.9 It seems that it proved most
effective for the body to maintain a stable high
arterial pressure and to modulate the local
supply of blood by variations in regional peri-
pheral resistance.

Evolution of the lung
The lung was the organ which evolved to meet
the greatly increased requirements for oxygen
derived from a new external convective
medium. It required the redesigning of both
internal and external convective systems. In-
ternally the circulation was divided into two
parts, which maintained the primitive low per-
fusion pressure in the lungs while increasing
greatly the perfusion pressure in the rest of
the body. Externally an elaborate system of
branching airways emerged from a single out-
pouching of the pharyngeal ectoderm. The
lightness of the air permitted a to-and-fro con-
vectional motion instead ofthe continuous one-
way flow across the gills. Separating the two
systems was a vast and delicate exchange mem-
brane less than 1 ,um thick. It was as big as a
squash court, and yet had been organised in a
space the size of a football, small enough not
to be an encumbrance.
The efficiency of the design is staggering, yet

it suffered from two weaknesses - a sus-
ceptibility to obstruction of the airways and a
susceptibility to flooding. The first was inherent
in the to-and-fro convectional system. Powerful
reflex glossopharyngeal systems evolved to pro-
tect the trachea from inhaling obstructing
material, while in the terminal airways an in-
genious feedback system controlled the per-
fusion according to the alveolar partial pressure
of oxygen and thus maintained ventilation:per-
fusion ratios and the systemic arterial oxygen
saturation. The implications of this in the ad-
aptation ofhumans and animals to high altitude
are discussed by David Williams (pages S9-
S 13). The second defect, a susceptibility to
flooding, was inherent in the new interface
between air and water. Pulmonary oedema
could never occur in the fish. It is one of the
prices of evolution.

Pulmonary oedema
I shall not discuss here the forms of pulmonary
oedema resulting from chemical attack of the
alveolar capillary wall except to note that, in
many of these, free radicals of various origins
have been implicated.
Oedema of haemodynamic origin depends

on the pulmonary capillary pressure. The low
arterial pressure in the pulmonary circulation,
together with the low arterial resistance and
relatively high venous pressure, allow a total
drop in pressure across the lungs of only about
5 mm Hg. Undoubtedly this contributes to the
constancy of the capillary pressure. The chief
threats to the pulmonary capillary pressure
come from a displacement of blood from the
systemic to the pulmonary compartments, and
an increase in total plasma volume.
The pulmonary blood volume is only about

one tenth of the systemic blood volume. This
makes the pulmonary capillary pressure par-
ticularly sensitive to any disability of the left
ventricle. When the output of a ventricle is
reduced blood is transferred from the com-
partment upstream to the compartment down-
stream. It is therefore easy to see how a small
reduction in output of a damaged left ventricle
could lead to sufficient blood being transferred
from the systemic to the pulmonary com-
partment to cause a substantial increase in
pulmonary capillary pressure. (The same is not
true of the right ventricle since the maximal
quantity of blood that could be shifted from
the lungs into the systemic circuit is somewhat
less than a pint, and the effect should not be
different from that of giving a person a "unit"
of blood.) It is a matter of evolutionary mis-
fortune, therefore, that the left ventricle has to
support an afterload much greater than does
the right, and that the coronary arteries, sub-
jected to an evolutionally imposed high pres-
sure, are susceptible to atheroma.
To these possible effects of a damaged left

ventricle are almost always added the effects
ofan increase in total blood volume. The reason
for this lies in the importance which the body
gives to the maintenance of the arterial pres-
sure."'°" Any threat to the arterial pressure
evokes a response ofthe sympathetic and renin:
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Harris

angiotensin:aldosterone systems which sustain
the arterial pressure at the expense of an ex-
pansion of the blood volume and retention of
salt and water.21-14

Conclusions
The pulmonary circulation is the meeting place
of two great convectional transport systems.
How it came to be as it is can be elucidated
by considerations of evolutionary necessities.
First among these is the development of an
increasing need for oxygen in the evolving spe-
cies. Second is the emergence from the waters
and the exploration of dry land. The physical
requirements of the two convectional systems
have necessitated compromises. On the cardio-
vascular side has come a dependence on a high
arterial pressure, fiercely defended by ne-
urohumoral mechanisms at the expense of a
retention of water and salt. On the external
side has been the need for a large exchange
interface, combined with the convenience of
an organ of limited dimensions. The system of
to-and-fro ventilation into a blind tree of air-
ways carries with it the twin perils of blockage

and flooding which are of everyday concern in
the wards.
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Adaptation and acclimatisation in humans and
animals at high altitude

David Williams

Rapid ascent into high altitude or permanent
residence there leads to a wide range of dis-
turbances of function or alterations in his-
tological appearances in most organs of the
body. The influences which lead to these
changes are those inherent in the environment
of high altitude, especially hypobaric hypoxia
resulting from the diminished barometric pres-
sure. One of the major aspects of research
carried out at the Department of Pathology at
Liverpool over the last 25 years has been the
study of the effects of hypobaric hypoxia on
the histological structure of the pulmonary cir-
culation of lowlanders and lowland animals
exposed to high altitude, of native highlanders,
and of indigenous mountain mammals.

In some mammals, including man, the hypo-
baric hypoxia of high altitude induces a mild
degree of pulmonary arterial hypertension with
associated alterations in the structure of the
peripheral portions of the pulmonary arterial
tree. In other species it does not. This paper
gives an account of the histological structure
of the pulmonary circulation in the two groups
- namely, the reactors and the non-reactors -

and seeks to establish the difference in the
biological status of the two groups. The bio-
logical variety at high altitude can best be il-
lustrated by taking a mental stroll around the
streets and surrounding countryside of any
small settlement in the Andes. One such is the
mining town of Cerro de Pasco (4330 m) in
central Peru where much of the work at
Liverpool began.
Most of the people in the streets of Cerro de

Pasco are native Quechua Indians born and
bred in the Andes. These people have very char-
acteristic physical features and deeply poly-
cythaemic and suffused conjunctivae and lips.
Some will have a capacious chest which looks
prominent and out of proportion to their short
stocky physique. These highlanders lead nor-
mal busy lives; they shop, go to school, visit the
cinema, and play football at altitudes exceeding
the summit of the Matterhorn.

Living on the pastures surrounding Cerro de
Pasco are examples of indigenous mountain
animals such as the llama (Lama glama), the
alpaca (L pacos), the vicunia (L vicugna), and
the guanaco (L guanacoe). These species have
been living on the Andean altiplano for many
thousands of years, preceding the appearance
of the Quechuas. One cannot help but be
impressed by the vigour and activity of the
animals in an atmosphere characterised by
severe hypobaric hypoxia. Other indigenous
mountain species such as the mountain vis-

h.

Figure 1 An Aymara Indian from La Paz. Most female
Aymara Indians retain a traditionalform of dress with
layers of multicoloured skirts and a brown felt hat.

cacha (Lagidium peruanum) live at even greater
altitudes exceeding 6000 m. A further bio-
logical group comprises those domesticated an-
imals such as cattle brought to high altitude
by man. In other parts of the world these
domesticated species may interbreed with in-
digenous relatives such as the yak (Bos grun-
niens).

Humans
The human pulmonary arterial tree at low
altitude is a thin walled, low resistance system.
"Muscular pulmonary arteries" less than
300 gim in external diameter have a medial
thickness of less than 5% of the external dia-
meter of the vessel.' They give rise to pul-
monary arterioles less than 70 gm in diameter
which have a rim of circular muscle only at
their site of origin, but elsewhere have a wall
consisting of a single elastic lamina. In the
highlander the parent arteries show little or
no increase in medial thickness, no fibrinoid
necrosis, and the development of primary pul-
monary hypertension is unknown to the Andes.
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The impact of alveolar hypoxia on the human
pulmonary arterial tree is at its most peripheral
portions, composed ofthe pulmonary arterioles
and the precapillaries. These vessels show
a complex remodelling with the new develop-
ment of vascular smooth muscle so that the
pulmonary arterioles become muscularised
with a distinct media of circular muscle sand-
wiched between inner and outer elastic lam-
inae. In citizens of La Paz (3800 m) (fig 1) we
have found vessels as small as 25 IIm, hardly
more than the diameter of an alveolar macro-
phage, with a distinct muscular coat looking
like a small artery.2 This muscularisation is
more pronounced in native Aymaras than in
the mestizo or white inhabitants of the city.
However, this remodelling of the terminal por-
tions of the pulmonary arterial tree may be
complex. Following a report in the literature
describing the histopathology of the small pul-
monary arterial vessels in 10 cases of hypoxic
cor pulmonale3 we reviewed our material from
the Andes. This revealed similar lesions in the
native highlanders as had been described in
the cases of chronic obstructive lung disease.
Accordingly we carried out a second in-
vestigation on further material from La Paz.4
The additional lesions consisted of a deposition
of longitudinal muscle in the intima of the
pulmonary arteries and arterioles, and the
development of inner muscular tubes in the
lumens of these vessels (fig 2).4
The smallest muscular pulmonary arteries

(less than 200 pm in diameter) commonly
showed eccentric nodules of longitudinal
muscle in the intima which bulged into the
lumen. Within these nodules the cytoplasm and
nuclei of the individual muscle cells could be
distinguished. Individual myocytes were sep-
arated by elastic fibrils which had formed
around them. In some pulmonary arteries col-

Figure 2 A pulmonary arteriole from an Aymara Indian
showing the original thick elastic lamina, a layer of
longitudinal muscle (1), and an inner muscular tube
(arrow). Stain: elastic van Gieson, magnification x 745.

lagen had developed between the muscle cells
and in isolation these appearances could have
been misinterpreted as severe age change in-
timal fibrosis. Although the lesions in the pul-
monary arteries were eccentric and nodular,
the appearances were not those of organising
or organised thrombus and no "colander les-
ions" of recanalisation were found. Sometimes
intimal nodules of longitudinal muscle were
found in muscularised pulmonary arterioles
and in expanded precapillaries arising from
them.
The beginnings of a thin muscular coat,

composed of circularly orientated smooth
muscle, could be seen lining the nodules of
intimal longitudinal muscle in some pulmonary
arteries bounded on their inner and outer sur-
faces by exceedingly thin elastic laminae (fig
2). The inner muscular tubes extended through
the pulmonary arterioles with their thicker
single elastic lamina. Internal to the lamina was
a coat of longitudinal muscle which, in turn,
was lined by the inner muscular tube. In smaller
pulmonary arterioles the layer of longitudinal
muscle disappeared so that the muscular tube
came to lie next to the original thicker elastic
lamina of the arteriole.

It has been known for many years that
Quechua Indians living in the areas of Cerro
de Pasco (4330 m) and Morococha (4540 m)
in Peru have pulmonary hypertension. This
is moderate (mean pulmonary pressure
45 mm Hg) in young children5 and slight (mean
pulmonary arterial pressure 28 mm Hg) in
adults.6 In addition, Arias-Stella and Saldafia7
showed that the underlying biological basis for
the pulmonary hypertension was the associated
muscularisation of the terminal portions of the
pulmonary arterial tree. The findings of Arias-
Stella and Saldafia7 were original and of great
importance but described only part of a more
complex overall picture.
However complex this remodelling process

may be at high altitude, it is noteworthy that it
is controlled, with the vascular smooth muscle
cells remaining adherent to one another. This
is in striking contrast to a second form of
remodelling of the human pulmonary cir-
culation at high altitude - subacute infantile
mountain sickness.8 This disease occurs in in-
fants of Han origin who are taken by their
Chinese parents to live at high altitude in Lhasa,
Tibet and is regarded as an expression of failure
to achieve initial acclimatisation to hypobaric
hypoxia in the very young. There is a florid
migration ofvascular smooth muscle cells from
the media of pulmonary arterioles and veins
into the intima and lumen.

High altitude camelids
The most common representative of this group
of animals seen in the Andes is the llama (Lama
glama) (fig 3). This species is a representative
of the high altitude camelids which have lived
for countless millennia in the Andes. Our stud-
ies were designed to determine ifthe pulmonary
circulation of indigenous mountain camelids
differed according to whether they lived at sea
level or high altitude. In these species the
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Mean pulmonary arterial pressure in camelids9

Situation and Species and Pulmonary arterial
altitude numbers pressure (mm Hg)

Range Mean

London (Om) Llamas (3) 3-14 10
Guanacos (3)

Lay Raya (4200 m) Llamas (12) 8-18 14
Alpaca (1)

Figure 3 Llama from La Raya (4200 m). Following
insertion of the catheter for cardiac catheterisation the
animal was allowed to graze freely in the paddock.
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a wall which consisted of a single elastic lamina

(fig 4)*9
It is not surprising that a pulmonary arterial

tree with such a histological structure exhibits

only a meagre response to environmental hyp-
oxia. Direct measurement ofpulmonary arterial

pressure by cardiac catheterisation undertaken

by Professor Peter Harris of the University of

London showed that such animals manifest

only a very slight rise in pulmonary arterial

pressure above that shown by members of the

same species living at sea level (table) .9
Although it was argued that these ob-

servations support the concept of evolutionary
forces at work to diminish the magnitude of

the hypoxic pulmonary constrictor reflex, it
has to be conceded that the camel family is
characterised by a thin walled pulmonary vas-
culature. The suggestion that the preservation
of a thin walled pulmonary vasculature can be
a feature of residence at high altitude and may
be regarded as evidence ofgenetic adaptation to
hypobaric hypoxia rather than acclimatisation
requires further examination. It may be that
the lack of muscularisation of the pulmonary
arterial tree of the llama at high altitude is a
reflection of the zoological affiliations of the
species, rather than providing convincing evid-
ence of genetic adaptation.

High altitude rodents
Most rodents, such as the mouse and the rat,
respond to environmental hypoxia by mus-
cularisation of the peripheral portion of the
pulmonary arterial tree, which often leads to
fatal congestive cardiac failure. However, cer-
tain rodents live exposed to natural high al-
titude for their entire lives. One such species
living in the Andes is the mountain viscacha
(Lagidium peruanum). It lives in the southern
part of the Andes at altitudes up to 6500 m
where it is exposed to a significant degree of
environmental hypoxia. Like the llama, the
mountain viscacha maintains an exceedingly
thin walled pulmonary arterial tree and has
pulmonary arterioles devoid of a muscular
media.'0 This is in contrast to the effect that
alveolar hypoxia has upon the pulmonary ar-
terial tree of lowland rodents, and supports the
concept that genetic adaptation to high altitude
may be expressed in the pulmonary circulation
as a loss or gross weakening of the hypoxic
pulmonary vasoconstrictor response.

Support has also come from studies of the
pulmonary circulation of an indigenous moun-
tain rodent living at high altitude in a part of
the world remote from the Andes. The animal
concerned comes from Tibet where it is known
as the Tibetan snow pig, despite being a variety
of marmot (Marmota himalayana). Haemo-
dynamic measurements revealed a low pul-
monary arterial mean pressure and pulmonary
arterial resistance," associated with a thin
walled pulmonary arterial tree. The pulmonary
arterioles were devoid of a muscular coat."
These findings lend further weight to the con-
cept that indigenous mountain species may be
genetically adapted to high altitude and express
this through a great weakening of the hypoxic
pulmonary vasoconstrictor response.

Cattle
The hypothesis that a thin walled pulmonary
vasculature may be a feature of genetic adapt-
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Figure 5 "Muscular pulmonary artery" from a cow at sea level showing a thick walled
vessel with a medial thickness of 16%. Stain: elastic van Gieson, magnification x 375.

ation may be further tested if it could be shown
that a representative from a family with a nat-
urally muscular pulmonary arterial tree, living
at high altitude, had thin walled vessels in
contrast to its sea level zoological relatives.
Such an animal is the yak (Bos grunniens).
Domesticated cattle (Bos taurus) have a very
muscular pulmonary arterial tree'2 (fig 5) and,
when taken to high altitude, they develop mod-
erate pulmonary hypertension. The naturally
muscular pulmonary arteries of cattle seem

particularly susceptible to constriction in re-
sponse to the alveolar hypoxia.

Furthermore, there is evidence of variation
in the susceptibility of different strains of cattle
to hypobaric hypoxia.'3 From one herd living
at an altitude of3000 m in Colorado two groups
of cattle were selected. Fifteen animals with
the lowest pulmonary arterial pressures were

designated "resistant" to the development of
hypoxic pulmonary hypertension, and a further
10 animals with the highest pressures were

considered to be "susceptible".'3 Both groups
were allowed to descend to an altitude of
1500m. They were kept separate from one

another and their offspring were again studied
at low and high altitudes. It was found that,
on exposure to hypobaric hypoxia at 3000 m,
there was a much more pronounced rise in
pulmonary arterial pressure in animals in the
susceptible group than in those in the resistant
group. A second generation of the two original
groups was bred and the same striking differ-
ences emerged. These observations gave further
support to the hypothesis that a genetic factor
may be of importance in determining the re-

activity of the pulmonary vasculature to the
hypoxia of high altitude.

It therefore seemed of great biological in-
terest to study the pulmonary circulation of the
yak. Despite being a member of the cattle
family which is characterised by a thick walled,
muscular pulmonary vasculature (fig 5) res-

Figure 6 "Muscular pulmonary artery" from a yak from
Sakti (4500 m) in the Himalayas showing a very thin
media with a medial thickness ofjust over 3%. Stain:
elastic van Gieson, magnification x 375.

ponding to hypoxia by constriction, the yak is
indigenous to altitudes exceeding 4000 m in
the Himalayas. In spite of this its muscular
pulmonary arteries are exceedingly thin (fig 6)
with a mean medial thickness of only 4-5% of
the external diameter of the vessel.'415 There
was no muscularisation of the pulmonary
arterioles.
Anand and colleagues'6 had previously in-

vestigated the pulmonary haemodynamics of
six yaks at sea level and five at high altitude.
They found that in the yaks at sea level
the pulmonary arterial mean pressure was
19 mm Hg with a wedge pressure of 1 1 mm Hg,
a cardiac output of25 4 1/min, and a pulmonary
arterial resistance of 0 34 mm Hg/l/min. In the
yaks from the Ladakh Himalayas the pul-
monary arterial mean pressure was 20 mm Hg
with a wedge pressure of 7 mm Hg, a cardiac
output of 22-9 1/min, and a pulmonary arterial
resistance of 0 58 mm Hg/l/min. It was con-
cluded that the pulmonary arterial pressure of
Ladakhi yaks, at an altitude of about 4500 m,
was not significantly different from that found
in the yaks bred at low altitude. Anand and his
colleagues therefore concluded that the yak has
adapted genetically to high altitude by largely
eliminating the hypoxic pulmonary vaso-
constrictor response. 16
An intriguing aspect of such adaptation to

high altitude by the yak is that it will readily
crossbreed with cattle. It is therefore possible
to observe the results of mating a member of
the cattle family adapted to high altitude (yak)
with one that is acclimatised and not very
satisfactorily at that (cattle at high altitude).
The commonest crossbreed arises from the
mating of a cow with a male yak and is called
a dzo. The female dzo is commonly mated with
bulls to produce a further crossbreed called the
stol. Anand et al'6 found that the dzo had
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pulmonary haemodynamics similar to those
found in the yak. On the other hand, half
of the stols had pulmonary haemodynamics
similar to those of the yak, while in the other
half the findings resembled those in the cow.
These results suggested to Anand and his col-
leagues that the genetic attenuation of the
hypoxic vasoconstrictor response is transmitted
as a simple Mendelian autosomal dominant
trait. 16 The argument outlined with respect
to the diminished pulmonary vasoconstrictor
response of the high altitude camelids and
rodents may also therefore be applied to the
yak. It would appear that the yak has a greatly
diminished pressor response to hypobaric hyp-
oxia, which has probably been lost through
countless millennia of genetic adaptation to the
mountain environment. Presumably natural se-
lection has caused these animals to lose the
thick walled, highly reactive pulmonary arteries
characteristic of the genus in favour of those
which are thin walled and relatively unreactive.
This is powerful evidence in support of the
concept that animals indigenous to high al-
titudes become genetically adapted to their
hypoxic environment. This has enabled them
to survive at high altitudes, in contrast to their
zoological relatives (domestic cattle) which
fare badly in mountains owing to the vaso-
constrictive effects of hypoxia acting on their
thick walled pulmonary arteries.

Conclusions
This programme of research has shown that
the pulmonary arterial tree is frequently mod-
ified in humans and mammals living at high
altitude, the nature of the modification de-
pending on the biological status of the group of
humans or animals being considered. Natural
acclimatisation in humans is exemplified by the
native Aymara or Quechua Indians ofthe Andes
who have not lost their hypoxic pulmonary
pressor response to alveolar hypoxia5 6 and show
abnormal muscularisation of the pulmonary
arterioles.24 These vessels maintain an in-
creased pulmonary vascular resistance and lead
to slight pulmonary arterial hypertension. In a
minority of native highlanders there is a more
complex remodelling of the pulmonary arterial
tree which is benign.4 It is hardly more than a
marker of chronic alveolar hypoxia and has
little or no effect on the wellbeing of the native
highlander who carries out an active life of
sustained manual work.
An alternative route to successful survival

at high altitude may be achieved by genetic
adaptation rather than natural acclimatisation.
This is manifested by indigenous mountain

mammals who appear to have lost their hypoxic
pulmonary vasoconstrictor response totally or
in large part.9-" As a result their pulmonary
arteries are thin walled and do not generate
an increased pulmonary vascular resistance,
so they do not show any noticeable rise in
pulmonary arterial pressure. Such mani-
festations of genetic adaptation to hypobaric
hypoxia are to be found in species native to
the Andes, such as the llama, alpaca,9 and
mountain viscacha,'0 and to the Himalayas,
such as the yak'4 and the Tibetan snow pig."
This long term programme of research first

started at the Department of Pathology at the
University of Birmingham and for the last 25
years has continued at Liverpool. During that
time there have been several research ex-
peditions to two of the great mountain ranges
of the world, the Andes and the Himalayas. It
is hoped that the studies of the pulmonary
vasculature in humans and animals ascending
to, or native to, these areas have shed some light
on the response of the pulmonary circulation to
high altitudes.
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Carotid bodies in animal models of human
disease: what do they teach us?

Gwenda Barer

Animals suffer their own diseases and rarely
afford us accurate pictures ofhuman afflictions.
The argument is cogent that we can only learn
about human problems through the study of
humans. However, had we never investigated
animals there are things we certainly would
never have known. I contend that we would
not have discovered the respiratory function of
the carotid body. In anaesthetised animals we
can humanely cut and record from nerves,
change gas tensions, give drugs and poisons.
Animals can be exposed to environments which
affect humans under controlled conditions, and
then compared with normal animals of similar
age, sex, and life experience. Then there is the
morphological problem. Animal tissues can be
taken at the moment of death or before, so that
the autolytic problems which beset pathologists
do not hold. All these points apply to research
on the carotid body, to the interaction between
physiologists and pathologists, and the argu-
ments between them. Much has been learnt
from the efforts of these two groups but few
problems are wholly settled; the disputes be-
tween different disciplines often point the way
forward to further research. In talking about
"models" we should consider how far they
reproduce both morphological and functional
features of human conditions.

Department of
Medicine, Royal
Hallamshire Hospital,
Sheffield S10 2JF, UK
G Barer

Historical
Study of the human carotid body gathered
impetus when Arias-Stella found that it was

unusually large in people in the high Andes
who had lived all their lives in an hypoxic en-

vironment.' At this time Professor Heath was

studying patients with chronic bronchitis and
emphysema who were hypoxic because they
could not take in sufficient air. He found
changes in their pulmonary vessels similar to
those found in high altitude dwellers. He began
to look at their carotid bodies and found them
also to be abnormally large. In Sheffield we

were studying rats and mice made hypoxic in
a hypobaric chamber and had sent Professor
Heath some slides of their lungs. He replied
with enthusiasm that their small lung vessels
resembled those of his bronchitic patients. At
a meeting of the Pathological Society in
Sheffield in 1970 he gave a paper on human
carotid bodies and we gave one on pulmonary
vessels in our hypoxic mice.2 We met and both
decided to look at carotid bodies in animals
kept in a low oxygen environment - in "animal
models of hypoxic lung disease". Thus began
a long friendship and collaboration.

Hypoxic carotid body in man and animal
"models": morphology and physiology
In 1970 Heath and colleagues published a
paper describing the carotid bodies in 40 con-
secutive necropsies. The weight of the carotid
body was high in patients with emphysema,
Pickwickian syndrome, and cor pulmonale, and
a significant correlation was observed between
the combined weights of the carotid bodies and
the weight of both the right and, unexpectedly,
the left ventricle.3 In 1971 a further paper
confirmed these findings.4

In the following years the Liverpool group
produced a series of fascinating papers on rats
exposed chronically to hypoxia in a hypobaric
chamber. They showed that the carotid body
enlarged rapidly, developed vascular en-
gorgement and cellular changes at both the
light and electron microscopic levels, and re-
turned to normal rapidly in air.5 Others con-
firmed these findings. In collaboration with
Dr Edwards from the Liverpool group our
Sheffield team showed similar morphological
changes in rats kept in both hypobaric and
normobaric hypoxic chambers.6 In Prague
Herget, in collaboration with us, found
enlargement of the carotid body in rats with
experimental silicosis and emphysema, the size
being proportional to the degree of hypoxia in
life.7 In Sheffield we found functional changes
attributable to the carotid body in our chron-
ically hypoxic rats.' When removed from the
chamber and given low oxygen mixtures to
breathe they increased their ventilation to a
lesser degree than normal rats (figure). This
excited us because high altitude dwellers in
both the Andes and the Himalayas have a
"blunted" ventilatory response to hypoxia, as
do children hypoxic from congenital heart dis-
ease. The "blunting" in rats lasted only a few
days into recovery in air, but the finding has
been repeated many times. About this time it
was shown by the group in Denver, Colorado
that non-native residents at high altitude de-
velop "blunting" after about 12 years' res-
idence.8 More recently the Denver group have
shown that "blunting" in women living at high
altitudes in Peru is "reversible" in that a brisk
ventilatory response to hypoxia returns to
these normally blunted individuals during
pregnancy.9 Thus blunting may be switched on
and off. Flenley and colleagues showed that a
proportion of patients with chronic hypoxic
lung disease have a poor ventilatory response
to hypoxia.'0 To this point human and animal
studies concurred, but more detailed mor-
phological investigations led to a divergence.

In rats chronically exposed to hypoxia with
or without hypercapnia morphometric analysis
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Carotid bodies in animal models of human disease: what do they teach us?

175- A - Normoxic appearance was found by Habeck in some of
+ zC} Chronically hypoxic his hypoxic patients.15 The question was raised

150 as to whether this appearance was related to the
advanced age ofmany ofthe patients compared

125 with the youth of the rats. A study of changes
+ + in the human carotid body with age showed

100 _ + that this was not so, although sustentacular
<+ > proliferation became more common as life ad-

75 + + vanced.'6 Nonetheless one cannot compare the
+ carotid body of a human coming to necropsy

50 after a lifetime of repeated illnesses and
2 5 5 0 7 5 10 0 12 5 15.0 17 5 20 0 experiences with that of a rat dying after

Pao2 (kPa) a sheltered healthy life and brief hypoxic

125 B 4111~- Normotensive exposure. This problem is unresolved.
+12- Hypertensive Do chronically hypoxic rats, therefore, more

100 O closely resemble high altitude dwellers than
++ hypoxic patients? This may be so. Arias-Stella

7
+ + and Valcarcel'7 found that the carotid body of

75 + Quechua Indians contained larger and more

50 e i numerous lobules than that of plain dwellers,
i0 due to proliferation of "chief cells" with thin

25 intervening fibrous tissue. Recently ProfessorHeath's group have looked at carotid bodies of
0 four high altitude dwellers from Ladhak in the
2 5 5 0 7 5 10 0 12 5 15-0 17 5 20.0 Karacorams.'8 The carotid body was ab-

Pao2 (kPa) normally heavy in the two oldest subjects. In
lation between ventilationIlOOg body weight and three cases there were numerous clusters of
erial Po2. Values are means (SE.) (A) Chronically chief cells with many of the "dark" variety,
poxic rats increase ventilation less than control rats with which have been found both in young and old
reasing hypoxia. (B) Hypertensive rats ventilate more
in normotensive rats over a wide range of Po2 but the cases of hypoxaemia. Only a 52 year old man
rease in ventilation with increasing hypoxia is similar. had sustentacular cell proliferation. We must
ita derived from refs 21 and 29. look at rats after repeated or very long hypoxic

exposures to see if they develop sustentacular
hyperplasia. It may eventually be proved, how-

owed that the enlargement of the carotid ever, that rats and humans are fundamentally
,dy was partly due to vascular engorgement different.

but also to proliferation of type 1 (often called
chief) cells and connective tissue cells; there
was also angiogenesis." The dense-cored ves-
icles in type 1 cells, which contain dopamine,
were changed morphologically and the number
per carotid body was greatly increased. The
proliferation of type 1 cells was at first disputed
since they were thought to be neural in origin;
hyperplasia was proved conclusively when mi-
toses were found after arrest of cell division
with vincristine.'2 Autoradiographs taken after
administration of tritiated thymidine showed
numerous cell divisions 1-4 days into hypoxic
exposure.13 No change was detected in the type
2 cells which normally envelop the nests of type
1 cells. The carotid body therefore appeared to
be hyperplastic and active as one might expect
under chronic stimulation.
By contrast, in the enlarged carotid body

of patients dying from hypoxic lung disease
Professor Heath's group found a hyperplasia
which consisted of concentric whorls of
"sustentacular" cells (resembling type 2 cells)
surrounding and seemingly compressing a
diminished number of type 1 cells.'4 Among
the sustentacular cells were numerous nerve

fibres which at times resembled a neuroma; the
appearance was similar to that seen when nerves
are cut and subsequently "seek" the cells with
which they should synapse. The type 1 cells
were of several types, thought to be of different
functional or developmental significance,
whereas in rats they are uniform. One might
say that the organ looked "worn out". A similar

Biochemical changes in the hypoxic
carotid body: functional consequences
In the 1970s and 1980s electrochemical ana-

lyses showed that the catecholamine content of
the carotid body in rats altered during hypoxia.
During chronic hypoxia the noradrenaline and
dopamine contents increased dramatically,
and returned slowly to normal during recov-

ery in air.'9 The turnover of dopamine also
increased.20 Dopamine inhibits the response of
the carotid body to hypoxia; it diminishes both
the frequency of impulses travelling up the
carotid nerve and the subsequent increase in
ventilation. We wondered ifthe "blunting" seen

in our rats could be due to the high content of
dopamine in their carotid bodies. We found,
indeed, that a dopamine inhibitor, dom-
peridone, increased ventilation during hypoxia
in both normal and chronically hypoxic rats
but more so in the latter, so that their ventilation
became equal to that of normal rats.2' Recently
Bee has studied the effect of different lengths
ofhypoxic exposure on the ventilatory response
to hypoxia in rats.22 She reasoned that, during
the cell division period, dopamine would not
be synthesised. The response to hypoxia was

enhanced in the first few days of exposure, then
became normal after seven days, and "blunted"
after two weeks as previously shown.62' Do-
pamine inhibition is therefore one potential
cause of blunting. Other workers, using differ-
ent species, made different suggestions - for
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example, central nervous system inhibition,23
efferent inhibitory impulses in the carotid
nerve.24 Several potential causes of modulation
of the ventilatory function of the carotid body
are thus emerging from animal studies; it may
become possible to test some of them in
humans.

Carotid body, lung volume, and
bronchoconstriction in hypoxia
In hypoxic lung disease the residual volume is
high and there is bronchoconstriction. Animal
experiments have shown that carotid body re-
flexes may contribute to these changes.2526

Carotid body and systemic hypertension
in man, rat, and rabbit
In the late 1 970s a connection was noted
between the carotid body and systemic
hypertension. Przybylski observed that spon-
taneously hypertensive rats of the Okamotu
strain hyperventilated.2" Then in Warsaw, Liv-
erpool, and the German Democratic Republic
separate groups found that the carotid bodies
of this strain were larger than those of normal
rats of a different strain;5 this result was con-
firmed later with genetically similar nor-
motensive rats. Young men with borderline
hypertension were found to hyperventilate and
had signs of peripheral chemoreceptor hyper-
activity," so it was proposed that carotid
body overactivity might actually cause hyper-
tension. Later work in rats showed that
enlargement of the carotid body occurred after
hypertension had developed; it seemed to be
secondary to vascular disease in the supplying
arteries."' The idea developed that carotid
body overactivity was caused by ischaemia sec-
ondary to vascular obstruction. Several groups
including that of Professor Heath (who had
shown the first link between carotid body
weight and left ventricular weight) found en-
larged carotid bodies in hypertensive patients
at necropsy; all showed vascular disease in
carotid body vessels. The Liverpool group
made the surprising observation that these ca-
rotid bodies closely resembled those of patients
dying of hypoxic lung disease. Both showed
diminished numbers of type 1 cells and an
overgrowth of sustentacular cells.'4 Again,
therefore, despite carotid body enlargement
and functional changes in both rat and man,
closer study revealed differences between them.
More extensive studies in both humans and
animals have shown that high blood pressure is
not invariably associated with enlargement nor,
in rats, with hyperventilation.
Habeck showed that some relatively young

hypertensive humans do not have large carotid
bodies and neither do patients dying from renal
hypertension, despite severe arterial disease in
their carotid bodies.'5 In rats, too, there were
discrepancies. In Sheffield we studied the New
Zealand strain of hypertensive rat for which
genetically similar "normotensive" rats were
available.29 The carotid bodies of normotensive
and hypertensive individuals were similar in
size, though larger than those of other strains.

The hypertensive rats were, however, hyper-
ventilating; at any partial pressure of oxygen
they breathed more than their normo-
tensive cousins and had a relative hypocapnia
(figure).29 The line relating ventilation to oxy-
gen tension was parallel to that of controls, so
there was no increase in sensitivity to hypoxia.
They also had severe disease in small carotid
body arterioles with obstruction of the lumens.
Unlike chronically hypoxic rats, they had a
reduced number of type 1 cells and diminished
vascular volume rather than engorgement. The
dopamine content of the carotid body was
normal but the noradrenaline content was in-
creased. The results could be explained if oxy-
gen tension at the site of the oxygen sensor was
reduced due to diminished blood flow and to
the high metabolism of this organ. The Milan
strain of hypertensive rat, currently being stud-
ied in Sheffield, is different again. There is
severe hypertension, the carotid body is smaller
than in normotensive controls, and there is no
hyperventilation.30 Vascular changes are smaller
than in New Zealand rats and the ventilatory
response to graded hypoxia differs; a steeper
relation between ventilation and oxygen tension
suggests increased sensitivity to hypoxia, an
observation also made in the Okamotu strain.3'
Habeck et al found the carotid bodies of
Lyon hypertensive rats to be larger than one
strain but similar to a second normotensive
strain." In F, and F2 hybrids from the Okamotu
strain they found no relation between size and
vascular or ventilatory changes.33 Angell-James
et al3435 found no carotid body hypertrophy or
ventilatory abnormalities in rabbits in whom
carotid vessels were narrowed by athero-
sclerosis or in rabbits with renal hyper-
tension, nor was severe vascular disease in
renal hypertensive rats associated with carotid
body enlargement.36
The link between carotid body size and func-

tion in systemic hypertension is therefore un-
resolved. Neither in man, rat, nor rabbit is
enlargement always present; animal work sug-
gests that genetic differences may also affect
size. Where hyperventilation attributable to the
carotid body has been found, the consensus
seems to be that it is secondary to restriction
of the blood supply. The reduced number of
type 1 cells in the New Zealand strain, com-
pared with the increased number in chronically
hypoxic rats, raises the question as to whether
the type 1 cell population gives rise to over-
activity or underactivity of the carotid body. In
the New Zealand hypertensive rats the carotid
body was apparently responding normally or
excessively to hypoxia, whereas the chronically
hypoxic rats were under-responding. More-
over, in hypoxic rats the dopamine content was
increased whereas in the hypertensive rats it
was normal. It is tempting to speculate that the
difference is related to the inhibiting effect of
the dopamine-containing type 1 cells.

Carotid body and renal function,
especially in hypoxia
Hypoxia is associated with disturbances offluid
balance and oedema, both on mountains and
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Carotid bodies in animal models of human disease: what do they teach us?

in hypoxic cor pulmonale. Climbers to very
high altitudes are prone to pulmonary (and
cerebral) oedema, and high altitude dwellers
are subject to chronic mountain sickness with
oedema. The oedematous episodes of chronic
cor pulmonale were long considered to be
caused by right heart failure, although the
moderate pulmonary hypertension and well
sustained cardiac output did not fit this
explanation. In 1956 Stuart-Harris and col-
leagues in Sheffield showed that these patients
have an unexplained low renal blood flow.37 In
Sheffield it has long been considered that the
oedema might be caused by a disturbance of
hormones which control fluid balance. Re-
cently Anand et al38 have found that healthy
soldiers stationed at very high altitudes for
many weeks have reduced renal blood flow,
sodium and water retention, various hormonal
changes, and ankle oedema, together with evid-
ence of right ventricular preponderance and
raised pulmonary artery pressure. These men,
engaged in heavy exercise, were certainly not
in cardiac failure. The similarity between their
fluid balance and renal changes and those of
patients with hypoxic cor pulmonale, despite
vigorous health on the one hand and severe
illness on the other, supports a hormonal ex-
planation.
A link between hypoxia and the carotid body

has only recently been detected in fluid balance
problems. Honig,28 reviewing observations
made both in man and animals, concluded that
moderate hypoxia was associated with diuresis
and natriuresis, whereas more severe hypoxia
was associated with water and sodium re-
tention. In experiments on cats his group found
that hypoxia limited to the carotid body/
sinus regions caused reflex diuresis and natri-
uresis.28 The efferent limb of this reflex ap-
peared to be due to an increase or decrease of
an unidentified bloodborne factor, a hormone;
it was not dependent on renal nerves and there
was no reduction in renal blood flow. Almitrine,
a drug which mimics the effect of hypoxia
on the carotid body, also caused diuresis and
natriuresis in cats." Karim and colleagues
found that severe hypoxia in dogs caused a
reduction in renal blood flow and sodium re-
tention due to increased activity in the renal
sympathetic nerves.40 In Sheffield it was shown
in rats that small doses of almitrine caused
diuresis and natriuresis without change in renal
blood flow; section of the carotid nerve ab-
olished the response and it survived in a trans-
planted, denervated kidney.4 42 So far we have
been unable to cause sodium retention in
chronically hypoxic rats so we do not yet have
an animal "model" ofhuman hypoxic oedema,
but the experiments just described open up
new possibilities to be explored.

Carotid body in sudden infant death
syndrome
The sudden infant death syndrome (cot death)
may have many causes but there is a clear link
with previous long periods of sleep apnoea. A
failure of respiratory control has long been
suspected, especially the carotid body response

to hypoxia. Several groups have looked for
morphological changes in the carotid body but
no clear picture has emerged. Naeye et al43
described abnormalities of the carotid body in
a large series of cases, but Dinsdale et al44 and
several other groups could find no consistent
changes, although Cole et al described a re-
duction in the numbers of type 1 cells and
dense-cored vesicles.5 It is a major problem
to find suitable "controls". Perrin found sig-
nificantly raised dopamine and noradrenaline
levels in the carotid bodies of 13 cases ofsudden
infant death syndrome compared with age
matched controls.45 In two of three cases of
sudden infant death syndrome Heath et al
found proliferation of the "dark" chief cell
variant, while the third showed gross sus-
tentacular cell overgrowth and areas where
chief cells were almost absent; both these
changes are seen in hypoxaemia.46 Can animal
"models" help us with this problem? It is known
from work on lambs that the peripheral
chemoreceptor apparatus is fully developed but
not functional in the preterm fetus; it comes
into action after birth and must, therefore, have
been suppressed. Our chronically hypoxic rats
have taught us that the hypoxic ventilatory
response is variable. It is enhanced after short
term hypoxia but "blunted" after longer ex-
posure, associated with an increased dopamine
content in the carotid body. In Sheffield Bee
et al47 are looking at newborn rabbits to see
whether there is a time when the response to
hypoxia is depressed which might correspond
to the peak danger period for sudden infant
death syndrome in babies. The ventilatory re-
sponse to hypoxia was tested in 10 awake rabbit
pups from week 1 to week 8 after birth. They
fell into two groups. In five pups there was a
profound depression of the response at about
five weeks, while in the other five there were
two troughs at about two and seven weeks.
This work not only provides an illuminating
analogy with human babies, but it may indicate
genetic variation.

Conclusions
Have these animal "models" taught us anything
useful? Yes, I believe they have. We have learnt
that the carotid body is an active organ which
changes, grows, and regresses with the events
of life. Moreover, its functional properties are
also variable. They have afforded us new ideas
which may help to solve human problems. Yet
human studies warn us to be careful because
there may be species differences and both an-
imal and human studies suggest that there may
be genetic differences within a species. Above
all, the interaction between physiologists and
pathologists has been most fruitful. Long may
this continue.
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Hypoxia and the pulmonary circulation

Inder S Anand

The first description of the effects of hypoxia
on the pulmonary circulation was made by
Bradford and Dean in the UK exactly 100
years ago.' However, scientific interest in this
field only began with the discovery of hypoxic
pulmonary vasoconstriction in the cat by von
Euler and Liljestrand2 in 1946, and in man a
year later in Andre Coumand's laboratory.3
Despite extensive research in this field for
nearly half a century, we still do not fully
understand the mechanism of hypoxic vaso-
constriction or why the response of the pul-
monary vasculature to hypoxia is diametrically
opposite to that of the systemic circulation.
Teleologically, hypoxic pulmonary vaso-
constriction serves a useful purpose. It acts as a
local homeostatic mechanism and, by diverting
blood away from the unventilated or poorly
ventilated lung, helps to maintain ventilation-
perfusion homogeneity and thus arterial oxy-
genation. It is not surprising, therefore, to find
that a similar response exists in most animal
species."

Mechanism of acute hypoxic pulmonary
vasoconstriction
The mechanism by which a fall in oxygen
tension is sensed and translated into vaso-
constriction in the pulmonary circulation is
still not fully understood. We know that pul-
monary vasoconstriction is initiated within sec-
onds of the onset of alveolar hypoxia,9 and that
the pulmonary artery pressure gradually rises
over the next few minutes. It is a remarkable
coincidence that the stimulus-response curve
of the pulmonary vasculature to hypoxia in
humans resembles that of the carotid body
chemoreceptors to acute hypoxia and of the
bone marrow to chronic hypoxia.'0'3 In each
case the threshold of Po2 is approximately
70-80 mmHg. Below this value the response
becomes increasingly strong. The inflection
point of each of these curves is almost identical
to that of the haemoglobin oxygen dissociation
curve, suggesting that similar mechanisms may
be involved in the sensing of oxygen in these
diverse systems in the body.

Site of hypoxic pulmonary
vasoconstriction
The small muscular pulmonary arteries are the
major site of hypoxic pulmonary vaso-
constriction. Oxygen tension of both the al-
veolar air and the pulmonary artery perfusate
can directly influence these vessels, although
alveolar hypoxia is much more effective.'4-6
Staub and colleagues used the micropuncture
technique to show that hypoxia increased pul-
monary vascular resistance predominantly in

arterial segments upstream from arterioles
30-50 ,um in diameter.'7 Laser technology later
confirmed hypoxic vasoconstriction in small
(30-200 ,um diameter) arterioles.'8 How re-
duced oxygen tension triggers pulmonary
vasoconstriction is still being investigated, but
we do know that a reduction in oxygen tension
in the lung depolarises resting membrane po-
tential of pulmonary vascular smooth muscle,
resulting in Ca2" influx through the voltage
dependent Ca2" channels.'9 The mechanism
by which hypoxia is sensed by the pulmonary
vascular smooth muscle remains unclear. For
a long time a vasoconstrictive mediator has
been thought to be involved. A number of
potential mediators such as histamine,20 sero-
tonin, noradrenaline,22 angiotensin II,23 vaso-
constrictive prostaglandins,24 leukotrienes,25
reduced ATP,26 and cytochrome P-45027 have
been investigated and excluded. The en-
thusiasm for a possible mediator of hypoxic
pulmonary vasoconstriction has therefore
waned, and there is increasing interest in the
hypothesis that oxygen tension is sensed dir-
ectly by the vascular smooth muscle. The pos-
sible role ofK+ channels in hypoxic pulmonary
vasoconstriction has been suggested for some
time,2829 but the most exciting development in
this field has been the finding by Weir and
colleagues that hypoxia inhibits an outward K+
current in isolated pulmonary arterial smooth
muscle cells causing depolarisation of the rest-
ing membrane potential.30 This could then lead
to an influx of extracellular Ca2+ through the
voltage-dependent Ca2+ channels and con-
sequently to vasoconstriction. It is interesting
that the type I cells in the carotid body also
sense hypoxia by a similar mechanism.3132 Fur-
ther studies are needed to define these K+
channels more fully, and to determine how they
are modulated by hypoxia.

Effects of chronic hypoxia
The clinical effects of hypoxia are most evident
in chronic hypoxic states. In addition to vaso-
constriction, structural changes in the terminal
portions of the pulmonary arterial tree33 and
polycythaemia34 contribute to the maintenance
of chronic hypoxic pulmonary hypertension.
This occurs when the alveolar oxygen tension
remains below the threshold for pulmonary
vasoconstriction of approximately 75 mm Hg.
Such a degree of chronic hypoxia is seen in
conditions like chronic bronchitis and em-
physema, hypoventilatory states, and in its pure
form at high altitude. It is therefore interesting
that an almost identical "remodelling" of the
pulmonary vasculature occurs in response to
alveolar hypoxia in these diverse states. In 1968
Donald Heath and his colleagues coined the
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term "hypoxic hypertensive pulmonary vas-
culature disease" to describe this form of pul-
monary vascular disease.35 The most striking
effect of alveolar hypoxia is muscularisation of
pulmonary arterioles <70 ,um in diameter which
normally contain only a single elastic lamina
without any smooth muscle. This distal ex-
tension of smooth muscle causes the small
pulmonary arterioles to develop a distinct
media with smooth muscle sandwiched be-
tween an inner and an outer elastic lamina.
This was first described in Quechua Indians of
Cerro de Pasco (4330 m) in the Peruvian Andes
by Arias-Stella and Saldafia.36 Later Heath and
coworkers37-39 made a number of studies on
Quechuas, Aymaras, mestizos, and white res-
idents of La Paz, Bolivia (3800 m) and, while
confirming muscularisation of pulmonary ar-
terioles, found that remodelling was much more
complex than had originally been envisaged by
Arias-Stella and Saldafia.36 Moreover, con-
siderable individual and ethnic variations in the
response to high altitude hypoxia were seen.
Remodelling was more common in the Aymara
and Quechua Indians than the mixed mestizos
or long term white residents of La Paz. Heath
et al also found longitudinal smooth muscle in
the intima of small pulmonary arteries and
development of inner muscular tubes of cir-
cularly orientated smooth muscle cells, internal
to the fascicles oflongitudinal muscle, lining the
pulmonary arteries and arterioles.3839 Similar
histological changes are seen in patients with
chronic obstructive lung disease at sea level,40
but the development of longitudinal muscle
and inner muscular tubes in the intima is much
more prominent and occurs more frequently.
The similarity of the remodelling in cor pul-
monale and in the natives of high altitude
suggests that it is caused by sustained alveolar
hypoxia. It remains unclear, however, how pul-
monary arterioles come to be muscularised. It
is unlikely to be the result of work hypertrophy
since these vessels have no muscle in normal
subjects and hypoxic vasoconstriction occurs
in vessels proximal to these arterioles. It is more
likely that some smooth muscle growth factors
are involved. Once pulmonary arterioles be-
come muscularised they can constrict in re-
sponse to hypoxia and vasoconstriction moves
to a more peripheral site in the pulmonary vas-
cular tree.4'

Pulmonary artery pressure at high
altitude
The structural changes described in the native
highlanders are associated with chronic pul-
monary hypertension. As stated above, how-
ever, pulmonary hypertension does not develop
in high altitude residents until the alveolar
oxygen tension falls below 75 mm Hg, which
occurs at an altitude of approximately 2100 M.42
Thus the pulmonary artery pressure is normal
(15 (3) mmHg) in residents of Denver, Co-
lorado (1600 m), borderline (19(6) mm Hg) in
Flagstaff, Arizona (2100 m), and raised (24 (7)
mm Hg) in Leadville, Colorado (3100 m).'0
In contrast to North American high altitude
residents, the Aymaras and Quechuas of the

Andes who have lived at high altitude far longer
than their American counterparts appear to
develop a lesser degree of pulmonary hyper-
tension despite being at higher altitude. Pul-
monary artery pressures are normal in these
subjects at 2240 m (15 (2) mm Hg)43 and
2640 m (13 (3) mm Hg),44 mildly increased at
altitudes between 3700 and 4370 m (20 (3) to
23 (4) mm Hg),45-4 and moderately increased
at an altitude of 4540 m (28 (10) mm Hg).49
The curve relating pulmonary artery pressure
and ambient oxygen tension is less steep in the
Andean people than in their North American
counterparts, which suggests a blunted hypoxic
vasoconstrictive response. This may be a
manifestation of adaptation to chronic hypoxia.

Unfortunately few data are available from
the Himalayas where large populations also live
at high altitude. Roy catheterised seven men at
Leh, Ladakh (3600 m) who were presumably
ofLadakhi origin. 50 The pulmonary artery pres-
sure at rest was 20 (4 5) mm Hg and rose to
26 (5) mm Hg with modest exercise. The rest-
ing pressures are, therefore, almost identical to
those quoted for the Andean people at similar
altitude. The Andean highlanders, however,
showed a greater increase in pulmonary artery
pressure with similar exercise (32 (8) mm Hg).
Does this mean that the Himalayan people are
less reactive to hypobaric hypoxia than the
Andean highlanders? Groves and coworkers
have recently reported the pulmonary artery
pressures in the native Tibetan highlanders of
Lhasa, Tibet (3600 M).5' They found normal
pressures at rest (15 (1) mg, PIo2 = 97 mm Hg)
which did not increase significantly with further
hypoxia (19 (3) mm Hg, PIo2 = 62 mm Hg).
Higher pulmonary artery pressures have been
reported in two Chinese studies from Quinghai
province in Tibet (3950 m) but it is un-
clear whether they studied Tibetan or Han
subjects.5253
We have examined the lungs of seven La-

dakhi highlanders who had never been to low
altitude and who suffered accidental deaths.
Their small pulmonary arteries were thin walled
with no medial hypertrophy of the muscular
pulmonary arteries, muscularisation of the ar-
terioles, or any of the other changes described
in the pulmonary vasculature of the Andean
highlander.54 Similar thin walled pulmonary
arteries with normal pulmonary artery pres-
sures are seen in a number of mammals in-
digenous to high altitude - for example, the
llama,5556 mountain viscacha,57 yak, 5859 and
snow pig.60 Heath and Harris have suggested
that this lack of pulmonary vascular re-
modelling and absence of pulmonary hyper-
tension in these animals is an expression of
genetic adaptation to hypobaric hypoxia.57
By losing the property of pulmonary vaso-
constriction the species finds it advantageous
to avoid the harmful effects of pulmonary
hypertension at high altitude at the expense of
the benefits of ventilation-perfusion homo-
geneity. Indeed, the hypoxic pulmonary vaso-
constrictive response appears to be genetically
determined,6' and the loss or blunting of this
response in certain species indigenous to high
altitude may be explained in simple Mendelian
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Hypoxia and the pulmonary circulation

terms.62 The absence of muscularisation of pul-
monary arterioles and the lack of pulmonary
hypertension in the Ladakhi and Tibetan
people, who come from the same ethnic stock
and have lived in the Himalayas longer then
their Andean counterparts,63 therefore suggests
that the pulmonary circulation of the native
Himalayan people is remarkably well adapted
to hypobaric hypoxia and perhaps better ad-
apted than that of the Andean people.
Does this difference in the degree of ad-

aptation of the Andean and Himalayan people
really matter? Several differences in the re-
sponse of these populations to alveolar hypoxia
have been reported. Tibetan residents have a
higher alveolar ventilation and increased vent-
ilatory sensitivity to hypoxia than the native
Andean highlanders.64 The haemoglobin re-
sponse is lower in the Himalayan than the
Andean highlander.65 These factors may ex-
plain why chronic mountain sickness is com-
mon in the Andean people but is seldom seen
in the native Himalayan population, although
it is frequently found amongst the Han Chinese
residents of Tibet.66

Subacute mountain sickness
The benefits of adaptation to alveolar hypoxia
in the Tibetan people are best seen when they
are compared with lowlanders who migrate to
live permanently at high altitude. One such
large experiment occurred with the Chinese
occupation of Tibet in 1952 when large num-
bers of Chinese people of Han origin moved
from mainland China to live permanently in
Tibet at altitudes of3000-4000 m. This enorm-
ous demographic change offered a unique op-
portunity for scientists to study the differences
in the long term effects of alveolar hypoxia on
people of different ethnic backgrounds.

SUBACUTE INFANTILE MOUNTAIN SICKNESS
In 1987 we went to Tibet to study the Hima-
layan variety of chronic mountain sickness.66
During these studies we came across a new
disease which was termed "subacute infantile
mountain sickness",6768 and were able to ex-
amine the records of 15 patients who had died
of this syndrome. The condition was found in
infants and children of both sexes aged 3-16
(mean 9) months. Of the 15 patients 14 were
of Han origin and one was Tibetan. All except
the Tibetan infant and a Han girl of 14 months
were born at low altitude and later taken to
live in Lhasa (3700 m). The average duration
of their stay at high altitude was only 2- 1
months. The infants presented with features of
congestive heart failure including dyspnoea,
cough, irritability, sleeplessness, cyanosis,
puffiness of the face, and oliguria. Clinical
examination revealed tachycardia, tachypnoea,
cardiomegaly, heptomegaly, and rales in the
chest. Chest radiography confirmed the pres-
ence of cardiac enlargement. Haemoglobin
levels were not increased.
The most striking feature at postmortem

examination was an enlarged heart, right vent-
ricular hypertrophy and dilatation, and a

dilated pulmonary trunk. Histological ex-
amination of the lung was carried out by Don-
ald Heath in Liverpool and showed changes in
the pulmonary arteries, arterioles, and venules.
The pulmonary arteries showed severe medial
hypertrophy with crenation of the elastic lam-
inae, suggesting vasoconstriction. There was
muscularisation of the pulmonary arterioles. In
contrast, the Tibetan age matched controls had
thin walled pulmonary arteries and a single
elastic lamina in the pulmonary arterioles.
Clearly, alveolar hypoxia was responsible for
the pulmonary vascular disease in these patients
causing pulmonary hypertension, right vent-
ricular hypertrophy and dilatation, and con-
gestive heart failure. Lack of intimal
proliferation, plexiform lesions, fibrinoid nec-
rosis, or necrotising arteritis distinguished this
condition from cases of primary pulmonary
hypertension described in infants and children
living at high altitude in Colorado.69 In one
case of subacute infantile mountain sickness,
however, there was migration of myocytes from
the media of small pulmonary arteries into the
intima.68 Heath has shown that such features
are characteristic ofearly plexogenic pulmonary
arteriopathy, forming the pathological basis of
primary pulmonary hypertension.70 Could this
mean that the disease described in infants and
children in Colorado was a late manifestation
of infantile subacute mountain sickness?
The possibility of further investigating this

infantile syndrome is now unlikely because,
since its recognition, Han infants born at low
level are no longer taken to high altitude. The
incidence ofthe disease has therefore decreased
considerably. Recent data show, however, that
the arterial oxygen saturation is higher in
Tibetan than Han newborn infants at Lhasa,7'
suggesting that alveolar hypoventilation in the
Han infants may have contributed to the pul-
monary hypertension in subacute infantile
mountain sickness. The rarity with which
Tibetan infants develop this syndrome is another
indication that the Tibetan people are adapted
to alveolar hypoxia. Subacute infantile moun-
tain sickness has not been seen in other high
altitude areas. This is probably because such a
large movement of lowlanders to high altitude
has not occurred anywhere else. There is, how-
ever, some historical evidence that a similar
condition might have affected infants born to
Spanish immigrants to the Andean mining
town of Potosi (4070 m) during the 16th cen-
tury. The Spanish soon learned not to take
their infants to Potosi until they were over the
age of one year.72

ADULT SUBACUTE MOUNTAIN SICKNESS
The sudden movement of large numbers of
Indian troops to high altitude in the Himalayas
during the 1962 India-China war was re-
sponsible for our increasing awareness of
mountain-related illnesses and, in particular,
of acute mountain sickness.73 This experience
encouraged formulation of rational ac-
climatisation protocols that allowed men to be
deployed at much higher altitudes. The recent
experience of military activity at extreme al-
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titudes (>6000 m) in the Himalayas has made
us aware of another syndrome called "adult
subacute mountain sickness".74

In 1988 40 healthy soldiers (average age
22 years) stationed at extreme altitude
(5800-6700 m) for an average of 18 weeks
exhibited this syndrome. All were Garhwalis
from the same ethnic background and were
born and had spent most of their lives at an
altitude of about 2000 m. They were moved
to high altitude after a proper acclimatisation
procedure spread over five weeks. None of
them had developed acute mountain sickness.
The posts they manned were snowbound with
no local inhabitants or permanent settlements
in the vicinity. Access to most of these areas
was only possible by helicopter. The average
night temperature at their posts varied from
-200C to -400C. Their daily routine con-
sisted of patrolling several kilometres of the
slopes and other combat activities.
The illness started after the soldiers had spent

an average of 11 weeks at that altitude. They
developed increasing shortness of breath and
oedema and later gross anasarca. Most ofthem
responded to intermittent doses of diuretics.
After an average stay of 18 weeks at extreme
altitude they were finally airlifted to sea level
and were investigated within three days. Most
ofthem started spontaneous diuresis on leaving
extreme altitude. Apart from features of severe
congestive heart failure with oedema and as-
cites, they had polycythaemia (mean haem-
atocrit 61%) and 18 had papilloedema. Chest
radiography, ECG and echocardiography con-
firmed cardiomegaly, right ventricular hyper-
trophy, and dilatation, but no left ventricular
enlargement or pulmonary venous congestion.
Haemodynamic measurements showed mild
pulmonary hypertension (mean 26 (5) mm Hg)
at rest, not responsive to oxygen, which rose
to an average of 40 mm Hg with mild exercise.
The pulmonary wedge pressures and cardiac
output were normal. All the abnormalities re-
verted to normal 12-16 weeks later.
The pathogenesis of this condition is not

clear but a number of factors might have con-
tributed to congestive heart failure - namely,
hypoxic pulmonary vasoconstriction, structural
remodelling of the pulmonary vasculature, and
polycythaemia. Since none of the patients died
and no histological examination of the lungs
was carried out, the structural changes in these
lungs are not known. Experimental data suggest
that histological changes due to hypobaric hyp-
oxia are reversible over a period of a few
months.3375 Similar data on humans do not
exist. Other factors that might have contributed
to pulmonary hypertension include the pul-
monary vasoconstrictive effects of cold76 and
of exercise at extreme altitude."

Since the most striking finding in the adult
syndrome was massive fluid retention, we de-
cided to examine the response ofthe kidney and
the neuroendocrine system to extreme altitude.
Body fluid compartments, renal blood flow,
and several plasma hormones were measured
in a group of normal asymptomatic soldiers
stationed at extreme altitude (>6000 m) for
approximately 10 weeks.78 The results showed

a significant increase in total body water,
plasma and blood volume, and total body ex-
changeable sodium. Renal blood flow fell.
Plasma levels of noradrenaline, aldosterone,
and erythropoietin increased but the atrial
natriuretic peptide and renin activity did not
change. These findings suggest that salt and
water accumulation seen in these normal
asymptomatic subjects at extreme altitude
could have resulted from mechanisms acting
to reduce the renal blood flow, independent of
changes in haemodynamics. Similar mech-
anisms could also have contributed to the
pathogenesis of adult subacute mountain sick-
ness.
Only 10-20% of subjects stationed at ex-

treme altitude were affected by this syndrome.
The factors responsible for this observation are
not yet known. The cohort stationed at extreme
altitude was homogenous in terms of race, age,
build, and level of exertion. The incidence of
the syndrome increased with altitude and with
the duration of stay at extreme altitude. In-
terestingly, the occurrence of the disease has
decreased dramatically since the adoption of
measures to reduce the period ofstay at extreme
altitude. One factor that may be important
needs to be considered. The syndrome of adult
subacute mountain sickness was seen in its
most florid form in only two ethnic groups: the
Garhwalis74 - as described in detail here - and
six months earlier in the Gurkhas79 on whom
detailed studies could not be done. Both these
populations come from submountainous areas
of 2000-3000 m. It is possible that the soldiers
who developed this syndrome were exposed to
some degree of perinatal hypoxia. Heath has
shown in experimental animals that variable
exposure to perinatal hypoxia exaggerates the
effects of agents inducing vasoconstrictive pul-
monary hypertension in later life.80 Whether
a similar phenomenon contributed to the
pathogenesis of this syndrome remains to be
determined.
Both the human syndromes described here

have a number of similarities with brisket dis-
ease in cattle. The length of exposure to hypo-
baric hypoxia required for the development of
clinical features is almost identical. Hypoxic
pulmonary hypertension seems to play an im-
portant part in all three conditions. The com-
mon clinical finding is one of severe congestive
heart failure. The morphological changes in
the lungs in brisket disease8" and in subacute
infantile syndrome67 are entirely muscular in
nature. Although histological data are not avail-
able for the adult syndrome, it is likely that
similar changes might be seen in this condition
as well. Removal from high altitude results in
complete resolution of brisket disease82 and
adult subacute mountain sickness.74 There is
anecdotal evidence that this also occurs in the
infantile syndrome. It would therefore appear
that both the infantile and adult forms of the
subacute syndrome are the human counterpart
of brisket disease in cattle.

Even a superficial reading of this chapter will
make obvious the enormous contributions that
Donald Heath made to the subject of hypoxia
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and the pulmonary circulation. For me it has
been a great privilege to have been associated
with some of his work. Over the years I have
come to know Donald well. His enquiring
mind, equable humour, resilient character, and
transparent straightforwardness have always
shown through even during the stresses of our
scientific expeditions at high altitude.
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The endocrine lung and its response to hypoxia

J R Gosney

The endocrine system of the lungs, in common
with other components of the diffuse endocrine
system, comprises a dispersed population of
peptide and amine secreting cells which acts in
concert with the nervous system and systemic
mechanisms of endocrine control to maintain
homeostasis.' Of all the roles proposed for the
pulmonary endocrine system - and very little
is known for certain - that of monitoring the
concentration of gases in the airways has been
most often suggested. The purpose ofthis paper
is to review the evidence for this putative func-
tion.

Morphological aspects
As knowledge ofthe structure of the pulmonary
endocrine system has increased, it has become
clear that it would be ideally suited to have
chemoreception as one of its functions. Over
40 years ago Frohlich2 suggested that the ar-

rangement of some pulmonary endocrine cells
as innervated clusters, which he thought re-

sembled taste buds, made monitoring of intra-
pulmonary gases a likely role. Numerous
studies in lower mammals have since served to
support the possibility. In such species these
innervated clusters, now generally known as

neuroepithelial bodies,3 are the predominant form
of arrangement of pulmonary endocrine cells
and are evenly distributed although con-

centrated where airways branch.45 They have
a complex innervation, involving both afferent
and efferent nerve endings,67 and relay in and
are modulated by the vagus.89

Department of
Pathology, University
of Liverpool, Liverpool
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J R Gosney

Acute short term hypoxia
The first direct evidence of a chemoreceptive
role for neuroepithelial bodies came when
Lauweryns and Cokelaere'0 described how, in
young rabbits, exposure of these structures to
acute hypoxia led to their degranulation. Later
studies demonstrated how this degranulation of
neuroepithelial bodies was specific for hypoxia,
occurring in response to neither hyperoxia,
hypercapnia, nor hypoxaemia,11-14 and how it
induced synaptic activity in the nerve endings
in contact with them.'5 Most recently Cutz et
al'6 have shown an exocytotic response to acute
hypoxia of isolated fetal rabbit neuroepithelial
bodies in culture, confirming the phenomenon
previously shown only in vivo.
The consequences of any centripetal vagal

transmission resulting from this hypoxia-
induced receptor activity are quite unclear. Al-
most any aspect ofpulmonary physiology could
theoretically be affected by initiation of activity
in reflex arcs, including vascular or bronchial
tone and secretion of mucus or other products

of bronchial glands and pulmonary epithelium.
Presently, however, nothing is known about the
efferent limb of the response to acute hypoxia.

Chronic unremitting hypoxia
The role of the pulmonary endocrine system in
mediating adjustments to chronic, unremitting
hypoxia lasting from weeks to years - as op-
posed to that discussed above, which is acute
in onset and of a duration measured in minutes
- is uncertain. It is seen, of course, as an

important consequence of a number of com-

mon pulmonary disorders, most particularly in
chronic bronchitis and emphysema. Un-
fortunately, changes in the pulmonary endo-
crine system in lungs affected by diseases
like this, and which might be due to hypoxia
per se, are impossible to separate from those
caused by other aspects of the pathology of
such conditions, particularly the inflammation
and repair and regeneration of the tissues of
the lung following pulmonary injury. There are,
however, two situations in which the response
of the pulmonary endocrine system to un-

remitting hypoxia in relative isolation can be
studied. The first is in the laboratory, where
animals can be exposed to hypobaric or normo-

baric hypoxia in chambers. The second is in
the naturally hypoxic environment of the
world's high places.

STUDIES IN THE LABORATORY
No consensus has emerged concerning the
effects of hypoxia on the pulmonary endocrine
system of animals exposed to reduced levels of
oxygen in the laboratory. Some have described
reduced numbers ofpulmonary endocrine cells
under such circumstances,'7 18 some report in-
creased numbers,1920 and others describe no

change in either direction.20-23
Unfortunately, the species used, the duration

and severity of hypoxia, and the methods of
identifying and quantifying pulmonary en-

docrine cells varied widely between these
studies, so they are impossible to compare
meaningfully. More subtle studies which ex-

amined the effects of hypoxia on one of the
products of these cells - calcitonin gene-related
peptide - have revealed an interesting effect,
although its significance is presently uncertain.
In these, exposure of rats for 21 days to an

environment containing just 10% oxygen
caused an increase in the concentration of this
peptide in pulmonary endocrine cells of the
order of 15-20%,2324 a change which was sub-
sequently shown to result from a decrease in its
release rather than an increase in its synthesis.25
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STUDIES AT HIGH ALTITUDE

In 1977 Taylor26 described how the lungs of
six rabbits from the Peruvian Andes contained
more pulmonary endocrine cells, especially
neuroepithelial bodies, than those of controls
from sea level, a finding confirmed more re-

cently in guinea pigs from the same location.27
An investigation of a number of species from
different altitudes in the Himalayas28 showed
no such differences, although numbers were

small and the differences between the altitudes
at which they had lived were not great.

In 1983 Memoli et a29 published, in abstract
form, the results of a study of pulmonary en-

docrine cells in the lungs of 20 lifelong human
residents ofLa Paz, Bolivia; increased numbers
were reported in six cases. Unfortunately, a

recent exhaustive investigation of six pairs of
widely sampled lungs from similar subjects30
failed to show any differences in the number,
content, or distribution of pulmonary endo-
crine cells when compared with the lungs of
subjects from sea level, despite the fact that in
three subjects there was pulmonary vascular
remodelling typical of that seen in residents at

high altitude.

Conclusions
There seems little doubt that acute hypoxia
excites activity in neuroepithelial bodies,
although its consequences are unknown.
Whether exposure to the chronic hypoxia that
occurs in certain cardiorespiratory diseases and
at natural high altitude has any effects on the

pulmonary endocrine system, as might be ex-

pected to occur if hypoxic chemoreception was

one of its functions, is unclear. There is evid-
ence, however, that such prolonged exposure

might alter the dynamics of the release of its
secretory products and sometimes lead to an

increase in the number of neuroepithelial
bodies.
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Ultrastructure of the lung in chronic hypoxia

Paul Smith

The most striking changes in the lungs in re-
sponse to prolonged alveolar hypoxia occur in
the small pulmonary arteries and arterioles.
The influence ofchronic hypoxia on these small
vessels has been subjected to extensive physio-
logical investigation and to pathological ex-
amination by light and electron microscopy.
The lung parenchyma, too, may be modified,
but usually in response to brief severe hypoxia
as in acute decompression or high altitude
pulmonary oedema. Chronic hypoxia induces
subtle changes in the lung parenchyma - for
example, it has been found that the thickness
of the alveolar capillary membrane of guinea
pigs living at high altitude is significantly re-
duced compared with animals living at sea
level.' This change is so subtle, however, as
to require complex morphometry of electron
micrographs in order to demonstrate it. This
review concentrates upon ultrastructural
changes in the pulmonary arteries and ar-
terioles, since remodelling of these vessels by
hypoxia is readily appreciated by qualitative
study and is of considerable practical import-
ance.
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Pulmonary vasoconstriction
Hypoxia is a potent constrictor of the pul-
monary vasculature but the existence of such
vasoconstriction is difficult to prove by histo-
logical criteria. A highly crenated appearance
of elastic laminae in small pulmonary arteries
is suggestive of constriction, but the same fold-
ing of the laminae may occur during collapse
of the lung whilst it is being processed for
histological examination or electron micro-
scopy. A specific marker for vasoconstriction
of the pulmonary vasculature can be seen at
the ultrastructural level and was first described
in rats given fulvine.' Fulvine is a pyrrolizidine
alkaloid which produces severe pulmonary
arterial hypertension in rats associated with
advanced pulmonary vascular disease. Electron
microscopy of small pulmonary blood vessels
from these rats revealed the presence of large,
bulbous evaginations of the outer membrane
of vascular smooth muscle cells. They were

particularly numerous in pulmonary veins
where the evaginations frequently herniated
through the endothelial basal lamina displacing
the endothelial cells into the lumen.2
Muscular evaginations were also found in small
pulmonary arteries, but in this class of vessel
they were largely confined to the adventitial
border, herniating through gaps in the external
elastic lamina. Presumably the almost con-
tinuous internal elastic lamina of the rat pul-
monary artery prevented muscular evaginations
from passing through it. That these evagi-

nations were the direct result of vasoconstrict-
ion rather than the toxic effects of fulvine was
shown by injecting normal rats with histamine.
The immediate vasoconstriction which resulted
was also associated with numerous evaginations
of membranes of smooth muscle cells.2 This
early report led to further investigations so that
large pale evaginations of smooth muscle were
found to be common in the pulmonary veins
of rats given monocrotaline, an alkaloid related
to fulvine,3 and in pulmonary veins, arteries,
and muscularised arterioles in rats subjected to
prolonged hypoxia.4 The latter paper was of
particular interest because it showed for the
first time that hypoxia can induce constriction
of pulmonary veins as well as arteries. Hypoxia
also promotes the formation of evaginations in
the pulmonary trunk of rats where they appear
as large "islands" of cytoplasm, with few or-
ganelles, situated beneath the endothelium.5
Fortuitous sections reveal that many of these
apparent "islands" are connected to smooth
muscle in the media by a narrow neck passing
through gaps in the internal elastic lamina.

Evagination ofsmooth muscle is not confined
to the pulmonary circulation but has been de-
scribed in the aorta of hypoxic rabbits6 and
in intestinal smooth muscle.7 Fay and Delise8
studied the morphological alterations in iso-
lated smooth muscle cells from the stomach of
Bufo marinus by scanning and transmission
electron microscopy. They found that in the
relaxed cell the surface was smooth and the
myofilaments orientated longitudinally. On
contraction the cell surface became covered
with bulbous prominences and the myo-
filaments assumed a more random orientation.
These evaginations of the cell membrane oc-
curred between adjacent dark attachment
points for myofilaments on the cell surface.
They concluded that when the myofilaments
contract they exert an inwardly directed force
which squeezes out the clear cytoplasm be-
tween the attachment points to form numerous
balloon-like prominences.
Although muscular evaginations are com-

mon in rats they are not seen in any form
of hypertensive pulmonary vascular disease in
humans described so far.910 This difference
between rats and humans may simply reflect
species differences. It is possible, however, that
the pulmonary arteries of humans constrict to
a lesser extent than those of the rat. A major
component of the increased pulmonary vas-
cular resistance associated with plexogenic pul-
monary arteriopathy is therefore due to vascular
occlusion by myofibroblasts rather than to vaso-
constriction.91' 12 Furthermore, chronic hyp-
oxia in humans is associated with a modest
increase in pulmonary arterial blood pressure
with mean values at rest of29 mm Hg in natives
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of Morococha at an altitude of 4540 m.'3 This
is in sharp contrast to a right ventricular mean
pressure of 30-55 mm Hg recorded in rats sub-
jected to a pressure of 380 mm Hg in a de-
compression chamber for 4-5 weeks.'4

Muscularisation of pulmonary arterioles
Animal species which are indigenous to high
altitude, such as the llama, alpaca, mountain
viscacha, and the yak, show no changes in their
heart or pulmonary blood vessels in response
to the hypobaric hypoxia of their environment. 15

They are considered to be genetically adapted
to life at high altitude. Animals which ac-
climatise to hypoxia have been little studied at
natural high altitude except for the cow which
responds with intense vasoconstriction and hy-
pertrophy of its pulmonary arterioles.'5 Instead,
common laboratory animals such as rats and
rabbits have mostly been studied in hypoxic
chambers simulating altitudes as high as
5500 m. This extreme hypoxia leads to severe
pulmonary arterial hypertension, right vent-
ricular hypertrophy, and pronounced mus-
cularisation of pulmonary arterioles.'4 1"17
Humans, too, have to acclimatise to high al-
titude and commonly showhypoxic remodelling
of the pulmonary vasculature. Arias-Stella and
Saldaia'8 were the first to note that pulmonary
arterioles consisted ofa thick media ofcircularly
orientated smooth muscle sandwiched between
two elastic laminae in Quechua Indians from
Cerro de Pasco at an altitude of 4330 m in the
Peruvian Andes. This observation was later
confirmed in Aymara Indians and mestizos
from La Paz at an average altitude of 3800 m,
although only a proportion of them showed
muscularised arterioles. 1 20 Pulmonary vascular
remodelling in citizens of La Paz may also
involve the development oflongitudinal muscle
in the intima of small pulmonary arteries and
arterioles and occasionally the formation of
muscular tubes.20 Similar changes may occur
in patients at sea level who develop severe
alveolar hypoxia secondary to chronic ob-
structive airways disease.21 22 The feature com-
mon to all these situations is muscularisation
ofpulmonary arterioles, a process involving the
formation of a distinct media ofsmooth muscle
in vessels normally devoid of muscle except at
their origins. As such it has become a consistent
pathological marker for chronic alveolar hyp-
oxia.
The ultrastructure of arteriolar muscu-

larisation has never been described in humans
from high altitude, but the process has been
traced in detail in the rat. The most notable
change occurs about 10-14 days after rats have
been living in a hypobaric chamber at a pressure
of 380mm Hg.2324 Plump smooth muscle cells
appear between the single elastic lamina and
the endothelium. These cells form an almost
continuous media and many of them show
features of immaturity in the form of a paucity
ofmyofilaments confined to the periphery, with
an abundance of organelles comprising rough
and smooth endoplasmic reticulum, Golgi ap-
paratus, and free ribosomes in the centre of
the cytoplasm. After three weeks of hypoxia

most smooth muscle cells have this immature
appearance, but the quantity of myofilaments
has increased. In addition, small clumps of
elastin are deposited in the endothelial basal
lamina. Between three and five weeks there is
a progressive increase in the proportion of the
cytoplasm of smooth muscle cells occupied by
myofilaments with a corresponding reduction
in secretory organelles. These cells now re-
semble mature smooth muscle. They are also
encountered more frequently, suggesting either
that new muscle has migrated from proximal
vessels or that existing cells have undergone
division. By five weeks there is an almost con-
tinuous layer of elastin beneath the endo-
thelium forming a new internal elastic lamina.
The origin of the new smooth muscle in

muscularised arterioles is far from certain. Elec-
tron microscopy of normal arterioles reveals
that they contain sparsely distributed, highly
attenuated smooth muscle cells immediately
beneath the endothelium.2" These cells have
also been referred to as pericytes and in-
termediate cells24 but, whatever one cares to
call them, they have a muscular pedigree and
presumably hypertrophy to form the immature
smooth muscle during the first two weeks of
hypoxia. It is likely that they can also divide
since mitotic figures in pulmonary arterioles
have been reported after 7-10 days ofhypoxia,24
and there is uptake of tritiated thymidine by
the newly formed smooth muscle.25
At the light microscopical level muscularised

arterioles have a similar appearance irrespective
of whether they have been induced by hypoxia
or other agents. It is generally assumed, there-
fore, that there is but a single type of mus-
cularised arteriole. This assumption was tested
recently by comparing the ultrastructure of
these vessels in rats which had been hypoxic
from birth with those from young rats given
the pyrrolizidine alkaloid monocrotaline.26
Both groups of animals showed extensive mus-
cularisation of pulmonary arterioles with sev-
eral layers of plump smooth muscle cells.
However, smooth muscle in the hypoxic rats
contained numerous fine myofilaments
throughout the cytoplasm interspersed with
prominent mitochondria. In rats treated with
monocrotaline, on the other hand, smooth
muscle cells had an immature appearance with
coarse myofilaments confined to the periphery,
whilst the few mitochondria and synthetic or-
ganelles occupied the central region of the
cytoplasm. These qualitative impressions were
confirmed by point counting electron micro-
graphs. Of particular note was a statistically
significant increase in the volume density of
mitochondria and synthetic organelles in hyp-
oxic arterioles when contrasted with those of
monocrotaline-treated rats. The newly formed
internal elastic lamina of the hypoxic arteriole
was also thicker and more complete so that
these vessels resembled minute systemic ar-
terioles. These ultrastructural differences in
smooth muscle cells suggest different functions
depending on what has stimulated them, and
perhaps, on the age at which that stimulus is
applied. In the latter context it should be borne
in mind that hypoxia from birth acts upon
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Ultrastructure of the lung in chronic hypoxia

Figure 1 Part of a muscularised pulmonary arteriole from a 41 year old woman with
panacinar emphysema secondary to x,-antitrypsin deficiency. Circularly orientated smooth
muscle cells (M) have accumulated between the endothelium (E) and the original, dark
elastic lamina (L). In this vessel there is no newly formed internal elastic lamina. A
broad zone can be seen between the smooth muscle and the elastic lamina which is
occupied by haphazardly arranged collagen fibrils. Bar= 2 pm.

Figure 2 Transverse section of the inner region of a muscular pulmonary artery from the
same patient as in fig 1. Circularly orientated smooth muscle cells of the media are shown
(M) with the adjacent discontinuous internal elastic lamina (L). The space between the
lamina and the endothelium (E) is greatly expanded by numerous smooth muscle cells
with a longitudinal orientation (LAM). Between these smooth muscle cells are collagen
fibrils and small, darkly staining wisps of elastin. Bar= 3 pm.

pulmonary arterioles which retain their fetal
muscular configuration and is effectively pre-
venting the normal postnatal regression of this
muscle. The increased volume density of
mitochondria in smooth muscle cells of pul-
monary arterioles in hypoxic rats may represent
a response to an increased demand for oxidative
phosphorylation in cells deprived of an ad-
equate supply of oxygen.

Hypoxic remodelling of the pulmonary
vasculature in humans
As mentioned above, there are no ultra-

structural studies on the pulmonary blood
vessels in humans resident at high altitude.
Recently, however, we were able to obtain fresh
lung tissue suitable for electron microscopy
from three cases ofpulmonary emphysema who
had undergone combined heart-lung trans-
plantation.'0 These cases showed many of the
features of remodelling of small pulmonary
arteries and arterioles secondary to the alveolar
hypoxia associated with chronic obstructive air-
ways disease. Thus, one case contained nu-
merous muscularised pulmonary arterioles,
a second showed longitudinally orientated
muscle in the intima of both arteries and ar-
terioles, and the third displayed extensive in-
timal fibroelastosis.
At the ultrastructural level muscularised ar-

terioles consisted of 1--3 layers of circularly
orientated smooth muscle cells internal to the
original elastic lamina (fig 1). In some arterioles
the smooth muscle abutted directly onto the
basal lamina of the endothelium, but in others
there was a deposition of elastin beneath the
endothelium to form a new, discontinuous in-
ternal elastic lamina. In this respect mus-
cularised arterioles were similar to those in the
rat but they often contained more connective
tissue, particularly in a broad zone separating
the external elastic lamina from the new media
(fig 1). This process of muscularisation ex-
tended peripherally into the smallest of pul-
monary blood vessels so that even precapillaries
were surrounded by a ring of smooth muscle
cells.
The earliest change in small pulmonary ar-

teries consisted of a single layer of smooth
muscle cells, orientated radially, spanning the
gap between the internal elastic lamina and the
endothelium. In some instances narrow "tails"
of cytoplasm extended from these intimal cells,
through gaps in the lamina, into the media.
This appearance suggests migration of the
muscle from media to intima but does not
prove it. Nevertheless, there is ample evidence
from other forms ofpulmonary vascular disease
that intimal proliferations are derived from the
media.2728 In more advanced lesions the
migrating smooth muscle cells adopted a
longitudinal orientation with collections of
them often forming pads or crescents in the
intima several cells in thickness (fig 2). These
smooth muscle cells were identical in structure
to those in the media, and the spaces between
them were occupied by collagen and dis-
continuous strands of elastic fibres (fig 2). The
final stage consisted of an increase in quantity
of connective tissue in which the elastic fibres
formed a net-like pattern of anastomosing
strands enclosing the muscle cells. It should be
noted that, although the smooth muscle cells
probably secreted the collagen and elastin, at
no stage did they lose their muscular phenotype
to become myofibroblasts. This is in sharp
contrast to plexogenic pulmonary arteriopathy
where there is a florid invasion of the intima
with smooth muscle cells which then acquire
numerous secretory organelles to become myo-
fibroblasts.9

In some ofthe small pulmonary arteries there
was a discontinuous layer of attenuated muscle
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cells with a circular orientation situated im-
mediately subjacent to the endothelium. Their
presence might explain the formation of mus-
cular tubes in the lumens ofpulmonary arteries
and arterioles in some cases of emphysema or,
rarely, in natives to high altitude.2022 Such tubes
consist of a layer ofcircularly orientated smooth
muscle which forms on the lumenal aspect of
the intimal longitudinal muscle. This layer of
smooth muscle becomes enclosed by fine elastic
laminae to form a distinct tube in the intima.
Although muscular tubes were not an obvious
feature in the three cases described here, the
subendothelial circular smooth muscle may
represent an early stage in their formation.
In one vessel in particular rudimentary elastic
laminae were found on either side ofthe intimal
circular muscle. The aetiology of such tubes is
unclear, but they may simply be a response
to haemodynamic forces since circumferential
stress is greatest close to the endothelial surface
of a vessel.

Regression of hypoxic pulmonary
vascular remodelling
It is often assumed that, because the changes
in pulmonary arterioles induced by chronic
hypoxia are purely muscular in nature, they
will regress completely upon restoration of a
normal alveolar oxygen tension. There is evi-
dence, however, that such regression may be
incomplete. Sime et al29 studied healthy soldiers
native to Cerro de Pasco and measured their
pulmonary arterial pressures at Morococha at
an altitude of 4540 m. The mean pulmonary
arterial pressure was 24 mm Hg at altitude and
this fell during breathing of oxygen but did not
reach the level found in natives of Lima at
sea level. This partial reversal of pulmonary
hypertension was attributed to relaxation of
constricted pulmonary arterioles. After res-
idence at sea level for two years the pulmonary
arterial pressure in these soldiers had fallen to
12 mm Hg, a level similar to that of natives to
the area. This was attributed to loss of the thick
coat of muscle in the terminal arterial vessels.
Sime et al noted that, despite the complete
regression of pulmonary arterial hypertension
at rest, these subjects showed an increase in
pulmonary arterial blood pressure on exercise
which was twice that of natives to Lima. This
hyperreactivity of the pulmonary vasculature
suggested that involution of muscularised ar-
terioles may not be complete even after two
years. Certainly, the pulmonary vascular lesions
which may complicate chronic obstructive lung
disease are remarkably resistant to reversal
since all attempts to make them regress by long
term oxygen therapy have met with singular
lack of success.22 The form of pulmonary vas-
cular disease in emphysema differs from the
hypoxic remodelling at high altitude in that
large quantities of collagen and elastin are
secreted by intimal longitudinally orientated
smooth muscle cells. Thus, a predominantly
acellular, and hence irreversible, intimal fibrosis
develops with the passage of time.
The pulmonary arterial hypertension which

develops in adult rats subjected to 10% oxygen

for 3-4 weeks also regresses completely when
they are allowed to recover for five or more
weeks.'430" This is associated with a gradual
reduction in right ventricular weight and a loss
in both the number and thickness of mus-
cularised pulmonary arterioles. The latter pro-
cess is often incomplete so that even after
periods of recovery of 12 or 20 weeks there are
more peripheral vessels with a distinct muscular
coat than one finds in control rats.'0 32 Hypoxia
therefore appears to leave a prolonged imprint
upon the pulmonary vasculature. This involves
not only pulmonary arterioles but larger vessels
also. Thus Meyrick and Reid"`'3 studied the
effects of prolonged hypoxia upon hilar or
elastic pulmonary arteries. Their ultra-
structural studies showed an increase in the
size of medial muscle cells and an increase in
extracellular microfibrils, collagen, and elastin.
Fibroblasts in the adventitia were increased
in size and number and were associated with
abnormally large quantities of collagen. Upon
recovery from hypoxia for 28 days the muscle
cells returned to normal but much of the con-
nective tissue persisted.

If experimental rats are born in a hypoxic
chamber, or placed in one within a few days of
birth, an intense muscularisation of pulmonary
arterioles develops. These vessels are more nu-
merous and have a thicker media than pul-
monary arterioles of adult rats subjected to the
same degree of hypoxia for the same time."'6
There is also a greater degree of right vent-
ricular hypertrophy and pulmonary hyper-
tension."'7 When rats which have been
hypoxic during the neonatal period are allowed
to recover for 12 weeks there is incomplete
regression of their pulmonary hypertension,
right ventricular hypertrophy, and mus-
cularisation of pulmonary arterioles. All three
parameters are in excess of those remaining in
adult rats after the same period of recovery.
At the ultrastructural level pulmonary arterioles
of rats born in a hypobaric chamber possess
several layers of large smooth muscle cells,
each ofwhich contain numerous myofilaments,
dense attachment points, and mitochondria.'8
They also have a prominent, continuous in-
ternal elastic lamina. These changes will occur
after exposure for four weeks to a pressure of
490 mm Hg simulating an altitude of 3550 m.
Despite this mild degree of hypoxia ultra-
structural modifications to pulmonary arteri-
oles are more pronounced than those of
adult rats subjected to more severe hypoxia at
a pressure of380 mm Hg.2' During the recovery
period there is no change in the vessels for the
first week, but thereafter there is a progressive
reduction in size and number ofsmooth muscle
cells. After 12 weeks of recovery, however,
pulmonary arterioles retain an almost con-
tinuous media of attenuated muscle cells and
a distinct internal elastic lamina.'8
The abnormally muscular pulmonary ar-

terioles which persist after neonatal hypoxia
should be capable of reacting rapidly and force-
fully to vasoconstrictive stimuli. Such an effect
has been demonstrated in rats exposed to 12%
oxygen from birth for only one week and then
allowed to recover for nine weeks.'940 When
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Utrastructure of the lung in chronic hypoxia

these animals were exposed to a further episode
of hypoxia for two weeks their pulmonary vas-
culature responded to an acute hypoxic chal-
lenge with a greater degree of vasoconstriction
than rats which had not experienced perinatal
hypoxia. This suggests that perinatal hypoxia
leaves a permanent structural or metabolic im-
print on the small pulmonary arterial vessels
rendering them hyperreactive.40 A similar con-
clusion was reached by Caslin et al 6 who
compared the effects of a low dose of mono-
crotaline on controls and rats which had ex-
perienced hypoxia for the first four weeks of
their life followed by a period of recovery of
12 weeks. The control animals developed a
moderate muscularisation of their pulmonary
arterioles, but in the hypoxic animals these
vessels were thicker and more numerous. Ves-
sels of smaller calibre than usual were affected,
indicating a shift towards the peripheral regions
of the pulmonary arterial tree as in hypoxia. At
the ultrastructural level these vessels showed
hypertrophy and hyperplasia of the residual
smooth muscle which had persisted in them
from birth."8

The fatal legacy
These animal studies may have clinical sig-
nificance should a similar phenomenon be
found in man. Unfortunately there are no
pathological reports of the long term effects
ofperinatal hypoxia on the pulmonary vasculat-
ure of humans, but the physiological studies
of Sime et al29 described earlier provide cir-
cumstantial evidence that people born at high
altitude retain a degree of muscularisation of
their pulmonary arterioles after a prolonged
residence at sea level. One can speculate that
these hyperreactive pulmonary arterioles could
respond to a vasoconstrictive stimulus in later
life, thereby leading to pulmonary arterial
hypertension. In severe cases this could pro-
gress to primary pulmonary hypertension, the
pathological basis of which is plexogenic pul-
monary arteriopathy. In other words, living
at high altitude during the neonatal period
followed by a move to sea level may leave a fatal
legacy in the pulmonary vasculature which, in
certain susceptible individuals, may be acti-
vated later in life to create a life threatening
disease."6 Evidence for such a fatal legacy is
exemplified by two intriguing case histories
described below.
The first concerns a young woman who was

born in the High Andes of Peru and during
infancy suffered attacks of cyanosis and breath-
lessness. Because of these symptoms her par-
ents brought her to the UK where she made a
quick recovery which continued into ado-
lescence. During her first year at university she
became severely dyspnoeic and cardiological
investigations revealed a diagnosis of primary
pulmonary hypertension. She died, and sec-
tions of lung referred to this department
showed gross medial hypertrophy of small pul-
monary arteries with extensive acellular intimal
fibrosis and the presence of plexiform lesions
typical of plexogenic pulmonary arteriopathy.4'
The second case was that of a Squadron Leader

in the Royal Air Force who presented at the
age of 34 with a history of exertional dyspnoea.
He had a pulmonary arterial pressure at a
systemic level and a diagnosis of primary pul-
monary hypertension was made which required
heart-lung transplantation. He was born and
had lived for the first 12 years of his life in the
highlands of Kenya at an altitude of 2500 m.
He then came to the UK and trained as a
pilot, including repeated exposure to hypobaric
hypoxia in decompression chambers. During
his subsequent career he became a helicopter
pilot flying at altitudes up to 4900 m. These
two cases suggest that exposure to hypoxia
from birth, with subsequent reinforcement in
adulthood in the latter case, may leave the
pulmonary vasculature abnormally reactive
and, in a minority of individuals, may lead
to primary pulmonary hypertension. Further
evidence comes from studies in Leadville, Co-
lorado at an altitude of 3100 m where 11 cases
of unexplained pulmonary hypertension have
been described in children who were born
there. Nine of these patients recovered after
moving to sea level but two died and their
pulmonary arteries showed a concentric intimal
proliferation of myofibroblasts typical of the
preplexiform phase of plexogenic pulmonary
arteriopathy.42
The link between perinatal hypoxia and sub-

sequent primary pulmonary hypertension is, of
course, circumstantial and is based largely upon
an experimental model in rats. Such com-
parisons between rats andhumans must be made
with caution since the pulmonary vasculature of
the rat differs from that of humans in several
respects.43 In particular, plexogenic pulmonary
arteriopathy is characterised by migration of
smooth muscle cells into the intima ofsmall pul-
monary arteries and arterioles,28 44 a process
which has never been seen in the rat. Never-
theless, the possibility of some fatal legacy im-
parted by perinatal hypoxia merits further in-
vestigation. Perhaps consideration should also
be given to the possibility that a permanent
change is retained by small pulmonary arteries
and arterioles in children following corrective
surgery for congenital cardiac defects. Certainly
children with congenital pulmonary hyper-
tension show an abnormal immunoreactivity
for vimentin and ot-actin in their smaller pul-
monary arteries.45
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Dietary pulmonary hypertension

J M Kay

In 1967 Kay et al postulated that some cases
of unexplained pulmonary hypertension might
be due to the ingestion of drugs or other toxic
substances.' This concept, later termed dietary
pulmonary hypertension,23 was advanced fol-
lowing the observation that the oral ad-
ministration to rats of the pyrrolizidine alkaloid
monocrotaline produced severe pulmonary
hypertension.' There are no reports of
pyrrolizidine alkaloids causing pulmonary
hypertension in human subjects, but there have
been two epidemics ofpulmonary hypertension
caused by the ingestion of other substances,
and several reports of pulmonary hypertension
associated with the administration of drugs
(table). The two epidemics of pulmonary
hypertension were related to the ingestion of
an appetite suppressing drug aminorex,4 and to
the ingestion of denatured rapeseed oil.5 Pul-
monary hypertension has also been reported in
two obese patients taking phenformin.6 Severe
pulmonary hypertension associated withhaemo-
lytic anaemia and renal failure occurred in a
46 year old man with carcinoma of the colon
who was treated with mitomycin.7 Pulmonary
veno-occlusive disease has been described in
patients receiving chemotherapy with BCNU5
and bleomycin alone,9 or in combination with
mitomycin and cisplatin,'° or mitomycin,
cisplatin and vinblastine."1 The effects of pyr-
rolizidine alkaloids, anorexigens, L-tryptophan,
and toxic oil on the pulmonary vasculature are
considered in the following review.

Pyrrolozidine alkaloids and the
pulmonary circulation
Alkaloids are plant constituents other than
simple amines which contain a basic nitrogen
atom. They occur widely and are present in
approximately 5% of all plant species.'2 The

Pulmonary hypertension associated with drugs and toxic
substances

Drug or substance Pulmonary vascular pathology

Aminorex Pulmonary arteriopathy with plexiform
lesions

BCNU Pulmonary veno-occlusive disease
Bleomycin Pulmonary veno-occlusive disease
Combination
chemotherapy Pulmonary veno-occlusive disease

Dexfenfluramine Pulmonary arteriopathy with plexiform
lesions

Fenfluramine Pulmonary arteriopathy with plexiform
lesions

L-tryptophan Vascular and perivascular chronic
inflammation

Mitomycin Intracapillary thrombi
Phendimetrazine Pulmonary artery medial hypertrophy and

intimal fibrosis
Phenformin
Propylhexedrine
Spanish toxic oil Pulmonary artery medial hypertrophy,

intimal proliferation with foam cells,
perivascular chronic inflammation

pyrrolizidine alkaloids are amino alcohols de-
rived from the pyrrolizidine nucleus. Once
thought to be characteristic of Senecio species,
pyrrolizidine alkaloids are now known to be
equally common in Crotalaria species and in
all species in the subfamilies Heliotropioideae
and Boraginoideae and the family Boragin-
aceae.' These three main botanical groups, in
which the pyrrolizidine alkaloids occur, consist
mostly of herbaceous species and a few shrubs.
The Crotalaria genus is virtually restricted to
tropical and subtropical areas, but the Sene-
cioneae and Boraginaceae are worldwide in
distribution. The pyrrolizidine alkaloids are
toxic, and are thus hazardous to farm animals
and to man."'4

Crotalaria spectabilis
Crotalaria spectabilis is indigenous to India but
is now widely scattered throughout the tropics
and subtropics of both hemispheres." The
stems, leaves, and seeds contain the pyr-
rolizidine alkaloid monocrotaline which is toxic
to a wide range of animals including cattle,
pigs, hens, turkeys, monkeys, and rats."
When young rats are given a diet containing

0i1% powdered Crotalaria spectabilis seeds they
develop severe pulmonary hypertension and
die within 36-60 days.' The pulmonary hyper-
tension is accompanied by right ventricular
hypertrophy, thickening of the pulmonary
trunk," and medial hypertrophy of the mus-
cular pulmonary arteries.'6 About one third of
the rats develop necrotising pulmonary ar-
teritis. Plexiform lesions and intimal fibrosis do
not occur. There is muscular thickening of the
walls of small pulmonary veins.'6 In addition
to the pulmonary vascular disease, the lung
parenchyma shows pulmonary oedema, intra-
alveolar haemorrhage, interstitial fibrosis, and
a proliferation of alveolar cells.'6"' These par-
enchymal lesions probably result from ob-
struction to the small pulmonary veins. Fatal
pulmonary hypertension and hypertensive pul-
monary vascular disease can be produced in
rats by a single intraperitoneal injection of
monocrotaline (fig 1).'8

Crotalaria fulva
Crotalaria fulva is one of several plants used in
the West Indies for the preparation ofbush teas
consumed by the indigenous population for
medicinal and other purposes. '9 The leaves and
seeds of Crotalaria fulva contain fulvine which
is closely related to monocrotaline. The oral or
systemic administration of fulvine to rats leads
to right ventricular hypertrophy accompanied
by thickening of the pulmonary trunk and
medial hypertrophy of muscular pulmonary
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Figure 1 Medial hypertrophy of muscular pulmi
artery in rat killed 20 days after a single intraper
injection of monocrotaline (60 mg/kg). Stain: ela
Gieson, magnification x 400 reduced to 76% in
origination.

arteries. " Acute necrotising arteritis alsi
in a small proportion of animals. T
monary veins show narrowing of their
due to a proliferation of smooth mus
an increase in collagen.202' Thus monoc
and fulvine produce identical pulmon
cular lesions in rats.

Senecio jacobaea
This is the common ragwort plant whic
ers have long recognised as being toxic
(fig 2). Its seeds and leaves contain 1
rolizidine alkaloids seneciphylline, sene
jacobine, jaconine, jacoline, and jacoz
is available in some health food stoi
dried, chopped form, which is made
infusion to cure various ailments. WI
are given a diet adulterated with pc
dried Senecio jacobaea they develop rig
ricular hypertrophy, thickening of t
monary trunk, medial hypertrophy ofn
pulmonary arteries, and muscularisatic
pulmonary arterioles.22 Pure seneciphy]
been shown to induce right ver
hypertrophy and medial hypertrophy
monary arteries in rats.23

MECHANISM OF PULMONARY TOXICITY C
PYRROLIZIDINE ALKALOIDS
The mechanism by which the pyrrc
alkaloids produce pulmonary hypertei
laboratory animals is not clear.2425 1
considerable variation in the suscepti
animal species to the pulmonary hype
effects of monocrotaline.26 Pulmonarr
tension has been described in rats an(

monkeys given monocrotaline,27 but mice, rab-
bits, and hamsters are relatively resistant to its
pulmonary hypertensive effects, and dogs are
only occasionally susceptible.26 One ofthe most
intriguing problems is the latent period of
several days which elapses between the
administration of the alkaloid and the
development of pulmonary vascular lesions.
Endothelial injury may be an early, or perhaps
the earliest, event which occurs in the lungs
after the administration of monocrotaline.2829
The sequence of events in rats following a
single injection of monocrotaline appears to be
as follows: endothelial injury is detected by
electron microscopy at four days,28 mus-
cularisation ofpulmonary arterioles and medial
hypertrophy of muscular pulmonary arteries
occurs at seven days, pulmonary hypertension
is detectable at 10 days, and right ventricular
hypertrophy is present at 12 days.30 There is
evidence that the pyrrolizidine alkaloids them-
selves are not toxic substances, but that they
are dehydrogenated in the liver to produce
highly reactive pyrrole derivatives, which may
then be transported to the lungs. It has been
shown that the metabolism and excretion of a
single toxic dose of a pyrrolizidine alkaloid

onary takes place rapidly, and is virtually complete
nitoneal within 24 hours.143' The delayed onset of the
stic van pulmonary vascular disease cannot therefore

result from a prolonged exposure to a toxic
metabolite circulating in the blood for several

o occurs weeks, but must follow a short exposure during
he pul- the metabolism of the alkaloid. Numerous in-
lumens vestigations of the mechanism of action of
cle and monocrotaline have revealed a variety of in-
rotaline hibitory substances.26 Some of these agents
Lary vas- have been more effective than others but none

have afforded complete protection. The bio-
chemical pathways whereby the administration
of monocrotaline or monocrotaline pyrrole
leads to endothelial injury remain obscure

:h farm- despite studies of lung mast cells,32 5-hydroxy-
to cattle
the pyr-
cionine,
mine.'2 It
res in a
into an
hen rats
)wdered
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Figure 2 The flowers of Senecio jacobaea approximately
half natural size.
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Figure 3 Plexiform lesion (top) in lateral branch of a
muscular pulmonary artery (bottom) in a woman aged 44
years who died ofpulmonary hypertension after taking
aminorex. Stain: elastic van Gieson, magnification x 155
reduced to 76% in origination.

X~~~~~~~-3.
Figure 4 Muscular pulmonary artery showing medial
hypertrophy and concentric laminar intimal fibrosis in the
same patient as in fig 3. Stain: elastic van Gieson,
magnification x 400 reduced to 76% in origination.

tryptamine,33 34 platelets,35 angiotensin con-
verting enzyme,30 polyamines,36 arachidonic
acid metabolites,37 immune mechanisms,38 and
elastin and collagen synthesis.39

TOXICITY OF PYRROLIZIDINE ALKALOIDS IN
HUMAN SUBJECTS
It is now generally accepted that fulvine, and
possibly other pyrrolizidine alkaloids, in bush
tea are the cause of veno-occlusive disease of
the liver in the West Indies.40 Pyrrolizidine
alkaloids have caused massive outbreaks ofhep-
atic veno-occlusive disease in Afghanistan4' and
India42 and have caused sporadic cases in the
USA43 and UK.44 The clinical and pathological
features of hepatic veno-occlusive disease are
well described elsewhere,45 and are outside the
scope of this paper. Hypertensive pulmonary
vascular disease has never been described in
human cases of hepatic veno-occlusive disease.
The pulmonary arteries and veins in these pa-
tients are normal.46 It is not clear why human
pulmonary arteries and veins are apparently
unaffected by the pyrrolizidine alkaloids when
they exert such toxic effects on the small hepatic
veins. When injections of monocrotaline were
given to two groups of stumptail monkeys aged
one month and 15 months, respectively, the
younger animals developed pulmonary hyper-
tension while the older animals got hepatic
veno-occlusive disease.27 It was suggested that
the different responses of infant and older mon-
keys were related to differences in hepatic
microsomal enzyme activity. It was hypothes-
ised that the enzyme systems associated with
the production of metabolites which are toxic
to the lung were better developed in the infant
than in the older animals. It should be noted,
however, that when children ingest pyr-
rolizidine alkaloids in bush tea they develop
hepatic veno-occlusive disease and not pul-
monary vascular disease.47

Anorexigens
AMINOREX
Aminorex is an appetite suppressing drug which
was available in Switzerland from November
1965 to October 1968. In 1967 a sudden 20-
fold increase in the incidence of unexplained
pulmonary hypertension was observed in a
Swiss medical clinic.48 It was noted that a
considerable number of these patients had
taken aminorex to reduce weight. A similar
increase in the incidence of unexplained pul-
monary hypertension was encountered in other
clinics in Switzerland, and in Austria and Ger-
many where aminorex was also available. An
increased incidence of the disease was not re-
ported in countries where the drug was not
available. A threefold to fivefold increase in
unexplained pulmonary hypertension occurred
in Switzerland that was not associated with the
ingestion of aminorex. It is not clear whether
this was due to increased awareness of the
disease resulting from wide publicity, or a pos-
sible concealment of aminorex consumption,
or whether it reflected the operation of other
unsuspected aetiological factors. A survey of
the prescription forms of a health insurance
company in West Germany identified 731 pa-
tients known to have taken aminorex.49 In this
group 22 cases of unexplained pulmonary hy-
pertension were found. It was shown that there
was a highly significant relation in women be-
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Figure 5 Small muscular pulmonary artery in woman
aged 34 who developed pulmonary hypertension after
ingesting L-trptophan. There is swelling of endothelial
cells and the entire thickness of the wall is infiltrated by
lymphocytes and eosinophils. Stain: haematoxylin and
eosin, magnification x 400 reduced to 7600 in origination.

tween the logarithm of the risk of developing
pulmonary hypertension and the number of
aminorex tablets ingested. Specifically, after the
ingestion of more than eight packs of aminorex
tablets there was a 10% risk of developing the
disease. Women were affected four times more
frequently than men, and the onset of symp-
toms of pulmonary hypertension generally oc-
curred 12 months after the commencement of
aminorex therapy. There was no correlation
between the total amount of aminorex ingested
and the degree of pulmonary hypertension.

In a study of 17 fatal cases of pulmonary
hypertension following aminorex ingestion pul-
monary arteriopathy with plexiform lesions was
present in five cases (fig 3). There were 11
cases of pulmonary arteriopathy with medial
hypertrophy and intimal fibrosis (fig 4), and
one case of thrombotic pulmonary arteriopathy.46
Experience during the last 20 years has shown
that the prognosis of aminorex-related pulmonary
hypertension is better than that of unexplained
pulmonary hypertension, and depends on the
age of the patient at the time of the anorexic
treatment, the initial severity of the pulmonary
hypertension and right ventricular failure, and
the amount of anorexigen ingested.50 In some
patients withdrawal of aminorex has led to partial
remission of the pulmonary hypertension.50 In a
15 year follow up of a female patient with am-
inorex-related pulmonary hypertension a fusi-
form aneurysm of the pulmonary trunk was
observed.5'
The mechanism whereby aminorex produces

pulmonary hypertension is not clear. In ex-
perimental studies on animals, acute and sub-
acute administration of aminorex leads to a
significant, but transient, increase in pulmonary

arterial pressure and in pulmonary vascular res-
istance in most of the species tested.50 It has
not proved possible, however, to induce chronic
pulmonary hypertension or pulmonary vascular
disease after chronic administration of the
drug. 4 46

FENFLURAMINE
Pulmonary hypertension has been described in
patients receiving fenfluramine.52 5366 In some
cases the pulmonary hypertension has regressed
after withdrawal of the drug. In fatal cases the
lungs show pulmonary arteriopathy with plexi-
form lesions.5466

PROPYLHEXEDRINE
Pulmonary hypertension has been reported in
two patients receiving propylhexedrine,55 which
regressed after discontinuation of the drug.

PHENDIMETRAZINE
Pulmonary hypertension developed in a patient
receiving phendimetrazine.56 An open lung
biopsy showed pulmonary arteriopathy with
medial hypertrophy and intimal fibrosis.
The pulmonary hypertension regressed after
discontinuation of the drug.

DEXFENFLURAMINE
There have been two case reports of pulmonary
hypertension occurring in patients receiving dex-
fenfluramine. In one of these the pulmonary
hypertension reversed when the drug was with-
drawn.57 The other case was fatal and the lungs
showed pulmonary arteriopathy with plexiform
lesions.58

L-Tryptophan
Pulmonary hypertension may develop in people
who ingest preparations of L-tryptophan. Usu-
ally it is a component of the eosinophilia-
myalgia syndrome.5960 However, some patients
have neither eosinophilia nor myalgia.6' In some
patients the pulmonary hypertension regresses
after withdrawal of the L-tryptophan and the
administration of steroids,59 but in others it per-
sists.6" Open lung biopsy specimens have shown
small pulmonary arteries and pulmonary veins
surrounded by tight cuffs of lymphocytes mixed
with small numbers of eosinophils (fig 5). This
chronic inflammatory cell infiltrate extends in-
wards to involve the media and intima which
usually shows a fibromyxoid proliferation and
swelling of endothelial cells.59-61 In one case a
granulomatous vasculitis was seen, characterised
by palisading histiocytes within the vessel wall
associated with giant cells and a focus of
necrosis.59

Toxic oil syndrome
The toxic oil syndrome epidemic occurred in
Spain during the spring and summer of 198 L. It
was one ofthe largest epidemics ofan intoxication
ever recorded, resulting in about 20 000 cases,
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legally imnported for industrial use. To produce an
inexpensive cooling oil the perpetrators imported
industrial grade rapeseed oil denatured with ani-
line. T'hey attempted to remove the red colour
of the aniline by a heating and refining process.
Small quantities of soya oil, castor oil, olive oil,
and animal fats were also added. During this
illegal refining process toxic agents - as yet un-
identified - were probably produced.

T'he clinical course of the toxic oil syndrome
had three phases. The first phase was char-
acterised by the adult respiratory distress syn-
drome. About 50% of the patients recovered
from this early phase. The remainder progressed
to the second phase of severe myalgia, eosino-
philia, and thromboembolic complications.
'Me first cases of pulmonary hypertension were
described in this phase. The third phase was
characterised by neuromuscular complications
and pulmonary hypertension.6263 In some pa-
tients the pulmonary hypertension regressed but
in others it progressed rapidly, leading to death."4
Postmortem examinations of patients who died
with pulmonary hypertension showed medial hy-
pertrophy of muscular pulmonary arteries ac-
companied by a peculiar but characteristic intimal
proliferation involving cells with vacuolated,
faintly basophilic cytoplasm that displaced the

nucleus to one side (fig 6). The intimal pro-
liferation was associated with narrowing or even
occlusion ofthe lumen. The endothelial cells were
swollen and there was a perivascular infiltrate
of lymphocytes, plasma cells, histiocytes, and
eosinophils.65 One report mentioned plexiform
lesions, but the single illustration in this paper is
not convincing.TM The toxic oil syndrome bears
some resemblance to the esosinophilia-myalgia
syndrome associated with L-tryptophan
ingestion."
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Plexogenic arteriopathy

C A Wagenvoort

History of a name
In 1973 a committee of the World Health
Organisation convened in Geneva to discuss
"primary pulmonary hypertension". On that
occasion it was considered essential to provide
a definition of this condition, which clinically
formed an entity but morphologically showed
a greatly varied picture. Pathologists were
familiar with a morphological entity, com-
monly found in congenital cardiac shunts,
occasionally in diseases of the liver, and rarely
without any identifiable cause. That mor-
phological entity had been studied particularly
in patients with congenital heart disease' be-
cause it occurred far more frequently here than
in the other groups. Another reason was that
lung biopsy samples taken during surgical cor-
rection of the defect provided the chance to
observe this form of hypertensive pulmonary
vascular disease in various stages,2 and not only
at the end stage at necropsy. It became clear
that in this entity there is a sequence of lesions,
beginning with an increased muscularity of the
muscular pulmonary arteries, followed by an
intimal reaction, culminating in a characteristic
type of intimal fibrosis. In the final stages other
arterial alterations appear ofwhich the so-called
plexiform lesion is the most striking and
characteristic. It was the condition with this
morphological pattern of lung vessels that
had always fitted the definition of prim-
ary pulmonary hypertension as used by the
pathologists, sometimes preceded by the
word "classical".
During the committee meeting the point

was made that pathologists cannot diagnose
an elevated pulmonary arterial pressure and,
therefore, rather than using the term "primary
pulmonary hypertension" should create their
own name for the morphological entity. The
task of doing this was assigned to the two
pathologists on the committee, Heath and
Wagenvoort who, during a luncheon on
17 October 1973, arrived at the following con-
clusions.
1. The various changes in this form of hyper-

tensive pulmonary vascular disease occur
exclusively in the pulmonary arteries.

2. The most characteristic histological feature
of the condition is the plexiform lesion,
and a new designation should refer to this
alteration.

3. Plexiform lesions occur only in the final
stages.
To identify the disease as a whole including

the earlier stages, it was suggested that the
word "plexogenic" (indicating a potential de-
velopment not necessarily the presence of the
lesions) rather than "plexiform" should be in-
corporated in the term. The proposal of the

pathologists to call the morphological entity
"pulmonary arterial plexogenic disease" or
"plexogenic arteriopathy" was proposed, ac-
cepted by the committee, and subsequently
published as a recommendation in its report.3
Although the term "plexogenic arteriopathy"

has been widely used since then, there has
been some confusion. The difference between
plexiform and plexogenic has not always been
appreciated, so that terms such as "plexiform
arteriopathy" and "plexogenic lesions" oc-
casionally found their way into the literature,
usually erroneously but sometimes on purpose.
"Plexiform arteriopathy" has been used to in-
dicate the stage of plexogenic arteriopathy in
which plexiform lesions had developed. "Plexo-
genic lesions" have sometimes been used to
denote all arterial changes of the pattern of
plexogenic arteriopathy. Use of the words in
these senses cannot be recommended as it tends
to confuse the meaning of the original terms.

Morphology
Plexogenic arteriopathy is essentially a disease
of peripheral - that is, muscular - pulmonary
arteries. Elastic arteries, including main pul-
monary arteries and pulmonary trunk, may
develop secondary changes such as thickening
ofthe media and atheromatous plaques.4 These
alterations are associated with pulmonary
hypertension in general, however, and may also
be observed in other forms of hypertensive
pulmonary vascular disease. Pulmonary veins
are not usually involved. Only when there is
additional pulmonary venous hypertension, as
in some more complex cardiac defects or in
late stage cardiac insufficiency, do the venous
walls become thickened and may resemble
those of arteries. Such venous changes com-
plicate the pattern of plexogenic arteriopathy
rather than being part of it.

INCREASED MUSCULARITY
The early stages of plexogenic arteriopathy can
easily be studied when lung biopsy samples are
regularly taken during closure of congenital
cardiac shunts. It then appears that the first
alteration of this pattern is an increased mus-
cularity of muscular pulmonary arteries and
arterioles, which may be revealed in various
ways.
Thickening of the arterial media or medial

hypertrophy is the most common form (fig la).
This thickening, which appears to be roughly
proportional to pressure and resistance in the
pulmonary circulation,5 is brought about by an
increase in both the size and number of its
smooth muscle cells so that there is hyperplasia

Department of
Pathology,
Erasmus University,
P.O. Box 1738,
3000 DR Rotterdam,
The Netherlands
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Figure 1 (a) Muscular pulmonary artery with
thickening of the media giving rise to a muscularised
arteriole and (b) intimal longitudinal smooth muscle
bundles in a small muscular artery in patients with a
ventricular septal defect. Stain: elastic van Gieson,
magnification x 140 (a) and x 230 (b) reduced to 86%
in oigination.

as well as hypertrophy.6 The medial thickness,
which in normal muscular pulmonary arteries
is in the range of4-5% of the external diameter
of the vessel may increase to 20% or more. In
infants and young children the overall increase
in muscularity may be exceedingly great. In
these instances there may be an increased risk of
vasoconstrictive crises ofthe pulmonary arteries
during surgical procedures or immediately
thereafter.7
Pulmonary arterial branches of a calibre of

100-70 gm or less normally lose their muscular
coat. With decreasing calibre the media be-
comes interrupted because the circular layer of
smooth muscle cells tends to pursue a spiral
course in these small, predominantly intra-
acinar, arterioles. As a result the cells become
more and more separated from each other and
finally all smooth muscle cells disappear. In
plexogenic arteriopathy muscularisation of ar-

terioles, which as a rule is associated with
medial hypertrophy, contributes to the in-
creased arterial muscularity. The new smooth
muscle cells are almost certainly formed ad hoc
by transformation from pericytes and so-called
"intermediate cells".8 Very small arterioles with
a diameter of 20-40 gm may now have a com-

plete circularly arranged muscular coat (fig 1 a).
Apart from clinical and physiological evid-

ence for vasoconstriction there are also mor-
phological indications for prominent arterial
contraction in plexogenic arteriopathy, par-
ticularly at an ultrastructural level. Crenation
of an internal elastic lamina and cytoplasmic
excrescences on the surface of smooth muscle
cells result either from collapse of an artery
or from contraction. However, these features
are usually far more conspicuous as a result
of constriction than of collapse. More im-
portantly, if collapse is abolished by instillation
of fixative or by in vacuum fixation, the effects
of collapse on the vascular wall disappear while
those of vasoconstriction remain. Vasocon-
striction may, of course, contribute consider-
ably to the thickness of the media. In some
cases it is necessary to calculate the surface
area of arterial smooth muscle per surface area
oflung tissue to establish the presence ofmedial
hypertrophy with certainty.
When there is vasodilatation the effect on

the arterial wall is the opposite to that of
vasoconstriction in that the medial thickness
decreases while the arterial diameter and the
width of the lumen increase. If there is gen-
eralised vasodilatation in a patient with prom-
inent pulmonary arterial medial hypertrophy
the average media may seem completely normal
when compared with the external diameter.
When the total medial surface area in relation
to lung surface area is assessed, however, the
presence of medial hypertrophy will become
clear. This situation may occur when there is
a large flow through the pulmonary circulation,
as sometimes is seen in an atrial septal defect.

Increased muscularity is occasionally ex-
pressed in the form of longitudinal smooth
muscle bundles within the intima of mus-
cularised arterioles (fig lb).9 These bundles
probably enhance the effect of vasoconstriction
as, by their contraction, they will tend to narrow
or obstruct the lumen. Sphincter-like structures
may also be found in association with medial
hypertrophy in plexogenic arteriopathy. These
structures occur exclusively at the origin of a
branch from a parent artery and usually pro-
trude into the lumen of the latter.

INTIMAL LESIONS
The intimal lesions in plexogenic arteriopathy
are always preceded by medial hypertrophy.
During intense vasoconstriction the endothelial
cells may become swollen while protruding
into the lumen. This is particularly striking
in infants. However, intimal proliferation is
uncommon in the first year, even though medial
hypertrophy of arteries and muscularisation of
arterioles may be very pronounced. The form
of intimal reaction characteristic of plexogenic
arteriopathy occurs in two phases: cellular pro-
liferation and intimal fibrosis.

In sustained pulmonary hypertension due to
plexogenic arteriopathy cellular intimal pro-
liferation is a fairly common lesion, particularly
of small pulmonary arteries (fig 2a). Here the
lumen is narrowed by the proliferating cells,
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Figure 3 Dilatation lesions ("vein-like branches") in
several branches of a parent artery with medial
hypertrophy. Stain: elastic van Gieson, original
magnification x 140 reduced to 86% in orngination.

b

Figure 2 Small muscular pulmonary arteries in
ventricular septal defect. (a) Narrowing by cellular intimal
proliferation and (b) by concentric laminar (onion skin)
intimal fibrosis. Stain: haematoxylin and eosin (a) and
elastic van Gieson (b), magnification x 180 reduced to
86% in origination.

which have a clear cytoplasm and round
or oval nuclei. At an ultrastructural level
these cells in many respects resemble
myofibroblastsl° " or smooth muscle cells that
have lost their elongated shape. It is very likely
that these cells are derived from medial smooth
muscle cells, penetrating the internal elastic
lamina through its fenestrations."2 The cells
form a layer ofincreasing thickness, particularly
in an area close to the origin of a branch from
a larger artery. They may obstruct the vessel
almost completely, although a slit-like lumen
is usually recognisable. Initially collagen fibres
are not present, but they gradually appear in
the transition to the next stage, the intimal
fibrosis.

Collagen fibres usually predominate in the
development of intimal fibrosis but in some

cases elastic fibres are particularly numerous.
Whatever the nature of the fibres, the char-
acteristic feature ofthis type ofintimal fibrosis is
their arrangement in a peculiar fashion. Around
the central lumen, or its remnant in severe

cases, there are concentric layers which produce
an onion skin appearance (fig 2b). This con-

centric laminar intimal fibrosis is not only char-
acteristic but also pathognomic for plexogenic

arteriopathy. It has a tendency to occlude ar-
teries completely, and is then often associated
with irreversible hypertension.
There are some other intimal lesions that

are regularly seen in plexogenic arteriopathy.
Thrombotic lesions resulting from organisation
and recanalisation of thrombi are common in
adult patients with plexogenic arteriopathy due
to congenital cardiac shunts or in its primary
form.'315 They appear as eccentric patches of
intimal fibrosis without an onion skin ar-
rangement. Often there are small recanalisation
channels, or upon widening of these channels,
the remnants of the organised thrombus stand
out as intravascular fibrous septa. These throm-
botic lesions are found increasingly with age
in various forms of hypertensive pulmonary
vascular disease. They clearly complicate these
patterns rather than being part of them.'6

Patches or layers of intimal longitudinal
smooth muscle bundles have already been men-
tioned as part of an increased arterial mus-
cularity. Intimal thickening may also be caused
by foreign body granulomas as a result ofcotton
wool or gauze fibres introduced into the blood-
stream during cardiac catheterization or intra-
venous injections.

DILATATION LESIONS
While a generalised dilatation is an adaptation
to a large flow rather than a lesion, localised
dilatation of a pulmonary artery constitutes a
pathological alteration. This is also reflected in
its ultrastructure; the smooth muscle cells of
the media in the dilated segments often show
pronounced degenerative changes."' Dilatation
lesions are always associated with a high pres-
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Figure 4 Fibrinoid necrosis in two branches of a larger
muscular pulmonary artery. In one branch (arrow)
development of a plexiform lesion is beginning. Stain:
haematoxylin and eosin, original magnification x 140
reduced to 86% in origination.

sure in the pulmonary circulation. They occur
in two forms: as vein-like branches and as
clusters.' Vein-like branches are thin walled
wide arterial branches arising from a thick
walled parent artery. Often these branches have
virtually lost their media and then their re-
cognition is easy. Sometimes, however, the
thinning of the media is mild so that these
branches have a wall thickness within normal
limits (fig 3).
Even then the contrast with the prominent

medial hypertrophy of the parent artery and
other arteries will reveal their nature. In a
more severe stage of pulmonary hypertension
dilatation lesions may take the form of clusters

Figure 5 Three plexiform lesions lying in branches close
to their origin from a large muscular pulmonary artery.
Stain: elastic van Gieson, original magnification x 140
reduced to 86% in origination.

4 ,.

V

Figure 6 Plexiform lesion in branch arising from a parent
artery (bottom left). The initial part of the branch shows
fibrinoid necrosis. The plexus lies in a focal dilatation of
the branch, its capillary-like channels open up in wider
spaces. Stain: haematoxylin and eosin, original
magnification x 230, reduced to 84% in origination.

of severely dilated, very thin walled branches
lying close to a parent artery. When these clus-
ters become very large the term angiomatoid
lesion applies.

FIBRINOID NECROSIS AND ARTERITIS
In sustained pulmonary hypertension fibrinoid
necrosis may occur in muscular pulmonary
arteries. Characteristically this is observed in a
branch close to its origin from a larger artery
and over a short distance. In such a segment
most or all of the smooth muscle cells have
become necrotic and the remnants of the mus-
cular coat are replaced with fibrin and have
become eosinophilic and structureless. Usually
a clot consisting of fibrin and platelets lies in
the lumen (fig 4).'8 An inflammatory reaction
may be completely absent; if it occurs it is
generally mild and consists of lymphocytes.
Sometimes a pronounced pulmonary ar-

teritis is found in combination with fibrinoid
necrosis in secondary or primary plexogenic
arteriopathy. An infiltrate consisting pre-
dominantly of polymorphonuclear leucocytes
extends throughout the arterial wall and into
the adjacent lung tissue.

In such instances, however, muscular arteries
of somewhat larger calibre are mostly affected,
there is no topographical relation with the
origin of the vessel, and the fibrinoid necrosis
tends to leave more of the arterial wall intact
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Figure 7 Muscular pulmonary artery with pronounced
concentric laminar intimal fibrosis. An adjacent branch

contains a plexiform lesion. The branch is dilated and its

wall has lost its normal elastic configuration. Stain: elastic

van Gieson, oriinal magnification x 60 reduced to 86o

in origination.

so that the media often remains clearly re-

cognisable while even the elastic laminae may

be uninterrupted. It is therefore questionable
whether the two processes fibrinoid necrosis

without or with a mild reaction, and florid

pulmonary arteritis with varying degrees of fib-
rinoid necrosis - have the same pathogenesis
and clinical significance.

PLEXIFORM LESIONS
The plexiform lesion is the hallmark of plexo-
genic arteriopathy. It has a rather complicated
structure but generally it is easy to identify,
although there are exceptions. A plexiform
lesion is located in a pulmonary arterial branch
shortly after its origin from a larger artery (fig
5). They may occur distal to a dichotomous
ramification point but are particularly observed
in supernumerary arteries,'9 branches that arise
perpendicularly from a large muscular pul-
monary artery, or even from an elastic pul-
monary artery. In its classical form it consists
of a plexus of small vessels within a focal di-
latation of the arterial branch. The wall at the
site of this dilatation shows signs of old or

fresh fibrinoid necrosis. The media has often
disappeared in part or as a whole and the elastic
laminae are rarely intact; usually they show
interruptions or fragmentation.20 Traces of fib-
rin are often recognisable in this damaged ar-

terial wall or centrally in the plexus (fig 6). The
plexus is formed by capillary-like channels lying
close together, separated by proliferating cells
which, at the electron microscopical level, have
a structure not of endothelial cells but of myo-
fibroblasts or smooth muscle cells.2' These have
hyperchromatic nuclei, which makes the plexi-
form lesion easily identifiable in a haema-
toxylin stain. Distal to the plexiform lesion the
arterial branch, together with its ramifications,
is dilated and very thin walled (fig 7). Most
plexiform lesions range in size from 200 gm to
400 gm22 but, particularly in their early de-
velopment, they may be much smaller.

Aetiology
Plexogenic arteriopathy has a varied aetiology.
It is, as mentioned previously, most commonly
associated with congenital cardiovascular
shunts, particularly post-tricuspid, much less
pretricuspid. In most cases of congenital car-
diac disease, however, especially in isolated
ventricular septal defect or patent ductus ar-
teriosus, and certainly in atrial septal defect,
evolution to severe pulmonary hypertension
and to the more advanced lesions of plexogenic
arteriopathy does not occur or is so much
delayed that the stage ofincreased arterial mus-
cularity is not passed. It is difficult, however,
to predict whether the course will be rapidly
progressive or not.
Although obviously the size of the defect

is important for the evolution of pulmonary
arterial disease, it is certainly not the only factor.
Some patients with a small ventricular septal
defect show a rapidly progressive pulmonary
vascular disease, while in others with a large
defect the most advanced changes are reached
only after many years or not at all. Advanced
lesions are unusual in children under two years
of age. However, plexiform lesions are oc-
casionally observed in infants aged only a few
months with no more than a narrow ductus
arteriosus or an unremarkable atrial septal
defect to account for it. This suggests that
individual factors, probably related to the re-
activity of the pulmonary vascular bed, are
involved. Other factors that may aggravate the
course of the hypertensive pulmonary vascular
disease include complicated congenital cardiac
anomalies such as transposition of the great
arteries" and Down's syndrome.2425
Acquired cardiac shunts, although rare, may

also cause plexogenic arteriopathy. This hap-
pens occasionally when too large a surgical
shunt is created between systemic and pul-
monary circulations in tetralogy of Fallot,
while it has also been shown in experimental
animals.26

Diseases of the liver with portal hypertension
such as hepatic cirrhosis are occasionally
associated with pulmonary plexogenic
arteriopathy.27 It is likely that plexogenic ar-
teriopathy in rare cases of Niemann-Pick's dis-
ease and Gaucher's disease is also related to
involvement of the liver in these conditions.
The same may apply to schistosomiasis which
may cause pulmonary hypertension and plexo-
genic arteriopathy when there is visceral in-
volvement with pipe stem cirrhosis of the liver.

Oral ingestion of anorectic drugs is another
cause of plexogenic arteriopathy. This was first
revealed during an epidemic of pulmonary hy-
pertension in central Europe which appeared to
be associated with the drug aminorex fumarate.
More recently other anorectic drugs, par-
ticularly fenfluramine, have been implicated.
Furthermore, plexogenic arteriopathy has been
observed in the so-called toxic oil syndrome
and in association with autoimmune diseases,
Raynaud's phenomenon, and cases positive for
the human immunodeficiency virus.28
Uncommonly severe pulmonary hypeten-

sion is observed in the absence of any demon-
strable cause but with the histological pattern
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of lesions seen in plexogenic arteriopathy. In
adults this primary plexogenic arteriopathy
occurs more frequently in women than in men;
in children the sex ratio is equal. This disease
may affect all ages, but occurs most commonly
in adolescents and adults up to 40 years of age.

PATHOGENESIS
Although it appears that plexogenic arterio-
pathy can be caused by a variety of seemingly
unrelated aetiological stimuli, the characteristic
pattem of its lesions suggests that there is a
common pathogenesis in these different situ-
ations. This pathogenesis is, however, likely to
be complex. Almost certainly vasoconstriction
of muscular pulmonary arteries plays an im-
portant part. An increased muscularity of these
vessels is always the first recognisable change.
Spastic crises of the pulmonary circulation,
particularly in young children, are a well known
problem during or following corrective surgery
of congenital cardiac shunts.7 Vasodilator ther-
apy is effective in a number of cases of primary
plexogenic arteriopathy, especially in children.
That it is not effective more often is under-
standable. In most patients with primary plexo-
genic arteriopathy obstructive intimal lesions,
preventing or impeding dilatation, have de-
veloped by the time that the diagnosis is made.
How constriction of pulmonary arteries is

brought about remains unsolved. So far at-
tempts to identify the exact agents have had
limited success. It is likely that hyperreactivity
of pulmonary arteries, probably genetically de-
termined, plays an important part in secondary
as well as in primary plexogenic arteriopathy.
A small percentage (1% or less) of individuals
subjected to a certain stimulus - whether hep-
atic disease, or schistosomiasis, or anorectic
drugs - develop plexogenic arteriopathy. It may
be that such an individual variation in response
is also present in experimental animals so that
demonstration of the effect of any compound
may be exceedingly difficult. Nevertheless there
are strong indications that factors such as en-
dothelium/smooth muscle interaction, sheer
stress, endothelial damage, and endothelium
produced factors are involved in bringing about
smooth muscle contraction.
The intimal proliferation and subsequent

onion skin intimal fibrosis are likely to be a
response to endothelial damage, constriction
of the muscular coat, or both. They are not a
consequence of thrombosis. Additional throm-
botic lesions are common in adults with long-
standing pulmonary hypertension of any cause;
this is also true of adults with plexogenic
arteriopathy.16 In children with congenital
heart disease or primary plexogenic arterio-
pathy intimal fibrosis is virtually limited to the
concentric laminar type.

Fibrinoid necrosis, which occurs in small
branches close to their origin from a larger
artery - a site particularly exposed to haemo-
dynamic forces - is closely related to the de-
velopment of plexiform lesions. The plexiform
lesion is found in the same location, while the
wall of the branch around or adjacent to the
lesion shows regular remnants of fibrinoid nec-

rosis and almost always destruction of part of
the muscular coat or of its elastic laminae.
The plexus itself consists of angioblastic tissue,
proliferated within the fibrin clot in the lumen
that usually accompanies the fibrinoid necrosis.
The chance of fibrinoid necrosis and plexiform
lesions developing is greater when the muscular
coat of the artery has insufficiently increased
in thickness. In other words, severe medial
hypertrophy gives some protection to the de-
velopment of plexiform lesions.29

Clinical significance and regression
The clinical consequences of plexogenic
arteriopathy depend on the possibility of elim-
inating the cause and on the stage ofthe disease.
In congenital heart disease, when normal
haemodynamic conditions in the pulmonary
circulation are restored by surgical inter-
vention, both pulmonary hypertension and
vascular disease may regress to normal. The
same may also apply when anorectic drugs, as
a cause of pulmonary hypertension, are with-
drawn. In other situations the aetiological fac-
tors cannot be removed - either because an
underlying process cannot be healed as in
severe hepatic disease, or because they are
unknown as in primary plexogenic arteriopathy.
When the cause is eliminated plexogenic

arteriopathy will regress in its early stages,3' but
not when the disease has become too advanced.
This could be seen when open lung biopsy
samples were taken on a regular basis during
surgical correction of a congenital cardiac
shunt.3' Two successive lung biopsy samples
taken from the same patient during a banding
procedure of the pulmonary artery and two or
more years later during corrective surgery also
provided essential information about the re-
versibility or irreversibility ofthe various lesions
in the pulmonary arteries.32

It appeared that, under these circumstances,
medial hypertrophy regressed - at least to some
extent - and often completely. Cellular pro-
liferation and mild to moderate fibrosis of the
intima were reversible, although a remnant in
the form of a thin layer of dense collagen-rich
fibrous tissue could often still be recognised. On
the other hand, when the concentric laminar
intimal fibrosis was severe in the initial biopsy
sample there was no regression. In these in-
stances there appeared to be a progression so
that fibrinoid necrosis and plexiform lesions,
absent in the first biopsy, could be found in
later material. As far as is known all the more
severe arterial changes (dilatation lesions, fib-
rinoid necrosis, and plexiform lesions) carry a
poor prognosis when found in biopsy material,
particularly following corrective surgery. Such
operations should be avoided if these lesions
are present. An exception may well be the
dilatation lesions provided no clusters have
been formed.
There is therefore in the sequence of arterial

lesions in plexogenic arteriopathy a point of no
return when closure of a cardiac shunt, and
thus removal of the cause of pulmonary
hypertension, fails to induce regression of the
vascular disease. This may explain why some
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of the patients who developed pulmonary
hypertension during the aminorex epidemic
recovered upon withdrawal of the drug, while
in others pulmonary hypertension increased
and ran a fatal course. Furthermore, spontaneous
closure of a ventricular septal defect may

occur too late to prevent such a disastrous
outcome.33 It is even possible that in some

instances this is basic to the development of
primary pulmonary hypertension in children.
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It is generally agreed that the acquired im-
munodeficiency syndrome (AIDS) results from
infection by the human immunodeficiency
virus (HIV). The latter agent destroys primarily
T helper lymphocytes and produces a pro-
gressive impairment of cell mediated immunity
with increased susceptibility to various oppor-
tunistic infections and malignant tumours.'2
The accepted definition of AIDS,3 as of
1 January 1993, includes all HIV-infected
individuals with severe immunosuppression -

that is, less than 200 x 106/1 CD4 + T lympho-
cytes, or a percentage of CD4 + T lympho-
cytes below 14% of the total count of
lymphocytes. The definition also includes the
presence of tuberculosis, recurrent pneumonia,
or invasive cervical cancer.
The lung is a major target of disease and the

cause of death in most patients with AIDS.
About 80% of children infected with AIDS
develop pulmonary problems and, if left un-
treated, 70% will die within two years of diag-

*4nosis.
The purpose of this paper is to review and

illustrate two lesser known areas of pulmonary
disease in AIDS, namely (1) atypical Pneu-
mocystis carinii infection; and (2) lymphoid in-
terstitial pneumonia.

Atypical Pneumocystis carinii
pneumonia
Over the years the taxonomy of Pneumocystis
carinii has been a matter of controversy. How-

J-_
','

Figure 1 Grade I ("incipient") PCP with empty alveolar spaces and mild interstitial
thickening by inflammatory cells. The inset shows septal attachment of Pn carinii. Stain:
haematoxylin and eosin, original magnification x 400 reduced to 64% in origination;
inset Gomori's methenamine silver (GMS), original magnification x 400. Reproduced
from ref 12 with permission.

ever, recent evidence using RNA probes and
Southern blot analysis indicates that it is prob-
ably a fungus with a unique unicellular mycelial
phase. Vanek and Jirovec6 in 1952 identified
Pn carinii as the agent in outbreaks of pneu-
monia in malnourished infants and children in
European orphanages after World War II. It
has since become a well recognised pathogen
in patients immunocompromised by malig-
nancies, prolonged corticosteroid therapy, and
organ transplantation.
The incidence of Pneumocystis carinii pneu-

monia (PCP) has risen dramatically in de-
veloped nations since the advent of AIDS. It
is often the initial presentation of the disease
and will affect eventually 60-80% of these
patients.7 The risk of developing PCP in HIV
positive adults increases significantly as the
CD4 (helper) T lymphocyte count falls below
200 x 106/1.8
The prognosis of PCP in children is much

poorer than in adults, and the initial infection
is often fatal even though their CD4 T lymph-
ocyte count may be higher.9 PCP is relatively
rare in Africa and has not been reported in
Uganda, a country with the highest number of
AIDS patients in the world. This surprising
finding is probably due to the fact that Pn
carinii is not indigenous to that part of the
world. '1
The typical patient with PCP develops fever,

cough, and shortness of breath. The chest
radiograph varies considerably from normal,
to relatively mild involvement with interstitial
or reticulonodular infiltrates throughout both
lungs, to more severe disease with patchy areas
of alveolar consolidation. When the alveolar
disease becomes extensive and confluent there
is respiratory insufficiency, frequently followed
by death of the patient. The duration of symp-
toms of PCP is longer in patients with AIDS
than in non-AIDS patients, and the clinical
manifestations are somewhat different in the
two groups."
The pathological manifestation of early

("incipient") PCP is characterised by empty
alveoli;'2 however, with special stains individual
cysts and trophozoites can be seen attached to
the alveolar septae (fig. 1). As the infection
proceeds the alveoli become progressively filled
by masses of exudative material with a char-
acteristic "foamy" or "honeycomb" appear-
ance. Ultrastructurally, the "foamy" exu-
dates of Pn carinii consist of large numbers of
trophozoites with their microtubular extens-
ions, the parasite cysts, fibrin, and cellular
debris.'3 The trophozoites are well dem-
onstrated with Romanovsky type stains such as
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Giemsa, Wright-Giemsa and Diffquick. The
cytoplasm appears blue and the nucleus red
surrounded by a pale halo. The cysts are best
demonstrated by Grocott's modification of Go-
mori's methenamine silver (GMS) stain. Cysts
and trophozoites can be stained in the same
preparation with AFIP light silver/haema-
toxylin and eosin stain, and Shiota's combined
GMS/Giemsa method.'4
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Figure 2 Effects of treatment on PCP showing an intra-
alveolar mass of exudate with few discernible cysts as a
result of treatment for less than one week. The inset shows
pretreatment biopsy for comparison. Stain: haemotoxylin
and eosin, original magnification x 1000 reduced to 64%
in origination; inset GMS original magnification x 1000.
Reproduced from ref 15 with permission.

Figure 3 Diffuse alveolar damage in PCP? (a) "Exudative" stage of diffuse alveolar
drainage including the presence of hyaline membranes, during the first week of treatment;
(b) "proliferative" stage of diffuse alveolar drainage during second week of the disease
characterised by intra-alveolarfibroblastic proliferation. Stain: haematoxylin and eosin.
Original magnification x 400 (a) and x 250 (b), reduced to 74% in origination.

We have studied the pulmonary pathology
in AIDS patients with severe PCP requiring
assisted ventilation.'5 Patients dying within the
first two weeks on the respirator had heavy
lungs, usually more than 2000 g in combined
weight. The pleura was frequently smooth and
shiny. On cut section the lungs were airless,
pale grey, and frequently slimy in consistency.
Microscopically there was extensive filling of
alveoli with proteinaceous exudate (fig 2). Eight
patients dying within one week on the respirator
had the "exudative" stage of "diffuse alveolar
damage" including hyaline membranes and re-
active, atypical alveolar lining cells (fig 3a). In
nine patients surviving more than one week
changes of "proliferative" diffuse alveolar dam-
age were observed, including the presence of
intra-alveolar fibroblastic proliferation ex-
tending to alveolar ducts and bronchioli (fig
3b). Eleven cases of PCP of a relatively lesser
severity responded to treatment but recurrence
ofthe infection on two, three or more occasions
was noted in the following months or years;
some patients died of other causes.
With the large number of cases of PCP seen

in the AIDS epidemic it has been possible to
appreciate several atypical manifestations of
this infection and these include: (1) interstitial
lung disease; (2) lymphoplasmacytic interstitial
infiltrates; (3) nodular and granulomatous
PCP; (4) cavitary PCP; and (5) extrapulmonary
PCP.

INTERSTITIAL LUNG DISEASE
Diffuse alveolar damage is a well recognised,
non-specific reaction of alveolar tissue to sev-
eral injurious agents of a physical, chemical,
and biological nature. The development of
diffuse alveolar damage in PCP has been the
subject of several studies.'6-23 In the study by
Nash and Fligiel'9 15 of 17 homosexual males
(88%) studied at post mortem examination
had PCP. Of these 15 patients 12 (71%) had
manifestations of diffuse alveolar damage in the
"exudative" and "proliferative" stages. These
investigators showed that, while cyto-
megalovirus (CMV) infection or Pn carinii may
be the cause of diffuse alveolar damage, the
contribution of other factors such as oxygen
toxicity could not be excluded. This is a prob-
lem inherent to post mortem studies; it is only
when PCP is diagnosed by biopsy and before
oxygen administration that a direct relation-
ship between Pn cainii and diffuse alveolar
damage can be ascertained. In a study by
Ramaswany et al23 diffuse alveolar damage was
described in 12 patients with no concurrent
infections in the lung biopsy sample; however,
some ofthese patients were receiving treatment
for PCP, including oxygen administration.
The mechanisms by which Pn carinii pro-

duces diffuse alveolar damage are not clear,
although considerable insight has been gained
from studies in both humans and animals. Price
and Hughes24 described the early stages ofPCP,
with no clinical manifestations (infestation) and
noted that the cysts first attach to the inner
lining of the alveolus. In rats developing PCP
after the administration of cortisone acetate,
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Barton and Campbell,25 and Lanken et al26 also
described the attachment of trophozoites to
type I pneumocytes. The latter eventually died,
leaving a gap in the epithelial lining of the
alveolus which was soon repaired by pro-
liferating type II pneumocytes. Observations of
the Pn carinii cycle in vitro corroborated that
trophozoites initially attach to type I pneumo-
cytes and later evolve into cyst forms. After
the cysts were released the host cells underwent
degeneration and death.27

It is probable that the breakdown of the
alveolar capillary membrane is the mechanism
of production of protein-rich oedema fluid that
underlies the production of diffuse alveolar
damage. Damage to the air-blood barrier prob-
ably allows irritants, chemotactic factors, and
fibrogenic substances to reach the interstitial
space.

Lesions of bronchiolitis obliterans are fre-
quently seen in PCP associated diffuse alveolar
damage and may contribute to the respiratory
insufficiency. Interstitial fibrosis ("mural" or
"septal") and "honeycombing" as the end stage
of diffuse alveolar damage have been described,
but they are rare in our experience because
most ofthese patients either recover completely
or die before such changes can occur.2829
Why most patients with PCP develop the

"classic" form of the infection with char-
acteristic intra-alveolar foamy exudates while
others develop diffuse alveolar damage and
other interstitial responses remains unknown.
It is possible that in the latter group a much
more severe infection with massive numbers
of trophozoites diffusely attacking the alveolar
capillary membrane underlies the production
of the lesions. A different strain of Pn carinii,
or an idiosyncratic host response, are also pos-
sibilities to be considered.
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Figure 4 Granulomatous PCP mimicking tuberculosis. The centre of the granuloma
contains the foamy exudate characteristic ofPCP and later confirmed by silver stain.
Stain: haematoxylin and eosin, original magnification x 200 reduced to 90% in
ongknation.

LYMPHOPLASMACYTIC INTERSTITIAL
INFILTRATES
Pneumocystis carinii may also produce a sig-
nificant lymphoplasmacytic interstitial infiltrate
more striking in children than adults. It is of
historical interest that, because of this feature,
the disease was originally termed "lymphoid
interstitial pneumonia" in 1952.6 The same
designation, however, was later used by Liebow
and Carrington30 31 in a totally different context.
Ironically, a true form of lymphoid interstitial
pneumonia unrelated to PCP has become re-
cognised as a major pulmonary process in pa-
tients with AIDS (see later).

NODULAR AND GRANULOMATOUS PCP
PCP can present as a localised process in up
to 33-7% of patients.32 Unilateral and lobar
distribution have also been reported,33 and the
disease may mimic tuberculosis.34 Less fre-
quently PCP may present as a nodule sim-
ulating a carcinoma or a granuloma. In the
case described by Cross and Steigbigel35 a 28
year old renal transplant patient on prednisone
presented with two nodules in the right lower
lobe. Rodriguez-Servera and colleagues36 re-
ported the case of a 28 year old woman with
systemic lupus erythematosus, treated with cy-
toxan, who developed two masses in the left
lung measuring 7 cm and 3 cm in diameter.
Hartz et a137 described a 57 year old woman
with two contiguous nodules of necrotising
PCP associated with granulomatous in-
flammation and fibrosis. In the case described
by Bier et al38 a nodular lesion also had gran-
ulomatous features. Two patients described by
Barrio and colleagues39 had nodular lesions
of PCP, in one case associated with central
cavitation. Two other patients exhibiting nod-
ular lesions with granulomatous features were
reported by Bleiweiss et al,40 but a third patient
with granulomatous features had bilateral and
diffuse PCP.
Based on the above information it seems that

about half the patients with nodular PCP will
exhibit granuloma formation. One can spec-
ulate that perhaps the immunosuppressed state
of these patients is relatively less profound,
hence their ability to mount a localised and
granulomatous response.
The presence of granulomatous features is

rare, yet it is one ofthe most striking histological
findings in PCP (fig 4).4042 Many cases of
extrapulmonary spread of Pn carinii infection
are also accompanied by granuloma formation,
probably because such lesions occur in organs
rich in reticuloendothelial tissue (lymph nodes,
spleen, liver). The two patients with diffuse
PCP and granulomas described by Blumenfeld
and colleagues42 had received aerosolised pen-
tamidine and zidovudine, so a possible as-
sociation between the granulomatous response
and the inhaled agent (pentamidine) deserves
further attention. Ill defined granulomas com-
posed of scattered histiocytes and multi-
nucleated giant cells of foreign body type
represent peculiar variations in the spectrum
of histiocytic granulomatous responses. They
are often seen in treated patients and in
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Figure 5 (a) Chest radiograph of a 32 year old homosexual male with bilateral, confluent reticulonodular infiltrates
and extensive cavitation of both apices. (b) Section of the lung at post mortem examination showing extensive cavitation
at the left upper lobe lesion with surrounding PCP consolidation.

association with masses of degenerated and
calcified PCP exudate.

CAVITARY PCP
For many years it was believed that Pn carinii
was unable to elicit tissue necrosis in the lung
but recently this has been contradicted.4"7
Five cases of PCP with cavitary lesions, some
presenting with pneumothoraces, were de-
scribed by Eng and colleagues.43 These in-
vestigators thought that the chronicity of PCP
in AIDS patients was responsible for the ac-
cumulation of many activated macrophages
with production of elastase and subsequent
digestion of lung tissue. Mark" and Liu et al45
proposed that arterial invasion by the organisms
leads to thrombosis and secondary necrosis
and cavitation of lung tissue. Pneumocystis
carinii could be identified within the vascular
lumina,4445 and the authors described severe
necrotising vasculitis with lymphocytes, im-
munoblasts, and plasma cells. In 1989 we
described a peculiar invasion of the pulmon-
ary interstitium and pulmonary vessels by Pn
carinii in a case of cavitary pneumonia (figs 5
and 6).46

Travis et a147 reviewed 123 lung biopsy spe-
cimens from 76 patients with PCP and reported
one case of vascular invasion with associated
vasculitis; several of their cases had intra-
parenchymal cysts probably representing ca-
vitation with septal invasion. In a recent study
Murry and Schmidt4" described tissue in-
vasion in seven patients with AIDS and two
with leukaemia. Invasion of Pn carinii into the
interstitial compartment was present in eight
of their nine patients. Organisms were dem-
onstrated in alveolar septa (eight cases), pleura
(six cases), and vessel walls (two cases). Pul-
monary cavitation occurred in seven of eight
cases with tissue invasion, and six of these

patients developed pneumothoraces. Ultra-
structurally, both the tissue invasive and the
intra-alveolar organisms were predominantly of
the trophozoite form; they were present in
greater numbers than suggested by the routine
silver stain which detects only cysts. Immuno-
cytochemical techniques which demon-
strate both trophozoite and cyst forms were
much more sensitive than silver stains for the
detection of Pn carinii.
Murry and Schmidt" addressed the problem

of how tissue invasion causes necrosis in PCP.
The possibility of a host inflammatory response
was ruled out in view of the distinct paucity of
inflammation in these cases. A second mech-
anism - direct tissue injury by toxins or hy-
drolytic enzymes which might be elaborated by
the organism - cannot be accepted or rejected
since so little is known about the biology of Pn
carinii. A third possibility - vascular invasion
with secondary infarction - seems unlikely since
six patients with cavitation in their study48 did
not show vascular invasion and, when present,
the latter was not quantitively sufficient to ex-
plain the extent of the necrosis. Nevertheless,
the possibility of collapse of pulmonary
capillaries within the distended alveolar
septa producing ischaemia and necrosis is an
attractive hypothesis to be explored further.48
The role of a coinfection in the cavitary

phenomenon in patients with PCP also de-
serves attention since many of these patients
do have mixed infections. As noted by Murry
and Schmidt,48 however, the strongest evidence
supporting a primary role for Pn carinii was
that two patients with cavitation had no doc-
umented coinfections, and a third patient had
cytomegalovirus isolated from the urine only.
The possibility of a necrotising concomitant
infection should, however, be carefully ruled
out when examining cases of cavitary PCP.
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Figure 6 (a) Necrotising and cavitary PCP in a patient with AL
present next to solid pneumonic consolidation. (b) Tissue invasion i
peculiar microscopic appearance was seen adjacent to a cavity. The
remarkable widening of the pulmonary interstitium. The alveoli are
and can be recognised by a denser eosinophilic exudate surrounded,
epithelium (arrows). (c) Intrusive exudate of Pn carinii has split t)
outer layers of this pulmonary vein (arrow) producing considerable
Stain: haematoxylin and eosin. Original magnification x 120 (a c
reduced to 63% in origination. Reproduced from ref 46 with permis
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EXTRAPULMONARY PCP
Extrapulmonary spread of Pn carinii infection
does occur in patients without as well as with
AIDS.49-58 Favoured sites of spread include the
regional lymph nodes and other organs rich
in reticuloendothelial tissue such as liver and
spleen. Unusual presentations include polypoid
lesions of the ear,505 and spread to the hard
palate, pericardium, and thymic capsule.52
Pavlica53 reported a remarkable case of
transplacental spread of the organism via
haematogenous pathways. Eye involvement has
been documented.5"56 Unger et al57 described
the presence of Pn carinii in Virchow-Robin
spaces surrounding cortical arterioles.
Macher56 believes that splenomegaly and
lymphadenopathy, not infrequent clinical find-
ings in patients with AIDS, may be caused by
disseminated Pn carinii infection. A remarkable
example of Pn carinii infection presenting as a
small intestinal mass causing an acute ab-
domen, in the absence of pulmonary in-
volvement, was reported by Carter et al.58
Regardless oflocation, the presence ofPn carinii
in organs other than the lung can be recognised
by the same characteristic eosinophilic "honey-
comb" exudates.

Lymphoid interstitial pneumonia
Lymphoid interstitial pneumonia was described
by Carrington and Liebow30 in an abstract, in
1966, based on four adults and one child who
exhibited massive lymphoid infiltrates of the
lung, bilateral in four patients and unilateral
in one. The definitive description,3" published
seven years later, was based on 17 patients and
appeared under the title "diffuse pulmonary
lymphoreticular infiltrates associated with dys-
proteinaemia." This remarkable feature of the
disease has since been corroborated by other
investigators.59-69 We estimate that about
80% of patients with lymphoid interstitial
pneumonia will present with dysgamma-
globulinaemia.

bSew Lymphoid interstitial pneumonia has been
described in association with Sjogren's syn-
drome,7-7' primary biliary cirrhosis,73 per-
nicious anaemia and agammaglobulinaemia,74
chronic active hepatitis with renal tubular acid-

<i osis,75 and allogenic bone marrow trans-
plantation.76 Familial occurrence has been
described.77 Whether it represents an in-
flammatory ("reactive") process or a malignant
lymphoma was a question already posed by
Liebow and Carrington.303' Observations over
the past two decades indicate that most ex-
amples of lymphoid interstitial pneumonia are
initially low grade lymphomas and later evolve
into aggressive lymphomas in the lung and
elsewhere.7885 This transition may take many
years. It might never become manifest in adult
patients with short follow up studies. It is there-

DS. Cavitation is fore convenient to state86 that lymphoid
in cavitary PCP? This interstitial pneumonia is best considered "a
sre is diffuse and
reduced in volume prelymphomatous state frequently associated
by alveolar lining with other features of immune dysregulation."
he intima from the In 1983 we described a form of lymphoid
occlusion of the lumen. interstitial pneumonia occurring almost ex-

nbion. clusively among Haitian adults and children
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living in Miami, Florida, who also had HIV
infection.8788 At about the time of the original
description Oleske et al89 and Rubinstein et arP
also noted the same process in their series of
children with AIDS living in the north-eastern
USA. Kradin and Mark,9' also in 1983, in their
papers on benign lymphoid disorders of the
lung included two Haitian adult patients with
the same disease. Subsequent papers92-106 have
described in greater detail the clinical ma-
nifestations, radiological features, and aetio-
pathogenesis of this pulmonary condition of
HIV infected individuals.
Most of the adults in our study88 (81 %) had

HIV infection only at the time of diagnosis.
Fifteen of these patients (43%) progressed to
AIDS during the course of their disease, while
20 (57%) did not evolve into full blown AIDS.
Only eight patients (19%) had AIDS at diag-
nosis and remained so until death. By defin-
ition, all children in this study had AIDS.

Chest radiographs taken at the time of diag-
nosis and during the evolution of the disease
were classified into four grades: 0, normal chest
radiograph; I, reticulonodular infiltrates with
nodules up to 5 mm in diameter, frequently
referred to as "miliary"; II, grade I plus one
or more patchy areas of alveolar consolidation;
III, one or more areas of alveolar consolidation
and little or no interstitial component of
significance ("atypical" lymphoid interstitial
pneumonia).88 In adults grades I (39%) and II
(54%) occurred most frequently. In children
grade I was the most common pattern at pre-
sentation (67%), to be superseded by grade II
(67%) at later stages of the disease.

Pathologically88 the mildest or earliest forms
of lymphoid interstitial pneumonia represents
hyperplasia of bronchial associated lymphoid
tissue (BALT) with little interstitial in-
volvement (fig 7). Aggregates of lymphocytes
and plasma cells form around airways and
blood vessels. As the disease progresses they
extend along the alveolar septae (fig 8). In later
stages large confluent nodules often measure
up to 2-5 cm in diameter. The lung parenchyma
in these areas is solid and resembles a lymph
node. Lymphoid interstitial pneumonia has not
been noted to progress to interstitial fibrosis of
the lung in either children or adults; progression
to Kaposi's sarcoma has been noted in adults
only. In children it can be a debilitating disease
producing respiratory insufficiency with severe
hypoxaemia and digital clubbing. In adults it
is usually asymptomatic but its radiographic
features mimic PCP.
The composition of the lymphocytic popu-

lation was studied in two children and one adult
by monoclonal antibodies applied to frozen
sections of the lesions.88 The results were com-
parable in all three cases and were characterised
by: (1) positivity for both kappa and lambda
light chains (polyclonality); (2) distinct pre-
dominance ofT lymphocytes (CD5/Leu5) over
B lymphocytes (CD22/Leu4); and (3) T sup-
pressor lymphocytes (CD8/Leu2) in sig-
nificantly greater numbers than T helper
lymphocytes (CD4/Leu3).

Bronchiolitis obliterans consisting of poly-
poid structures of loose myxoid connective tis-
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Figure 7 Hyperplastic bronchial associated lymphoid
tissue (BALT) in open lung biopsy material from a 35
year old Haitian patient with lymphoid interstitial
pneumonia and AIDS. Note the "crab-like" appearance
of the lesion. Stain: haematoxylin and eosin. Original
magnification x 80 reduced to 53% in origination.
Reproduced from ref 88 with permission.

Figure 8 In this patient with AIDS and lymphoid
interstitial pneumonia a diffuse infiltrate of lymphocytes
and plasma cells was seen with marked widening of the
pulmonary interstitium. Stain: haematoxylin and eosin.
Original magnification x 120 reduced to 53% in
origination. Reproducedfrom ref 88 with permission.
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Figure 9 (a) Lung biopsy material from a 35 year old Haitian man with AIDS and lymphoid interstitial pneumonia (same case as in fig 7).
(b) Gross appearance of the lung at postmortem examination in same patient one month later showing confluent, haemorrhagic and greyish areas
representing lymphoid interstitial pneumonia lesions evolving into Kaposi's sarcoma. (c) Kaposi' sarcoma aising in prior lesion of lymphoid interstitial
pneumonia in same patient. The inset shows characteristic spindle cell proliferation in same lung. Stain: haematoxylin and eosin. Original magnification
x 40 (a), x 80 (c), x 750 (inset) reduced to 43% in origination. Reproduced from ref 88 with permission.

sue occluding respiratory bronchioles was
seen. Distally, there was atelectasis with
accumulation of "foamy" histiocytes, a picture
characteristic of "endogenous" lipid pneu-
monia. The presence ofbronchiolitis obliterans
was frequently seen in association with the
most severe degrees of lymphoid interstitial
pneumonia and probably accounts for the areas
of alveolar disease.
The pathological evolution of lymphoid in-

terstitial pneumonia from the time of diagnosis
to death was studied in a group of eight adults
and five children at post mortem examination.88
In three adults the process had resolved com-
pletely, in four it remained unchanged, and in
the remaining patient it showed signs of slight
regression. The striking nodular component of
the lesions was markedly diminished or had
vanished altogether in most children studied at
post mortem. On the other hand, the diffuse
component of lymphoid interstitial pneumonia
remained unchanged in four patients and ac-
tually increased in one. In none of the patients,
adults or children, was there evidence of diffuse
interstitial fibrosis of the lung, but increased
amounts of reticulin fibres and loose fibro-
blastic as well as capillary proliferation were
present at sites of previously hyperplastic
BALT.
Unusual associations of lymphoid interstitial

pneumonia infected individuals include the re-
markable transformation ofinfiltrates oflymph-
oid interstitial pneumonia into Kaposi's
sarcoma in two cases (fig 9); the development
of multiple vascular leiomyomas in one child
(fig 10); and lymphocytic arteritis associated
with plexiform structures and a picture of
"primary" pulmonary hypertension in another
adult (fig 11).88
The pathogenesis of lymphoid interstitial

pneumonia remains to be clarified. The re-
covery of HIV from bronchoalveolar lavage
fluid in these patients, as well as in situ hy-
bridisation studies by Chayt et all'0 and Travis
et all08 support the role of this virus as the cause

*4

Figure 10 Lung of a child with AIDS, lymphoid
interstitial pneumonia and peculiar leiomyoma arising in a
pulmonary vein. The lumen of the vein is indicated by an
arrow. The lesion is surrounded by alveolar haemorrhage.
The inset shows the detail of the muscle proliferation which
was positive for muscle specific antigen by the
immunoperoxidase technique. Stain: haematoxylin and
eosin. Original magnification x 80 (inset x 750) reduced
to 59% in origination.

of lymphoid interstitial pneumonia. In five of
our cases,88 however, the presence of HIV was
investigated by the avidin-biotin immuno-
peroxidase technique using p24 antibody
(Du Pont Laboratories, Wilmington, Delaware,
USA) in formalin fixed, paraffin embedded
tissue, with negative results.
A second line of thinking suggests that, fol-

lowing infection of T lymphocytes by HIV,
Epstein-Barr virus (EBV) containing B lymph-
ocytes proliferates leading to a polyclonal B cell
population in the lungs and other tissues. The
role of EBV in our patient population was
investigated several times.88 Two of the seven
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Figure 11 (a) Necrotising lymphocytic vasculitis in a young Haitian patient with AIDS, lymphoid interstitial
pneumonia, and pulmonary hypertension. The arrow indicates the remains of the arterial wall, much of which is totally
destroyed and infiltrated by lymphocytes. A muscular artery adjacent to a bronchiole shows marked medial hypertrophy
(two arrows). (b) Same case as in (a) showing a well developed "plexiform" structure. The parent artery shows marked
medial hypertrophy and a cushion offibrous tissue at the origin of the "plexiform" lesion (arrow). Note the adjacent
"dilatation" lesions and the absence of angiitis at this stage. Stain: elastic tissue. Original magnification x 80 reduced to
57% in origination. Reproduced from ref 88 with permission.

children had negative serological evidence of
prior EBV infection, a finding that mitigates
strongly against a primary role for EBV. Only
one child had serological evidence of acute
infection at the time of diagnosis of lymphoid
interstitial pneumonia. This child exhibited the
most florid example of lymphoid proliferation,
including germinal centres with tingible body
macrophages in the lung and regional lymph
nodes. In situ hybridisation of the lung biopsy
material for EBV showed only a rare positive
cell. Four adults in whom in situ hybridisation
for EBV was carried out were negative. We
conclude that, although HIV is probably the

main cause oflymphoid interstitial pneumonia,
it is also possible that in some patients EBV
might be a coexistent factor in triggering the
lymphoproliferative response. A possible link
between lymphoid interstitial pneumonia and
the HTLV-I or HTLV-II viruses has recently
been suggested, but the results are still in-
conclusive. '09
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Histopathology and prognostic factors in
bronchial carcinoid tumours

P S Hasleton

Donald Heath will always be remembered for
his contribution to our understanding of the
pulmonary circulation, high altitude pathology,
and the rediscovery of the carotid body. He
was fascinated by the concept of the neuro-
endocrine lung, and played a part in an early
study of the clinicopathological behaviour
of bronchopulmonary carcinoid tumours.'
Twenty two tumours were examined and their
histology was reviewed blind by Professor
Heath. The surgeon writing the paper therefore
had the opinion of two histopathologists and,
as he stated, "this method, although unfair
to the pathologist, seemed one by which an
assessment of the importance of the histology
might be made. Its shortcomings were ap-
parent, one being that although the histological
appearance was the criterion for admission of
a patient to the series, its importance was in
part denied in assessing the ultimate outcome".
The histological appearances were divided into
"regular" with "orderly cell arrangement", and
"irregular" with "pleomorphism, unusual ar-
rangement or occasional mitosis".
The problems encountered in histological

diagnosis, which remain to some extent today,
were illustrated by three cases. They were class-
ified as "irregular", "regular", and "irregular"
by one observer and "malignant but not
carcinoid", oat-cell carcinoma, and "regular",
respectively, by the other. This led the surgeon
to question the value of the histological
appearance in assessing prognosis in these
tumours.

This review will focus on studies undertaken
mainly after 1969 to address the clinico-
pathological correlation in bronchopulmonary
carcinoid tumours, and methods of predicting
their biological behaviour.

features, but nearly 20% of cases are asympto-
matic.5
Endocrine manifestations, including the

carcinoid syndrome8 with left sided valvular
lesions, are rare with an incidence of 1-7%.9-"
This may be because the amount of tumour
tissue present is insufficient to produce the
mediators responsible for the syndrome, or
because the peptides, prostaglandins, kinins,
and other mediators produced by these tu-
mours are rapidly inactivated by the lung and
liver.'2 The syndrome occurs most commonly
in pulmonary carcinoid tumours with meta-
stases.4' These arguments do not allow for
tumours draining into the left atrium via
the pulmonary veins. Although immuno-
cytochemical examination can demonstrate
many peptides and other mediators in these
tumours, this technique may be particularly
sensitive or the total amount of mediator pro-
duced may be too small to cause valvular dis-
ease.

Acromegaly,'4 Cushing's syndrome,'5 and in-
sulin production with hypoglycaemia'6 are also
rare. The tumour may be part of the multiple
endocrine adenomatosis syndrome. Elevated
levels of growth hormone releasing hormone
may be detected without acromegaly. '7 More
recently hypercalcaemia has been described in
atypical bronchial carcinoid tumours; it is not
known whether this is the result of osteolytic
metastases or whether there is some other tu-
mour associated cause.'8
Only 60-77% of tumours are visible through

a bronchoscope. They bleed easily and this
feature has been cited as a contraindication to
biopsy.'9 However, a study describing 33 years
of surgical experience with this tumour found
appreciable haemorrhage in only two cases,
and both were easily controlled.20

Clinical aspects
While carcinoid tumours comprise ap-
proximately 85% of benign lung tumours, they
account for only 1-2% of all lung tumours. In
four large series"4 there was a female pre-
dominance (1 2: 1 0) with an age range of 12-82
years and a mean of 50 years. A recent study
of lung tumours in paediatric patients from
the Massachusetts General Hospital in Boston
showed that carcinoid tumours were the most
frequently encountered primary pulmonary
neoplasms in this age group.7

Carcinoid tumours may be central or peri-
pheral. If central they are more common on
the right side and present with haemoptysis or
recurrent bronchial obstruction. Chest pain,
pleural effusion, cough, wheeze, hoarse voice,
atelectasis, or dyspnoea may also be presenting

Classification
Carcinoid tumours are thought to have an
origin in either neuroendocrine cells or neuro-
epithelial bodies. Warren et al2' classified these
tumours as neuroendocrine neoplasms - that
is, those tumours whose predominant pattern
is neuroendocrine - in contrast to those with
squamous or glandular differentiation. They
recognised four categories: bronchial carcinoid
tumours (previously called typical carcinoid
tumours), well differentiated neuroendocrine
carcinomas, intermediate small cell neuro-
endocrine carcinomas, and small cell neuro-
endocrine carcinomas. Well differentiated
neuroendocrine carcinoma is otherwise known
as atypical carcinoid and the diagnosis is based
on the microscopic features of necrosis, lymph-
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Fisgure 1 Typical bronchial carcinoid tumour with a predominantly insular pattern.
Stain: haematoxylin and eosin, original maSgnification x 125 sreduced to 63% in
origination.

atic or vascular permeation, mitoses, nuclear
pleomorphism, and an undifferentiated growth
pattern.22 An undifferentiated growth pattern
may coexist with trabecular, insular, or acinar
areas and is defined as one where it is impossible
to define one of the other three growth patterns
as identified above. The presence oflymph node
metastases, while suggesting a well differ-
entiated neuroendocrine carcinoma, should not
be taken as evidence that the tumour is behaving
in a malignant fashion in all cases. We have seen
occasional cases with a typical carcinoid pattern,
lymph node metastases, and a long post-
operative survival. When larger series are ana-
lysed the presence of lymph node metastases is
an adverse prognostic factor.

Endobronchial biopsies from well differ-
entiated neuroendocrine carcinomas may be
misdiagnosed as small cell carcinoma. This is
usually because ofsampling error and, when the
lung is removed, areas with a definite carcinoid

Figure 2 Typical carcinoid tumour with trabecular growth pattern. Stain: haematoxylin
and eosin, original magnification x 125 reduced to 63% in origination.

pattern are identified. It is therefore important
that as large a biopsy specimen as possible is
obtained so that the correct diagnosis can be
made. The prognosis for well differentiated
neuroendocrine carcinoma is better than for
small cell carcinoma.2324 Large cell neuro-
endocrine carcinoma25 should also be added to
this classification.
While atypical carcinoid tumours (well

differentiated neuroendocrine carcinoma) and
small cell neuroendocrine carcinoma have
different histological patterns and prognoses,
the concept of neuroendocrine carcinoma is a
useful one in identifying the cell of origin.

Histology
Typical carcinoid tumours show many patterns,
some of which cause diagnostic difficulty. The
commonest is mixed with insular (fig 1) and
trabecular foci (fig 2). A pure acinar pattern is
uncommon. Tumours without these char-
acteristics are termed undifferentiated (fig 3)
and are classed with atypical carcinoid tu-
mours. The cells are uniform with regular cent-
ral nuclei and a faintly eosinophilic cytoplasm.
Oncocytic change may be focal or, rarely,
diffuse (fig 4), thereby classifying the tumour
as an oncocytic carcinoid. Oncocytic carcinoid
tumours show neurosecretory granules as well
as mitochondrial hyperplasia. Ghadially and
Block26 described filamentous mitochondrial
inclusions and calcified spherules which ap-
peared to develop in material secreted by tu-
mour cells. Carcinoid tumours may rarely
complicate cryptogenic pulmonary fibrosis or
occur synchronously with an adenocarcinoma
of the lung.

Papillary (fig 5), goblet cell, and melanin-con-
taining cells or spindle cell patterns (fig 6) have
been described in typical carcinoid tumours.2227
Mark et al28 have described a papillary carcinoid
which must be distinguished from a papillary
adenoma. Pure spindle cell carcinoid tumours,
usually subpleural, are uncommon.29 They have
monomorphic spindle cells arranged in fascicles
and loose groups. In some cases the organoid
pattern ofcarcinoid tumours is identified. There
is no significant cytological atypia or nuclear
pleomorphism. Mitoses are few. Rare tumours
may show signet ring cells or a bronchiolo-
alveolar carcinoma pattern.30 Mucin may
be detected in carcinoid tumours, both by light
and electron microscopy.
The stroma is vascular and may undergo hy-

aline change, calcification and, in some cases,
shows the presence ofamyloid.3' The epithelium
covering the luminal aspect of central carcinoid
tumours frequently undergoes squamous meta-
plasia and, in some cases, may appear mildly
dysplastic. By definition necrosis, mitoses, and
nuclear pleomorphism are not seen in typical
carcinoid tumours. Any ofthese features should
make one suspect a well differentiated neuro-
endocrine carcinoma (figs 7 and 8).

In a study of 35 bronchial carcinoid tumours
there was a tendency for invasion beyond the
bronchial wall to be associated with a poorer
prognosis, but this did not reach statistical
significance.32
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Figure 3 Atypical carcinoid (well differentiated neuroendocrine carcinoma) with a
disorganised histological structure. Stain: haematoxylin and eosin, original magnification
x 125 reduced to 63% in origination.
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Figure 4 Oncocytic carcinoid tumour. Stain: haematoxylin a)
magnification x 125 reduced to 63% in origination.
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Figure 5 Papillary carcinoid tumour Stain: haematoxylin at
magnification x 125 reduced to 63% in origination.

i: ... f1

"I

i"
..f

.

Bone formation in bronchial carcinoid
tumours
Between 10%" and 25% of bronchial car-
cinoma tumours contain bone22 (fig 9). If peri-
pheral carcinoid tumours are excluded this
figure rises to 30%. This ability to produce
bone appears to be largely confined to bronchial
tumours since it is almost never seen in ileal
or appendiceal carcinoid tumours. In some
cases bone is present in relation to bronchial
cartilage, but in many it is seen in the middle
of the tumour. Cartilage may also be found in
some tumours and may play a part in bone
formation.
The mechanism of bone formation is un-

known. Cooney et alj4 believed that it was the
result of locally produced calcitonin and found
this hormone immunocytochemically in four
of seven bone-containing carcinoid tumours.
However, medullary carcinoma of the thyroid,
a tumour rich in calcitonin, shows calcification
but no bone,35 and we have found carcinoid
tumours with no bone but with calcitonin
immunoreactivity.22 Acid phosphatase and 5-
nucleotidase have also been suggested as the
cause of the ectopic bone, but a recent case
was negative for both these enzymes.'6
We have recently demonstrated IGF-1

(insulin growth factor 1) in bronchial carcinoid
tumours. This growth factor is mitogenic for
various mesoderm-derived cells in vitro,37 and
functions both in an endocrine manner as well
as locally within tissues in a paracrine/autocrine
mode associated with other growth factors. The
main role of IGF- 1 is in the growth of young
mammals, and its production is regulated by
pituitary growth hormone whose growth-pro-
moting activity on skeletal tissues it, in its turn,
mediates.'83' Insulin growth factors are unique
in that they can stimulate both growth and
differentiation.

Individual cell death in carcinoid
tumours

nd eosin, original A second population of smaller cells with little
cytoplasm and hyperchromatic nuclei (fig 10)
is easily identified in all carcinoid tumours.
These cells are randomly scattered with sparse

*;} cytoplasm and very dense basophilic nuclei.
There is a spectrum of nuclear changes ranging
from single, ovoid, irregular structures to mul-
tiple fragments. They have been shown ultra-

4S> structurally to be undergoing necrosis or cell
; death, with clumping ofthe nuclear chromatin,

blebbing of the nuclear membrane, and mark-
V' ;̂ ''w edly swollen mitochondria.40
>>x§Morphometric analysis of individual cell

death in 51 bronchial carcinoid tumours
showed the cell death index calculated as the
number of dead cells per field/intact plus dead
cells per field, was not significantly different
for typical and atypical bronchial carcinoid tu-

4T<̂'"§ },'moursbeing 17% and 13%, respectively.40 Care
. was taken not to analyse regions of tumours

that did not show gross coagulative necrosis.
Individual cell death did not appear to be
positively associated with poor prognosis in the

id eosin, original atypical carcinoid tumours. The proportion of
cells dead or dying was higher than the ranges
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Figure 6 Carcinoid tumour with spindle cell pattern. Stain: haematoxylin and e
original magnification x 125 reduced to 63% in origination.
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Figure 7 Well differentiated neuroendocrine carcinoma with nuclear pleomorphis?
an undifferentiated growth pattern. Stain: haematoxylin and eosin, original magi
x 313 reduced to 63% in origination.

Figure 8 Lymphatic permeation in a well differentiated neuroendocrine carcinoma.
Stain: haematoxylin and eosin, original magnification x 313 reduced to 63% in
origination.

quoted for "apoptotic" indices in rodent tu-
mours (O03_7%)41 or in squamous carcinomas
of the uterine cervix and bronchus (1 -5-10%).42
In diploid tumours the proportion of dead cells
was 18% and in aneuploid 12%. It would
therefore appear that bronchial carcinoid
tumours, even when typical, have a high cell
death rate. It is interesting to speculate on
whether this is due to the production of pep-
tides or growth factors in some way driving cell
growth and accelerating cell death.

Ploidy in bronchopulmonary carcinoid
tumours
As cytogenetic changes are a recognised feature
of many human tumours and may be related
to clinical behaviour, it was thought that DNA
ploidy may be ofindependent prognostic value.
This hope was not fulfilled and DNA ploidy

osin, did not confer any independent prognostic in-
formation in bronchial carcinoid tumours. In
a study of 53 patients those with DNA diploid
tumours tended to survive longer than those
with DNA aneuploidy,43 but the difference was
ofborderline statistical significance (fig 11). It is

.; possible that statistical significance for survival
between aneuploid and diploid status might be
reached in a larger study. Well differentiated
neuroendocrine carcinomas showed a greater
tendency to be aneuploid than typical carcinoid

9 tumours (table 1). The incidence ofDNA aneu-
ploidy in tumours with lymph node metastases

X (11/13, 85%) was significantly higher than
Kt those without (12/36, 33%; X2= 8-1, p<O002).

Two typical tumours had lymph node meta-
stases and were DNA aneuploid. In a Cox
multivariate analysis the most powerful pre-
dictor of prognosis was the histological growth
pattern. The other variables of independent
significance were the presence of involved
lymph nodes and the presence of nuclear pleo-
morphism.
Another flow cytometric study of 47 bron-

mi and chopulmonary carcinoid tumours confirmed
ficatin the above findings and showed that aneuploidy

was more common in tumours of 3 cm or more
p , in diameter.44 The main difference was a high

percentage of diploid tumours in our study.
* This may have been due to underdetection of

* . near-diploid aneuploidy.
The presence of aneuploidy in typical car-

^ cinoid tumours limits the value of flow cyto-
49ui~~ metry diagnostically, although this analysis

does have some prognostic benef..

Special stains in bronchial carcinoid
tumours
The most commonly used stain is Grimelius
which was positive in 46 of 63 cases in one
series.22 Diastase-PAS was positive in 13 cases.
Carcinoembryonic antigen was detected in
approximately half the cases, and there was a
tendency for stronger staining in atypical car-
cinoid tumours. Carcinoembryonic antigen re-
activity is a strongly significant factor for
predicting treatment failure.45
A list of peptides present in bronchial car-

cinoid tumours is given in table 2.46 There is a

S59

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.49.S

uppl.S
1 on 1 S

eptem
ber 1994. D

ow
nloaded from

 

http://thorax.bmj.com/


Hasleton

*. ... o ;'100
*.,14'Ii 0 :s

:. *eit ,

I

wlwi4-1-ui.N, A,* Cl
'r- ;, "4,A:.

4 t. n. . .;1. ..
-., ".!b .. A-

. I .ftl
-j 50

Figure 9 Typical carcinoid tumour with bone fornation. Stain: haematoxylin and eosin,
original magnification x 125 reduced to 63% in origination.
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Figure 10 Small cells with hyperchromatic nuclei in a carcinoid tumour showing
intervening fibrosis. Stain: haematoxylin and eosin, original magnification x 313 reduced
to 63% in origination.

tendency for immunoreactivity of these tu-
mours to various peptides to be less strongly
expressed in atypical than in typical tumours.47
Well differentiated neuroendocrine carcinoma
has been shown in one study to express ACTH
more frequently than typical carcinoid tu-
mours.48 Only nine cases were examined and
these results are at variance with ours. A differ-
ence in antisera could explain these dis-
crepancies.
The presence or absence of peptides are not

generally of great diagnostic use apart from
chromogranin and, perhaps, synaptophysin.49
If a combination ofprealbumin and Grimelius50
is used, however, approximately 90% of all
bronchial carcinoid tumours will stain pos-
itively. Chromogram A is useful in the diagnosis
of bronchial carcinoid tumours, and in one
study5' chromogranin (type unspecified) was
detected in all bronchial carcinoid tumours but
not in small cell carcinomas.

Bergh et al found neurone specific enolase

Diploid (19)

0 1 2 3 4 5
Years

ir - Figure 11 Ploidy status related to survival in bronchial
carcinoid tumours.

to be of little help in the diagnosis of carcinoid
tumours or small cell lung cancer;52 70% of
small cell carcinomas stained for neurone
specific enolase, but 14 of 21 non-small cell
carcinomas also reacted with this antiserum.

Neurofilament proteins are expressed in car-
cinoid tumours, especially neurofilament 70
(fig 12), but the use of this antibody does not
detect more carcinoid tumours than pre-
albumin and Grimelius."

Prognostic indices in bronchial carcinoid
tumours
The most significant clinical features affecting
prognosis are increasing age, tumour diameter
above 3 cm, T stage, N stage, lymph node
involvement, number oflymph nodes involved,
and number of cigarettes smoked per day. The
last factor should not be thought of as a causal
factor but is merely an expression of the
increased operative risk attendant on this
habit.32
The histological features related to survival

are necrosis, increased mitotic count, nuclear
pleomorphism, lymphatic and vascular in-
vasion, and an undifferentiated growth pattern.
However, even with all these variables there
are still cases which behave like true endocrine
tumours and follow no set pattern. One such
case of a typical carcinoid tumour with regional
metastases at operation was described by
Bertelsen et al.3 Despite this adverse prog-
nostic factor the patient was alive and free from
tumour 12 years later.
Thus, while criteria have been refined for

the assessment of malignancy in carcinoid
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Figure 12 Neurofilament 70 with a perinuclear distributi
tumour. Stain: immunoperoxidase, original magnification
origination.

Table 1 Histological featu

Histological features

Typical

WDNC (atypical)

Differentiated growth
pattern

Undifferentiated growth
pattern

No necrosis

Necrosis

Normal nuclei

Pleomorphic nuclei

WDNC=well differentiated

Table 2 Bronchial carcin
products46
Peptides
Amylase
Bombesin
Calcitonin
Corticotrophin
Corticotrophin releasing I
Gastrin
Glucagon
Growth hormone releasin
Human chorionic gonado
Insulin
Melanocyte stimulating h
Motilin
Neurotensin
Pancreatic polypeptide
Secretin
Somatostatin
Substance K
Substance P
Vasoactive intestinal polyf
Vasopressin

Vasoactive amines
Catecholamines
Histamine

Kinins
Bradykinins
Tachykinins (neurokinin X

Endorphins and enkephalin
fJ-Endorphin
Leu-enkephalin
Met-enkephalin
Pan-opioid

Other
Kallikrein
Prostaglandins

..
* 4

a0
.4I.
0-t

tumours, the point made by Abbey Smith'
that the surgeon should remain cautious when
giving patients a full prognosis based solely on
histological criteria remains valid.
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