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Foreword

In reading through the Textbook of Pulmonary and Critical Care Medicine edited by Professor SK Jindal of the Postgraduate
Institute of Medical Education and Research, Chandigarh, my thoughts drifted to a recent best-selling book authored
by Thomas Friedman, titled,  The World is Flat: A Brief History of the Twenty-first Century. The author argues that the
world is shrinking from a size small to a size tiny and this has been accompanied by a flattening of the playing field.
The dynamic forces of recent globalization give a unique quality to our flat world today—the power of individuals to
collaborate and compete globally. Using this 21st century power and the tools of the flat world, namely the personal
computer, the fiberoptic cable, and modern publishing house software, Professor Jindal has fostered an outstanding
collaboration among experts spanning several continents. He has also produced a practical, authoritative and
comprehensive resource for students, physicians in training and seasoned clinicians alike, that rivals any standard
textbook on this subject and can compete on equal footing with other educational tools.

However, as globalization flattens the playing field, and countries leap to industrialization, cultural beliefs, natural
resources, climate and geography have slowed the pace of development in many parts of the world. Poverty leads
to malnutrition, homelessness, lack of education, and poor access to health care. Overcrowded cities and rural
underdevelopment are other challenges that impact health in the various parts of the world. Moreover, epidemics
of HIV, drug abuse and smoking addiction take a greater toll on the population. Yes, the world is flat, but the terrain
is filled with mountains and valleys and local problems demand local solutions. And these local problems need to
be explored and presented with a scholarly perspective. The Textbook of Pulmonary and Critical Care Medicine has
successfully incorporated these sociodemographic factors into the subject matter.

The text is well-written and the chapters are carefully referenced with subjects found in all traditional pulmonary
and critical care textbooks, e.g. airway diseases, interstitial lung disease, pleural disease, pulmonary neoplasia,
pulmonary infection, sleep and critical care. There are several nontraditional sections as well that are practical and
especially helpful to the practicing physician. These include a section on the symptom approach to lung disease, an
overview of the pharmacologic agents used to treat lung disease, and a comprehensive review of methods in lung
diagnosis from the simple history and physical examination to the latest complex tools of interventional pulmonology.
The textbook is especially unique because of the abundance of illustrations, flow charts and tables. Their clarity and
at times simplicity make them especially valuable for the novice. There are many radiographic and pathologic
reproductions that are especially helpful.

The textbook also offers a unique exposure to the problems in many parts of the world. Tuberculosis, the “number
one” treatable condition has been extensively covered; and special topics such as multi-drug resistance, directly
observed therapy, TB prevention, nonpharmacologic approaches and extapulmonary tuberculosis are particularly
relevant. Many countries are facing a growing burden of noncommunicable respiratory diseases. They have become
the second leading cause of death after injuries, and their impact on indirect costs such as loss of work and home
productivity is enormous. These problems are addressed and measures of prevention such as smoking cessation are
included. Other special challenges including topics such as indoor and outdoor air pollution, climate change, poisoning
with pesticides, snakebite toxicity, pulmonary manifestations of tropical infections and industrial accidents such as
the tragedy seen in Bhopal, Madhya Pradesh, with methyl isocyanate, have been well covered.

What is most impressive about this textbook is how comprehensive and practical it is for the reader. Topics
range from the history of respiratory medicine to the approach to end-of-life issues with critically ill patients. It is
hard to think of a topic that is missing. While this textbook will have a special appeal and value to the physicians
of the South-Asian continent, clinicians around the globe will benefit from Professor Jindal’s extensive efforts.

Sidney Braman  MD FCCP

Former President ACCP
Rhode Island Hospital, 593 Eddy Street

Providence, RI 02903 USA





Preface

It was merely a quarter of a century ago when the specialty of Pulmonary Medicine was factually recognized as an
important division of Medicine. Until then, the lung diseases were generally dismissed as tuberculosis, or
nondescriptive pneumonias and infections. Most of the nontuberculous lung diseases remained either undiagnosed
or unknown. Of course, several stalwarts of the sixties and seventies had clearly identified this deficiency and made
efforts to define the pulmonary problems and plan their solutions.

It was in 1989 that the first independent, postdoctoral DM Fellowship Program in Pulmonary Medicine was
started at Chandigarh. Subsequently, the program was expanded to include the Critical Care as an essential
component of the DM training. In addition, there were several postgraduate MD and/or diploma courses in
tuberculosis and chest diseases, and/or respiratory diseases at different medical colleges. Unfortunately, most of
the postgraduate programs lacked in their curricula especially for nontuberculous diseases and other systemic
disorders. Moreover, the on-hand training in diagnostic and treatment modalities had been highly inadequate in the
postgraduate courses. It is rather enigmatic that we still continue to lack the dedicated thoracic surgery courses and
texts in the various countries.

The increased importance and scope of respiratory and critical care medicine had also necessitated the need to
develop the indigenous teaching and training materials including the texts with incorporation of local problems and
possible solutions. Undeniably, the science is the same all over the world, but the experiences are different. Excellent
texts and reference materials on the subject are available for long which continues to guide the students, the teachers
and the practicing physicians. In the present literature, quite a few textbooks of pulmonary medicine have been
published and continue to remain available. Ours is one more attempt in this direction to add to the existing literature
on lung diseases available worldwide. This book contains contributions by approximately hundred international
esteemed pulmonary medicine consultants and teachers.

There are, however, a few important additions in the present textbook. It is fairly comprehensive with contributions
from several internationally eminent authors. It includes the basic principles as well as the recent advances related
to different subjects. We have also attempted to incorporate allied clinical sciences relevant to the practice of the
pulmonologist. A classical example is the critical care which forms an integral component of pulmonary medicine.
It also incorporates tuberculosis, other pulmonary infections, environmental and occupational medicines, sleep
disorders and general systemic diseases affecting the respiratory system in one or the other way. Although the
critical care is relevant to most of the medical and surgical specialties, the pulmonologists have a more vested interest
than other specialists. Assisted respiration which forms the core of most critical care lies in the primary domain of
pulmonologists.

We have taken care not to forget the need to push forward and meet the goals of excellence in health care. The
real test of merit of a book lies in its readership by the students and adoption of its recommendations in clinical
practice. Hopefully, the material in the text will benefit a diverse category of people including internists, general
physicians, pulmonologists, pediatricians, intensivists, anesthesiologists and others who need to handle patients
with respiratory diseases and critical care.

SK Jindal
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From our Archives...

Fig. 1: Mycobacteria in the granuloma, engulfed by macrophages and its ultramicroscopic structure

Fig. 2: Bronchography with instillation of a radiopaque dye (Dionosyl) with the help of a catheter was a common procedure to delineate the
bronchial tree and diagnose lesions such as bronchial masses, bronchiectasis, fistulae and pouches. Endoscopic and scanning procedures
have done away with old, gold-standard



XLII

TEXTBOOK OF PULMONARY AND CRITICAL CARE MEDICINE

XLII

Fig. 3: Differential spirometry was used to assess the function of each lung separately. The figure demonstrates the nonfunctional
left lung (Right). This was generally performed with the help of a double barrel, volume displacement spirometer (Left)

Fig. 4: Oxygen consumption obtained with the help of a spirometer by measuring
the amount of oxygen required to replace the consumed volume, after absorption
of CO2 from the exhaled air using the formula:

Oxygen consumption = VC × FiO2 – FeO2

Fig. 5: Some of the foreign bodies recovered from the
tracheobronchial tree (mostly, with the help of fiberoptic
bronchoscopy)
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Fig. 6: Presence of high attenuation mucus in a patient with allergic bronchopulmonary aspergillosis.
The mucus is denser than the paraspinal skeletal muscle

Fig. 7: Radiography in a patient with multiple hydatid cysts

Fig. 8: A case of Loeffler’s syndrome caused by intestinal round worms. Abdominal X-ray shows the presence of intra-abdominal worms.
High-resolution CT of the chest demonstrates ground glass opacities and centrilobular nodules secondary to eosinophilic pneumonia
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Fig. 9: Contrast-enhanced CTs of two different patients with community acquired necrotizing pneumonia demonstrating an uncommon but
potentially life-threatening complication of infective pulmonary aneurysm. The CT films show the presence of contrast enhanced densities
within the areas of consolidation consistent with the presence of vascular aneurysm

Fig. 10: Figure showing foamy macrophage with intracytoplasmic granular material in a case of pulmonary alveolar proteinosis
(Hematoxylin and eosin, x200). Electron microscopic image of the same patient showing whorled lamellated surfactant bodies (x6450)

Fig. 11: Extreme wasting from tuberculosis (justifying the older terminology of consumption)
was common to see in the TB-wards, even in the sixties and seventies. Fortunately, this
degree of severity has become rare with the advent of effective chemotherapy and TB
Control Programmes
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History of
Respiratory Medicine

FE Udwadia

INTRODUCTION

The history of respiratory medicine cannot be separated
from the overall history of medicine. The history of all
medicine, including respiratory medicine begins with the
history of man, for even primitive man realized that when
a man ceases to breathe, he ceases to live. It needs also
to be remembered that the history of medicine, like the
history of the world is a chronicle of change. We in the
present have built on triumphs and defeats of the past,
just as those in the future will build on the successes and
failures of the present.

“Time present and time past
Are both perhaps present in time future,
And time future contained in time past.”

Religion ruled medicine in the ancient past; then came
empiricism and then came science. Even today, medicine,
including respiratory medicine, is a mixture of science
and empiricism. In ancient ayurveda “phlegm” (kapha),
or secretions within the chest was one of the three
“humors” that regulated the body, the other two being
wind (vat) and choler (pitta). The Greeks paid the same
importance to the humor “phlegm,” but included a fourth
humor “blood” and omitted “wind” from their concept
of humors.

It was Hippocrates, the father of medicine (460–377
BC) teaching on the island of Kos, Greece, who divorced
religion from medicine and who taught that disease was
due to extraneous factors and influences. He introduced
the importance of clinical bedside medicine, the
important of history, physical examination, and the
documentation of a patient’s illness. His clinical
description of diseases considering the meager facilities

in that age remains unsurpassed to this day and still
makes fascinating reading. Among the numerous
descriptions of different diseases, one also finds a
description of the clinical features of tuberculosis, a
disease which still plagues the developing world. Tuber-
culosis is an ancient disease. The earliest evidence of this
disease comes from a female skeleton unearthed from a
cave in Liguria, Italy dating back to around 5300 BC.
Besides a description of tuberculosis in Hippocratic
writings, there was awareness of the clinical features of
tuberculosis in the Rig Veda scriptures (around 1500 BC)
and in texts of Ayurveda (second century AD). Ancient
Chinese texts as early as in the third millennium BC, the
famous Egyptian George Ebers Papyrus from Thebes
(1550 BC) and the Edwin Smith Papyrus (1600 BC) also
give descriptions of the disease.

After Hippocrates came many contributors to
medicine. The most famous of these was Claudius Galen
(AD 138–201). He indeed may be considered the most
influential writer of all time, as his writings in medicine
became fossilized as gospel truth for almost 1500 years.
Though great for his era, Galen based his deductions and
theories on observations following his dissection of
animals, so that among some truths that he propounded,
there lay buried numerous mistakes, which hindered the
progress of medicine for well over a thousand years. One
of his greatest mistakes was the propagation of his belief
that the blood from the right ventricle reached the left
ventricle through pores (invisible small openings) within
the interventricular septum. His view on the circulation
of blood in humans was really a figment of imagination,
yet it stood for close to 1500 years after his demise. Why
should this have been so? It is because dissection of the
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human body was considered taboo in that day and age
so that many of his hypotheses lacked the fundamentals
of scientific observation, and study.

After the decline and fall of the Roman empire
(410 AD) the Western World was enveloped in the Dark
Ages—war, disease and anarchy prevailed. The Dark
Ages (470 AD to 1000 AD) slowly gave way to the Renais-
sance, a brilliant period in the history of Man.

Many medical historians are of the opinion that the
history of modern medicine began with the publication
in 1543 of “De Humanis Corporis Fabrica” by Andreas
Vesalius, a 25 year old young man who was professor of
anatomy in the University of Padua, Italy. Vesalius
dissected the human body and through meticulous
observation and description illustrated the musculo-
skeletal framework as also the internal structure of the
body in the form of exquisitely detailed anatomical
plates. These were designed and executed in the studio
of the great Italian artist Titian. Vesalius exploded the
numerous untruths in the teaching of Galen, which had
dominated medicine for well over a thousand years. He
proved above all that the ventricular septum had no
pores and that blood from the right ventricle could not
therefore enter the left ventricle through septal pores.
Vesalius described the venous system of the thorax,
discovered the azygos vein and noted its entry into the
superior vena cava. His numerous contraindications of
the many hypotheses put forth  by Galen raised a furor
of opposition from the medical fraternity who believed
that the teachings of Galen were sacrosanct and could
not be contradicted. Vesalius disappointed, frustrated,
and almost hounded by the opposition, tore up his many
manuscripts and fled Padua to become physician to
Charles V and then to Philip III of Spain. He never
researched on anatomy again and thus was destroyed a
great man in his prime—destroyed by the bigotry,
jealousy and hate of lesser mortals.

The next individual who like Vesalius contradicted
Galen was Michael Servetus. How was blood to reach
the left ventricle from the right ventricle if not through
the pores within the septum as enunciated by Galen?
Servetus had worked with Vesalius in Paris. He was
Spanish, an unusual figure of the Renaissance—a
humanist, a theologian and a man of medicine. In a
theological treatise, Christianismi Restitutio, he briefly
described the pulmonary circulation. He stated that the
blood from the right ventricle had to flow thorough the
pulmonary artery via its branches into the lungs. His
theological treatise was judged to be heretical by the
church and this brave man who thought differently from
the general herd of humanity was burnt at the stale for

his heresy. We however now know that Nafis, a physician
from Damascus had already described the flow of blood
from the right ventricle through the lungs as early as the
13th century, 400 years ahead of Servetus. The credit for
the first discovery of the pulmonary circulation should
therefore go to him.

The discovery of the overall circulation of blood in
man, based on meticulous observation, experimentation,
and for the first time on scientific principles (akin to the
principles followed by Newton and Kepler who also
belonged to this Baroque age—the 17th century) is one
of the greatest medical discoveries of the world. Future
generations could never have contributed to cardio-
respiratory medicine without this monumental
discovery. The credit for this discovery goes to William
Harvey. He was a physician on the staff of St.
Bartholomew’s Hospital in London. He announced the
discovery of his work in 1616. His classic work
“Exercitatio anatomica de Motu Cordis et Sanguinis in
Animalibus” was published rather shoddily, 12 years
later in Frankfurt, in which he described circulation as
we know it today. It immediately divided the world into
two hostile camps—one for and one against Harvey.
Truth ultimately prevailed and Harvey has the distinc-
tion of being one of the all time greats in the field of
medicine.

Though Harvey published his discovery of circulation
in the 17th century, knowledge in the physiology of
respiration came a century and a half later. Priestley
discovered oxygen, but did not realize its importance in
respiration and respiratory physiology. It was Antoine
Lavoisier who named Priestley’s gas oxygen and noted
its characteristics and its importance in respiration. He
was probably France’s greatest chemist, an aristocrat by
birth, who unfortunately was guillotined during the
turbulent times of the French revolution.

Bernardino Ramazzini (1633–1714) pioneered the
science of occupational diseases. He wrote on silicosis in
stone masons and in miners working in mines. Over the
next 300 years, occupational lung diseases have
graduated into an important subspecialty of pulmonary
medicine.

1800–2000

I shall introduce this period with none other than the
great French physician René-Théophile-Hyacinthe
Laennec (1781–1836) who is an immortal in the history
of medicine. A pupil of Nicolas Corvisart, the first
cardiologist in the Western world and also the personal
physician of Napoleon Bonaparte, Laennec was a
physician at Salpétrière Hospital and the chief at the



5

CHAPTER 1: HISTORY OF RESPIRATORY MEDICINE

Necker Hospital in Paris in 1814. Corvisart, Laennec and
others would place their ears directly to the chest to hear
heart sounds. Laennec for years has been obsessed to hear
sounds within the chest with greater clarity. It is said that
one day when crossing the Louvre (the residential palace
of the Bourbon Kings of France), he saw a boy listening
with his ear to one end of a beam to scratches made by
another boy with a nail at the other end of the beam. He
was struck by the ease with which sound was conducted
in this manner. In 1816, a young stout woman consulted
him for symptoms of heart disease. Her young age and
obesity did not permit him to put his ear directly to her
chest (direct auscultation). He lightly rolled up a thick
sheaf of paper, placing one end over the precordium and
the other end over his ear. To his surprise, he could hear
the heart sounds with far greater clarity than ever before,
when he used to place his ear directly to the chest. He
grasped the significance of this discovery and noted that
the method of indirect auscultation would enable one to
hear not only the beating of the heart, but likewise all
movement capable of producing sound in the thoracic
cavity.

Laennec in his treatise on “Mediate Auscultation”
described his first monaural stethoscope, a wooden piece
9" long, 1½  inches in diameter. It was made in two pieces,
the detachable earpiece and the chest piece, which could
be screwed together. Following minor modifications, by
the 19th century, rubber tubing was introduced to create
a flexible monaural stethoscope. Finally, the familiar two
ear instrument with rubber tubings was devised by the
American physician George P Cammann in 1852.
Laennec made excellent use of his invention, studied both
normal and abnormal breath sounds, described them in
detail and drew conclusions from what he heard as to
the nature and extent of the disease in the chest. Above
all, he verified his findings with what was revealed at
autopsy. He was the first man to create a diagnostic
system of auscultatory findings in the diagnosis of
pulmonary and cardiac disease. He described and gave
the correct significance to adventitious sounds—rhonchi,
râles, and through his system of mediate auscultation
diagnosed pulmonary ailments such as bronchitis,
pneumonia and tuberculosis.

Laennec’s treatise on “Mediate Auscultation” focused
particularly on pulmonary tuberculosis, which was
prevalent all over the world in the 19th century. He
described the early diagnosis of tuberculosis. He noted
the presence of the tuberculous nodule, which was
ubiquitous in every organ affected by the disease. On
this basis he postulated that tuberculosis was a single
disease, which could affect many organ systems. This

was indeed a remarkable observation considering that
the tubercle bacillus causing the disease had not been
discovered in Laennec’s time. Laennec unfortunately
himself suffered from and succumbed to tuberculosis—
as did many of his contemporaries, including the surgical
student and poet John Keats. Laennec, brilliant though
he was, did arrive at some erroneous conclusions. He
denied that tuberculosis was contagious when it was
strongly so; he believed that it was often hereditary when
it was not so. He felt that psychological factors such as
grief, sorrow, and unrequited love played a role in its
causation and perpetuation. Laennec’s superb writings
prompted Thomas Addison, the English physician to
remark that Laennec contributed more to the advance-
ment of medical art than any other single individual.

There were many great individuals during and after
Laennec’s time. Mention must be made of the German
School of Medicine and of Rudolf Ludwig Karl Virchow
who dominated medicine for more than half of the 19th
century. He was unquestionably one of the greatest
pathologists who ever lived and was a worthy successor
to the great pathologists,  Morgagni and Rokitansky. He
noted that the cell was the seat of disease and described
the macroscopic and microscopic changes of several
diseases, including those of the lung. He was the first to
show that pulmonary emboli arose from venous thrombi
chiefly present in veins of the lower extremities. His work
was embodied in his opus – Di cellular – pathologie. It is
worth noting that none of this work would have been
possible had it not been for the discovery of the micro-
scope by the Dutch draper Anton-van Leeuwenhoek,
illustrating what has been stated at the beginning of this
chapter, that the history of respiratory medicine is
inseparable from medicine as a whole.

We now go on to briefly mention just two of the many
great microbe hunters in the history of medicine. Till the
early part of the 19th century, disease was thought to be
caused by miasmas, humors or vapors. The miasmic
theory of disease was challenged by many, but ultimately
shattered by Louis Pasteur, a French chemist who was
born in December 1822 and who went on to study
chemistry at the École Nationale in Paris. He contended
through meticulous experimentation and observation
that all infectious diseases were caused by micro-
organisms and that a specific microorganism was
responsible for a specific disease. He postulated that if
these microorganisms could be identified, specific
vaccines could be prepared and could well prevent
specific disease. This was a principle enunciated in
relation to all infectious diseases, including those involv-
ing the respiratory system. It behooves the world to
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remember that it was a chemist and not a man trained in
medicine who became one of the greatest benefactors of
mankind.

Pasteur’s counterpart in Germany was Robert Koch,
a great microbiologist. Koch’s greatest triumphs was his
discovery that tuberculosis was caused by a specific
organism—Mycobacterium tuberculosis. In 1882, Koch
cultured the tubercle bacillus presenting his results in
1884 to the Berlin Physiological Society. He also
presented in his paper, Koch’s postulates, enunciating a
specific discipline, which needs to be fulfilled if a specific
organism is to be considered responsible for a specific
disease.

The history of tuberculosis now became increasingly
complete. The disease could be diagnosed clinically ever
since the brilliant clinical description of Laennec. The
morbid anatomy had been determined by Morgagni,
Rokitansky and Virchow. The possibility that tuber-
culosis was a communicable disease was entertained by
a few prominent clinicians and pathologists. And at last
came the cause of the disease, which till the discovery of
the tubercle bacillus was deemed a mystery. Yet even
great minds make mistakes. In 1890, Koch announced at
the Berlin International Congress that he had discovered
a substance that could cure tuberculosis; a substance that
could inhibit the growth of the tubercle bacillus in the
test tube as also in human beings. This substance (which
he kept secret for a while) was none  other than a glycerin
extract of the tubercle bacillus termed tuberculin.
Tuberculin was administered to thousands of individuals
over the next year. The treatment proved a fiasco to the
embarrassment of the great Robert Koch. Yet in years to
come the preparation of tuberculin did have diagnostic
use; an intradermal injection of tuberculin would often
produce a strong reaction if the patient in the past or
present had been infected by tuberculosis. Even today,
the tuberculin test is a worthy diagnostic aid to infection
caused by the tubercle bacillus.

We must now add a post-script to the story of tuber-
culosis. The search of a vaccine or other means of
immunization against this disease continued and
continues to this day. Albert Calmette of the Pasteur
Institute and Jean Marie Guérin developed a new method
of preparing a vaccine. They used the live bovine strain
of the tubercle bacillus and on repeated subcultures of
this strain noted that the bacillus lost its virulence, but
retained its protective action. The vaccine was named
BCG (Bacillus Calmette-Guérin) and from 1924 was tried
out on humans. Thousands of children were vaccinated.
Its efficacy was controversial. Recent work bears out its
usefulness, particularly in the prevention of tuberculous

meningitis, one of the worst forms of tuberculosis, which
invariably caused death before the advent of anti-
tuberculosis drugs.

Mention must be made at this point of one of the
unfortunate disasters in respiratory medicine. The
disaster occurred in Lubeck, Germany, in 1930, when 249
babies who were supposed to be injected with BCG
vaccine were inadvertently injected with a living virulent
strain of Mycobacterium tuberculosis. Seventy-six babies
died of progressive tuberculosis. The remaining
developed mild tuberculosis, but were alive at the end
of 12 years, pointing perhaps to the remarkable
immunological defenses the human body is endowed
with.

One of the greatest discoveries of the late 19th century
was William Roentgen’s discovery of X-rays in 1895 —
again a discovery of a physicist and not by a man trained
in medicine. Radiographic examination of the chest with
increasing refinements proved an invaluable asset not
only in the diagnosis of pulmonary tuberculosis, but of
numerous other pulmonary diseases—both infectious
and noninfectious in etiology.

In 1898, Gustav Killian reported his experience with
the first bronchoscopy. Technical developments over
several years established bronchoscopy through a rigid
bronchoscope as an important diagnostic and therapeutic
modality in respiratory medicine. In 1967, Ikeda in Japan
devised the flexible fiberoptic bronchoscope and this
opened up new horizons following the widespread use
of fiberoptic bronchoscopy in pulmonary medicine.

THE DISCOVERY OF CHEMOTHERAPY AND

ANTIBIOTICS

The diagnosis of respiratory diseases using clinical
methods, microbiology and a radiographic examination
of the chest, was increasingly possible. But how was one
to treat respiratory and other diseases? It was Paul Ehrlich,
a disciple of Robert Koch who invented the concept of
chemotherapy—the administration of a chemical
substance to treat disease. In 1905, after several
experiments, Paul Ehrlich discovered the first antimicro-
bial agent to treat syphilis. In 1925 Gerhard Dogmak
invented Prontosil, the first of the sulfa drugs to be used
against several microorganisms. More refined and less
toxic sulfa drugs continue to be used in modern medicine.
Finally, in 1929 came the great discovery of the antibiotic
penicillin (a substance produced by the fungus Penicillium
notatum), by Alexander Fleming which was available for
clinical use in 1944 through the brilliant work of Chain
and Florey. This discovery revolutionized the treatment
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of a number of incurable acute infections. Research on
antibacterial effects of several fungi and moulds continued
unabated. In 1942, Selman Waksman, a Russian Jew who
had migrated to the USA and had become a microbiologist,
discovered streptomycin from the fungus Streptomyces
griseus. This drug was the first effective drug against the
tubercle bacillus. Unfortunately, the use of this drug alone
led to the multiplication of resistant strains. After that
followed a quick discovery of other drugs against
tuberculosis and other microorganisms. The impetus to
the discovery of other drugs against tuberculosis was
partly due to the fact that the tubercle bacillus quickly
became resistant to the use of a single drug regime. The
discovery of Para-aminosalicylic Acid (PAS) was followed
in 1950 by the discovery of isoniazid. Excellent clinical
trials in Edinburgh by Professor John Crofton and his team
showed that the combined use of streptomycin, PAS and
isoniazid almost always resulted in a cure if taken
meticulously and regularly for the prescribed period of
time. Poor compliance invariably resulted in resistant
strains. The next few decades saw tremendous research
on other drugs to counter the growing menace of
tuberculosis. Numerous drugs have come into use, but
other than rifampicin, none of these drugs in use can match
the efficacy of streptomycin and isoniazid. The
introduction of isoniazid in 1950 and rifampicin in 1965
paved the way for modern short-course chemotherapy,
which was first introduced in the 1970s.

In India initial efforts to combat tuberculosis were
spearheaded by voluntary organizations and by the
setting up of sanatoria in temperate hill stations. After
India’s independence in 1947 two pioneering institutions
were established—The Tuberculosis Chemotherapy
Centre in Chennai and the National Tuberculosis
Institute in Bengaluru under the Indian Council of
Medical Research and the Government of India
respectively. These two institutes did pioneering research
to help shape tuberculosis control in India and to an
extent in other countries. The famous Madras chemo-
therapeutic trial showed that domiciliary treatment of
patients with tuberculosis was successful notwithstand-
ing poor living conditions and a poor diet, provided there
was compliance to therapy. This led to a closure of
sanatoria all over world. Several intermittent
chemotherapy regimes were also devised by the Madras
and Bangalore centers in collaboration with the British
Research Medical Council. This indeed was excellent
research in respiratory medicine the like of which has
not been equalled in subsequent years in our country.

Numerous other antibiotics to counter other infections
have been discovered. However indiscriminate use of

antibiotics has led to the dangerous emergence of many
antibiotic-resistant bacteria. These indeed pose a great
health hazard particularly in critical care units and in
patients who are immunocompromised.

Respiratory Physiology

The exchange of oxygen and carbon dioxide within the
lungs was known since the beginning of the 12th century.
There however was debate whether oxygen was
transferred from the alveoli to the capillary blood by
active secretion or simple diffusion. August and Marie
Krogh in a series of publications proved that the transfer
of oxygen and carbon dioxide across the alveolar
capillary membrane was a simple physical process of
diffusion. Work on pulmonary function was carried out
in several laboratories in Europe and America. Out-
standing among these was the application of pulmonary
function and pulmonary physiology to clinical
respiratory medicine through the work of Comroe in San
Francisco, America.

The knowledge on pulmonary physiology, gas
exchange and pulmonary mechanics was put to clinical
use in 1953 by Bjorn Ibsen who founded the first Intensive
Care Unit in the world in Copenhagen to treat patients
with poliomyelitis that had caused respiratory paralysis.
This was an effective counter to the epidemic of
poliomyelitis that raged in that year. Ibsen’s approach
incorporated the use of an endotracheal tube or a tracheo-
stomy through which, to start with, teams of medical
students working in relays pumped oxygen enriched air
into the lungs of paralyzed patients till such time as they
could breathe spontaneously. Soon ventilators were
devised first in the form of the iron lung—a contraption
in which the patient was inserted (with only the head
sticking out). Negative pressure induced within the
machine allowed the chest to expand and the lung to
inflate. Release of the negative pressure allowed the lungs
to passively deflate. An improvement over the cumber-
some iron lung was the invention of the ventilator, a
device which could provide positive pressure ventilatory
support through an endotracheal tube or a tracheostomy
to a patient in respiratory failure. Over the years, the
ventilator has evolved into a superb sophisticated
machine that renders mechanical ventilator support with
ease and efficiency.

There is one other aspect of pulmonary medicine,
which deserves an important mention. It is the epidemio-
logical proof of the strong positive relation between
cigarette and bidi smoking and cancer of the lung, and
of cigarette or bidi smoking to Chronic Obstructive
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Pulmonary Disease (COPD). It was Doll and Hill who in
an excellent epidemiological study in the early fifties
established that the incidence of lung cancer was about
10 to 20 times greater in those who were heavy cigarette
smokers compared to those who did not smoke. This was
proven again and again by numerous other epidemio-
logical studies. The incidence of lung cancer is shown to
be reduced following the stoppage of smoking. The
incidence of cancer in poor developing countries is on
the rise mainly because of the increase in smoking habits
in South and South-east Asian countries.

Advances in the last half century are too numerous
to be dealt with. A few of these are briefly tabled in
Table 1.1.

It is impossible to discuss each of these at length in a
short chapter on the History of Respiratory Medicine,
but a brief mention of the history of thoracic surgery is
warranted. Carlo Forlanini (1847–1918) of Pavia
attempted the first artificially induced pneumothorax in
a patient with cavitative tuberculosis in 1888. The Carlo
Forlanini Institute in Rome is a tribute to his memory.
The rationale was to “relax” the cavity by partially
collapsing the diseased lung. A more radical approach
was the performance of thoracoplasty in 1930s, the

posterior portions of the second to seventh ribs being
removed enabling partial collapse of the lung on the
affected side. This prompted healing of cavities in
tuberculosis. The next advance in thoracic surgery was
the resection of part or whole of the lung. The pioneer in
this field was Evarts Graham (1883–1957) in Washington
who first performed resection for lung cancer. Increasing
skill and practice allowed for lobectomies, pneumonec-
tomies and segmental resections. Thoracic surgery came
in use not only in lung cancer, but also in other lung
diseases, notably tuberculosis and suppurative lung
disease. However neither tuberculosis nor cancer would
allow an easy conquest.

The first lung transplantation (single lung transplant)
was performed in 1963 by Hardy for a patient with a left
lung cancer. The patient died after 18 days. Refinements
in technique and postoperative care led finally to an
improvement in the horrendous mortality experienced
in the initial 20 years. Today double lung transplant and
heart-lung transplant are successfully performed with a
fairly good three and five years survival rate in a number
of transplant centers in the world. Unfortunately lung
transplant surgery has not taken off in India.

Just as old problems are solved, new problems arise.
The ancient problem of tuberculosis is still a menace,
particularly in developing countries. The problem is
confounded by the pandemic of Human Immuno-
deficiency Syndrome (HIV) infection, which contributed
strongly to multiple drug resistant tuberculosis and
extensive drug resistant tuberculosis. Both tuberculosis
and HIV infection literally fuel each other.

The introduction of Directly Observed Short-term
Therapy (DOTS) in India has made an appreciable dent
both in the detection rate and success rates of the
treatment of tuberculosis. But much more needs to be
done before India and other developing countries can
claim success in the control of the disease.

One can conclude by stating that though respiratory
medicine has come a long way, it still has a longer way
to go. It will continue to follow a trail beset with trials
and tribulations, defeats and victories, interspersed with
periods of great discovery and scintillating glory.

SUGGESTED READINGS

1. Udwadia FE. Man and Medicine – A History. New Delhi: Oxford
University Press; 2002.

2. Porter Roy. The Greatest Benefit to Mankind. New York,
London: W.W. Norton & Co.; 1997.

TABLE 1.1: Advances in the last half century

1. A vast array of imaging techniques—in particular High
Resolution Computed Tomography (HRCT). CT guided
transthoracic biopsies for the evaluation of localized or
peripheral lung pathologies. The discovery of Positron Emission
Tomography (PET) is chiefly used in staging lung cancer.

2. The study of bronchoalveolar lavage (BAL) fluid obtained
through a fiberoptic bronchoscope; the widespread use of
transbronchial lung biopsy and biopsy of mediastinal glands
through a flexible bronchoscope.

3. Advanced microbiological techniques; techniques for quicker
cultures of Mycobacterium tuberculosis with quick drug
sensitivity reports.

4. A thorough physiological evaluation of lung function.
5. Advanced biochemical, genetic and molecular studies;

unraveling of the genome of the tubercle bacillius.
6. Improved pathological studies.
7. Powerful antibacterial drugs.
8. Antiviral drugs.
9. The development of vaccines to fight respiratory disease.

10. The development of intensive care.
11. Advanced anesthesiology and surgery, including surgery for

lung transplant.
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Anatomy and Architecture:
A Clinical Perspective

SK Jindal

The respiratory systems essentially comprises of three
different structural and functional units:
1. Respiratory tract (from the nose and the mouth to the

alveoli), meant for air conduction.
2. Lung parenchyma (the alveoli and the surrounding

interstitium, which includes the blood capillaries,
lymphatics and interstitial matrix with several
different kinds of cells).

3. Respiratory regulatory system.
In addition, the pleura, the thoracic cage and the

mediastinum, which are also important in the overall
respiratory function, are considered as important
constituents of the respiratory system.

LUNG ANATOMY AND MORPHOLOGY 1-5

Respiratory Tract or Airways

Upper Respiratory Tract

The components of the upper respiratory tract include
the nose, the mouth, the pharynx and the larynx upto
the level of the vocal cords. The upper respiratory tract
largely lies in the domain of the otorhinolaryngologists
and the oral physicians, but the diseases of different parts
of the upper respiratory tract may frequently pose
problems in the differential diagnosis of respiratory
diseases. Several different diseases may also involve both
the upper and the lower respiratory tracts. Sometimes,
the diseases of the upper respiratory tract, particularly
of the sinuses and the larynx, may precede or predispose
to the development of diseases of the lower respiratory
tract. The upper respiratory tract also performs the

function of filtering, warming and humidifying the
inspired air, thereby playing an important role in the
pulmonary defense mechanisms.

The nasal cavity is divided into two separate parts
by a median septum. The floor of the nose constitutes
the hard palate and the roof of the base of the skull—
maxillary, ethmoid and sphenoid bones. There are three
bony projections from the lateral wall of each cavity,
called superior, middle and inferior turbinates and the
space between the two turbinates is the meatus.
Sphenoethmoidal recess is the space above the superior
turbinate. The nasal cavity is surrounded by the
paranasal sinuses, which are the air containing cavities
in the maxillary, frontal, ethmoid and sphenoid bones
and are respectively known as the maxillary, frontal,
ethmoidal and sphenoidal sinuses. The sinuses, being in
continuity with the respiratory tract, bear an important
clinical relationship with respiratory tract diseases.

Posteriorly, the nasal cavity continues with the
nasopharynx, i.e. the part of the pharynx behind the nose.
The nasopharynx contains adenoids, the lymphatic
tissue, which when hypertrophied may pose important
challenge in the differential diagnosis of diseases,
especially in the children. The openings of the Eustachian
tubes, which connect with the middle-ear are also located
in the nasopharynx. It is through this tube that the
problems of nasopharynx may directly spread to the
otherwise closed, middle-ear cavity.

Nasopharynx continues inferiorly into the
oropharynx—the space behind the oral cavity, upto the
hyoid bone and thereafter into the hypopharynx, which
extends from the hyoid bone upto the upper end of the
esophagus and the larynx.
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Larynx constitutes an important component of the
upper respiratory tract. It is the seat of phonation and
acts as sentry for the lower respiratory tract by preventing
the aspiration of secretions and by regulating the flow
of air. The larynx consists of several cartilages, ligaments
and muscles. The laryngeal opening (Fig. 2.1) is guarded
by the two vocal cords, which open with each cycle of
inspiration and expiration to allow the movement of air
in and out of the lungs. The vocal cords constitute both
an anatomical and a functional landmark between the
upper and the lower respiratory tracts. The respiratory
tract below the vocal cords is normally protected from
routine environmental onslaughts and is microbiologi-
cally sterile. Impaired movement or paralysis of a vocal
cord compromises the respiratory defenses and is also
responsible for a change in the character of the voice.

Lower Respiratory Tract

Starting with the trachea at the opening of the vocal cords,
the lower respiratory tract consists of a branching system
like that of a tree. The trachea divides into the two main
bronchi (right and the left) which further divide into
lobar, sublobar, segmental, subsegmental bronchi and the
terminal bronchioles (Fig. 2.2). A single lung unit
supplied by a terminal bronchiole is labeled as an acinus,
which is also supplied by an independent branch of the
pulmonary blood vessels and lymphatics. Acinus is an
independent functional unit of the lung.

The bronchial divisions up to the terminal
bronchioles, primarily meant to conduct the air to the

alveoli are called the "conducting airways." They do not
play any role in air exchange during health. The
respiratory tract beyond the terminal airways, which

Fig. 2.1: Laryngeal opening as seen from above at the level of vocal cords

Fig. 2.2: Divisions of the tracheobronchial tree
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plays an important role in gas-exchange, includes the
respiratory bronchioles, alveolar ducts and the clusters
of alveoli (Fig. 2.3). This part of the respiratory tract is
therefore labeled as the "gas-exchange unit" of the lung.

The Trachea

The trachea extends from the level of the vocal cords
above to the carina below. The extrathoracic part of the
trachea begins at the level of the sixth cervical vertebra
just below the cricoid cartilage and is covered anteriorly
and laterally by the thyroid gland in the upper part of
the neck. The lower part lies subcutaneously and enters
the thoracic inlet, along with the esophagus situated
behind the trachea. The intrathoracic part extends up to
the fifth thoracic vertebra, corresponding anteriorly to
the manubriosternal joint (Louis angle) and bifurcates
at the carina into the right and left main bronchi.

The tracheal wall is composed of cartilaginous rings,
which do not allow the tracheal tube to collapse. The
cartilaginous rings are partially incomplete posteriorly
and the two posterior ends are jointed together by fibrous
and elastic tissue. The tracheal lumen is somewhat oval
in cross-section and remains patent throughout.

Bronchial Tree and Alveoli

The right and the left main bronchi enter the right and
the left lung, respectively at the lung hila. Normally, the
right main bronchus, which is in direct continuity with
the trachea, is broader and shorter in length while the
left main bronchus is more angulated, narrower and
longer. The right bronchus is therefore the preferential
site for aspiration of foreign bodies and secretions,
especially in the erect position.

The right main bronchus branches into the right upper
lobe bronchus, which divides into apical, anterior and
posterior branches and the intermediate bronchus, which
further divides into middle lobe and lower lobe branches.
Similarly, the left main bronchus at about 4 to 5 cm
length, divides into upper and lower lobe divisions,
which divides further into segmental and subsegmental
branches. There are 10 segmental branches on the right
and 8 segmental branches on the left side. Each
generation of bronchial tree is numerically labeled with
the main bronchi as the first generation bronchi
(Table 2.1). There are about 8 to 10 generations of
bronchial divisions, which end as terminal bronchioles,
followed by three to five generations of respiratory bron-
chioles. The last generation of respiratory bronchioles
gives rise to two to three generations of alveolar ducts,
which after further branching lead to alveolar sacs,
constituted by a variable number of alveoli. The alveolar
ducts together with the alveolar sacs, which stem from
the most proximal respiratory bronchiole constitute the
terminal respiratory unit (see Fig. 2.3), which is both the
structural and the functional unit of the lung. In the two
adult lungs, there are about 1,50,000 units, with about
2,000 alveoli in each unit.

The alveoli actually start appearing directly from the
walls of the terminal generation of respiratory
bronchioles. An alveolus is generally a polyhedral air sac
with a thin and flat, single cell-layered wall.

Morphological Divisions of the Lungs

The two lungs are divided into five lobes by the presence
of fissures—the right lung into three and the left into two
lobes. The oblique fissure on both the sides separate the
upper and the lower lobes, while the horizontal fissure
on the right side divides the upper lobe into the upper
and the middle lobes. The oblique fissure can be drawn
on the chest wall by a line from the third dorsal vertebra
opposite to the spine of scapula, sloping downwards,
laterally and anteriorly along the fifth rib upto the sixth
costochondral junction anteriorly. The horizontal fissure
on the right side may be drawn horizontally along with

Fig. 2.3: Schematic structure of the terminal respiratory unit
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4th costal cartilage to meet the oblique fissure in the mid
axillary line. On the left side, the lingua, not separated
by any fissure, is a part of the left upper lobe.

Each lobe is divided into segments by the presence of
the septae. On the right side, the upper lobe is divided
into apical, anterior and posterior segments; the middle
lobe into the medial and the lateral segments; and the
lower lobe into the lower apical (or superior) medial basal,
lateral basal, anterior basal and posterior basal segments.
On the left side, the upper lobe is divided into two, i.e.
apicoposterior and anterior segments; the lingual into the
superior and the inferior segments; and the lower lobe into
the superior, anterior basal, posterior basal and the lateral
basal segments. There is no medial basal segment on the
left side. Therefore, the left lung contains 8 segments in
comparison to 10 segments of the right lung.

Each segment is further divided into subsegments
and sequentially into the lobules and the acini.

ARCHITECTURE OF LUNG PARENCHYMA 5-9

The parenchyma of all the five lung lobes together consist
of about 300 million alveoli, which when spread over,
equal the surface area of a tennis court. The alveoli are

surrounded by the lung interstitium comprising of loose-
binding (extra-alveolar) connective tissue fibrils. The
matrix of lung parenchyma consists of different materials,
such as the collagen, elastin, glycosaminoglycan and
fibronectin, which provide a framework of support of
the alveolocapillary membrane that constitutes the bulk
of the interstitium of the lung parenchyma. The major
bulk is contributed by the collagen and the elastin, which
together constitutes most of the interstitium—the
glycosaminoglycan and fibronectin comprise only about
2% of the interstitium.

The basket-like arrangement of the matrix also allows
the alveolar expansion in all directions. Within the lung
interstitium, along the millions of alveoli, lie the divisions
of the respiratory tract, i.e. the airways which supply air
to the alveoli and the neurovascular bundles, which
include the smaller branches of the pulmonary arteries,
veins, the nerves and the lymphatics. The patency and
the function of the airways, the alveoli and the vessels
are maintained by the lung matrix. Any alternation in
the structure and the function of the lung matrix affects
the alveolar structure and function. Similarly, the
pulmonary vasculature is also affected by the interstitial
structure and disease.

TABLE 2.1: Bronchial and bronchiolar division

Structures Generation from

Trachea Bronchus Segmental Terminal Diameter
bronchiole number (mm)

Trachea 0 1 2.5

Main bronchi 1 2 11-19

Lobar bronchi 2-3 5 4.5-13.5

Segmental bronchi 3-6 0 19 4.5-6.5

Subsegmental bronchi 4-7 1 38 3 - 6

Bronchi 2-6 Variable

Terminal bronchi 3-7 1000 1.0

Bronchioles 5-14 Variable Variable

Terminal bronchioles 6-15 0 35000 0.65

Respiratory bronchioles 1-8 Variable Variable

Terminal respiratory bronchioles 2-9 630,000 0.45

Alveolar ducts and sacs 4-12 14 million 0.40

Alveoli 300 million 0.25-0.3
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An alveolar duct along with its peripheral structures
is called a primary lobule. The smallest division of the
lung parenchyma bounded by the connective tissue
septae is the secondary lobule. A secondary lobule
generally consists of two to five acini, i.e. two to five
terminal bronchiole along with their peripheral
structures.

These are small holes in the walls of the adjacent
alveoli which are known as the pores of Kuhn. Communi-
cations may also exist between the terminal respiratory
bronchioles and the alveoli through the canals of
Lambert. These communications allow collateral
ventilation, as well as the passage of alveolar cells and
the microorganisms in a disease state.

Mucosal Lining and Lung Cells of
the Respiratory Tract

Besides the gas exchange, respiratory tract mucosa
performs numerous secretory, absorptive and excretory
functions. There is a change of the mucosal epithelium
from the nose to the alveoli. The nose, nasopharynx and
the paranasal sinuses are lined by the ciliated columnar
and the ciliated, stratified columnar epithelium. While
the larynx is also lined by ciliated columnar epithelium,
the vocal cords possess a squamous epithelium with no
secretory functions. The entire lower respiratory tract up
to the terminal bronchioles is lined by ciliated epithelium
with the gradual transition of the columnar cells to the
cuboidal and finally the squamous cells in the alveoli.

There are at least two epithelial cell types in the
airway surface, of which nearly half are ciliated in nature.
The cilia move the superficial liquid lining layer with
their continuous beating. The glands in the submucosa
of the airways are responsible for the production of
airway secretions, which play an important role in the
airway defense as well as the neurotransmission and
endocrinal function.

The cell population of the gas exchange lung
parenchyma consists of four subpopulations:
A. Epithelial
B. Endothelial
C. Interstitial
D. Alveolar macrophages.

The epithelium is essentially composed of a mosaic
of lining cells, the squamous pneumocytes (Type I) and
the secretory granular pneumocytes (Type II). The Type
II cells are more numerous, but cover only 3% of the
alveolar surface. They perform the important
synthesizing and secretory functions and produce a large
number of proteins including the surfactant-associated

proteins and help in resorption and transepithelial
exchange of fluids.

On the other hand, the Type I cells are fewer, but
larger in size and cover most of the alveolar surfaces.
Type I cells also express a few proteins and play some
role in fluid flux. The Type I cells are complex branched
cells.

There are other interspersed cells such as the brush
cells (Type III), mesenchymal and the endothelial cells.
The brush cells have brush borders like that of the
intestinal cells with possibly an absorptive function.

The alveolar macrophages are the free cells lying
within the surface layers, submerged beneath the
surfactant. The alveolar macrophages are capable of self
renewal by mitosis. There are also Clara cells at the level
of terminal bronchioles, which produce a surfactant like
material. They also secrete the aqueous (or sol) layer
lining of the bronchial mucosa.

Kulchitsky or Amine Precursor Uptake and
Decarboxylation (APUD) cells are the other important
cells in the surface epithelium. They possess an endocrine
function of producing serotonin. They also constitute the
origin of the carcinoid tumors of lungs.

BLOOD SUPPLY OF LUNGS 6-12

The lungs receive a dual blood supply from the pulmo-
nary and the bronchial (i.e. the systemic) circulation.

Bronchial Circulation

The bronchial circulation from the left ventricle is
supplied via the bronchial arteries, which arise from the
aorta or its intercostals branches. Normally, there are two
main divisions (right and the left) of the bronchial artery,
which follow the further bronchial divisions, but both
the number and the origin of the bronchial arteries are
variable and inconsistent. Terminally, the bronchial
arteries are divided into bronchial arterioles and
capillaries to finally anastomose with the pulmonary
capillaries and constitute an extensive bronchial
pulmonary vascular anastomotic bed around the
terminal bronchioles and the alveoli.

In healthy individuals, the bronchial circulation is
small and constitutes less than 3% of the total blood
supply of the lungs. It differs from the pulmonary
circulation since it contains oxygenated blood from the
left ventricle at systemic blood pressure levels (Table 2.2).
It is primarily nutritive in its function for the tracheo-
bronchial tree. The bronchial blood supply may
enormously expand in congenital pulmonary vascular
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or right ventricular anomalies. Extensive increases may
also occur following pulmonary thromboembolism, in
bronchiectasis and other fibrocavitary diseases of the
lungs.

Pulmonary Circulation

Pulmonary circulation constitutes the primary or the bulk
of the blood supply of the lungs. The pulmonary artery
arises from the right ventricle and divides into right and
left main branches, which enter the hila of the lungs along
with the right and left main bronchus, respectively and
follow the airway divisions. They are further divided into
medium-sized muscular arteries, arterioles and finally
capillaries. The pulmonary venous system similarly
consists of pulmonary vessels and veins, which follow a
centripetal course and terminate into superior and
inferior pulmonary veins, which drain into the left
atrium, either independently or after joining together and
forming a common trunk.

The pulmonary vessels lying in the alveolar walls are
called alveolar vessels, while those lying in the loose
binding connective tissue are called the extra-alveolar
vessels. The alveolar vessels are directly affected by the
changes in the alveolar pressure.

The pulmonary circulation is primarily concerned
with the gas-exchange function of the lung. The extensive
pulmonary capillary network around the alveoli
provides a direct interface between the air in the alveoli
and the blood in the capillaries, separated by a thin layer
of alveolar epithelium, vascular endothelium and the
lung interstitium. The pulmonary endothelial cells
produce a large number of hormones and chemical
mediators responsible for metabolic and endocrinal
functions. The pulmonary circulation through an

extensive capillary network around the alveoli has been
conceptually equated to the presence of a sheet of blood
all around the alveolus contained in a thin layer of
capillary endothelium (Fig. 2.4). The capillary network
crosses several alveoli before coalescing into venules,
thus providing a sufficient transit time for the blood to
pass from the arterial to the venous end. This allows a
free exchange of gases (oxygen and carbon dioxide)
through the alveolocapillary membrane. A minor fraction
of pulmonary blood flow (1% to 3% of total) may pass
directly from the arterial to the venous side, bypassing
the alveolocapillary network. This amount of nonoxy-
genated blood represents the shunt fraction which is
present in a normal human lung.

LYMPHATIC DRAINAGE

There are considerable variations in the lymphatic
drainage of the two lungs. The lymphatics of the lungs
form extensive intercommunicating networks around the
bronchial and the vascular divisions in the peribronchial
and the perivascular spaces. These lymphatics drain into
the several groups called "stations of lymph nodes,"
located along the bronchial tree and ultimately into the
hila (right and the left along the main bronchi) and the
tracheobronchial lymph nodes. The various tracheo-
bronchial lymph nodes groups include the superior
group (between the trachea and the right or the left main
bronchus) para-aortic and an inferior or infracarinal

TABLE 2.2: Differences between pulmonary and
bronchial circulation of the lungs

Pulmonary Bronchial

1. Blood supply Right ventricle Left ventricle

2. Fraction of lung Most (> 97%) Less than 3%
circulation

3. Arterial pressure Pulmonary Systemic

4. Resistance Low High

5. Main vessels Large sized, elastic Small sized,
muscular

6. Function Gas exchange Nutritive for the
bronchial tree

Fig. 2.4: Conceptual surface view of an alveolar wall. The capillary
network when engorged, covers the whole alveolus like a sheet of
blood
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(below the carina) group. The further drainage occurs
into the paratracheal glands (along both sides of trachea)
and the supraclavicular glands in the neck. The
paratracheal lymphatics also communicate with the
paraesophageal glands in the mediastinum and the
retroperitoneal abdominal nodes.

The lymphatics from all the groups of tracheo-
bronchial nodes lead into the thoracic duct on the left
side and the lymphatic duct on the right side, which
finally drain into the venous system, i.e. the innominate
veins of the two sides. The right lung drains into the right
tracheobronchial, paratracheal and supraclavicular
glands and the left lung drains into the left side glands,
but there is a great degree of intercommunication
between the two sides, especially of the paratracheal
glands. An important exception to the same side drainage
is seen for the left lower lobe lymphatics, which drain
into the right-sided glands. There are also communi-
cations between the superficial and the deep lymphatic
plexuses via the interlobular septal lymphatics. Thus,
there is a potential for bidirectional flow of lymph.

The lymphatic drainage serves several important
functions such as the removal of dust particles, toxins
and microorganisms from the lungs. They also play an
important role in the maintenance of lung-fluid balance.
The lymph node enlargement, which occurs in several
inflammatory, infective and neoplastic diseases of the
lungs may therefore provide an important clue to the
differential diagnosis of these diseases. Particularly in the
cases of lung cancer, the site of lymph node is important
in deciding the disease-stage and treatment modality.

NERVE SUPPLY13

The lungs are innervated by both the sympathetic and
the parasympathetic autonomic nerve supply from the
upper six thoracic sympathetic ganglia and the vagus,
respectively. The innervation consists of afferent (i.e. the
sensory) and the efferent (i.e. the motor pathways).

Parasympathetic (Cholinergic) Nerve Supply

The efferent fibers arise from the stretch receptors in the
alveolar walls and lung interstitium and from epithelial
irritant receptors of the airways. The afferents also arise
from the irritant receptors of the laryngotracheal mucosa.
They form a plexus around the carina and join the vagus
nerve. The vagus nerves also contain the efferent fibers
for the bronchial smooth muscles and the mucous glands.
The efferent activation from irritant and stretch receptor
stimulation causes the reflex efferent reaction causing
bronchoconstriction and mucous hypersecretion.

Sympathetic (Adrenergic) Nerve Supply

The sympathetic efferent fibers from the upper thoracic
sympathetic ganglia supply the pulmonary plexus
around the carina and the sympathetic nerve, which
innervate the bronchial smooth muscles, glands and the
blood vessels. Sympathetic, efferent stimulation results
in bronchodilatation, vasoconstriction and diminished
bronchial mucous secretion. Of the various sympathetic
receptor subtypes, only the � 2 and the �  adrenergic
receptors are present in the lungs.

The lungs are also supplied by fibers, which are
neither adrenergic nor cholinergic in action. These fibers,
which are carried by the vagal nerves, may play an
important role in maintaining the bronchomotor tone and
in the pathogenesis of bronchospastic disorders, as in
asthma.

Lung Receptors

Receptors are the nerve endings, which are sensitive to
specific, sensory stimuli. As stated above, the lungs are
extensively supplied by stretch and irritant receptors in
the alveolar and the bronchial walls, respectively. They
are present in the airway epithelium, submucous region,
interalveolar septa and smooth muscles. They are also
present to some extent on the pleural surface. There are
no pain or thermal nerve endings. The lung interstitium
also contains a large number of juxtacapillary (J)
receptors around the capillary walls. These receptors,
also known as Paintal's J receptors, are stimulated by the
parenchymal connective tissue distortion in the presence
of vascular congestion and interstitial edema. The
peptidergic nerve endings present around tracheal
glands have species-specific excitatory or inhibitory effect
on secretary function. There is also a diffuse, neuro-
endocrinal system (amine uptake and decarboxylation-
APUD) distributed along the airway epithelium. The
exact role of the APUD system is not known; it might
affect the smooth muscle function.

The Pleura

The membranous covering of the lung and the pleura is
an important constituent of the respiratory system, both
structurally and functionally. The pleura consist of a
visceral layer, which lines the outer lung surface and a
parietal layer, which lines the inner surface of the thoracic
cage. The two pleurae together form a continuous layer
joined at the hilum to constitute a potential space, the
pleural cavity, which is closed on all sides and contains
a small quantity of fluid to prevent friction between the
two pleural layers. There occurs an excessive fluid
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collection in this cavity in several inflammatory,
neoplastic and other diseases involving the pleura.

The visceral lining of the pleurae also extends into
the oblique and the transverse fissures to form the
potential pleural space between the lung lobes in the
fissures. The parts of the pleurae lining the mediastinal
and the diaphragmatic surfaces, also respectively known
as the mediastinal and the diaphragmatic pleura,
constitute the mediastinal and the diaphragmatic pleural
spaces respectively. Loculated collection of fluid may
occasionally occur inside these pleural spaces in various
pathological conditions.

Histologically, the pleura consists of the squamous
epithelial cell lining over a connective tissue layer. The
blood supply, lymphatics and nerve supply of the
visceral pleura is similar to that of the lung, which it
overlies. The parietal pleura is a part of the thoracic cage
and derives its blood supply from the systemic circulation
through the intercostals and the branches of the internal
mammary arteries. Lymphatic drainage of the parietal
pleura occurs to the nodes along with internal mammary
artery and to the posterior mediastinal glands near the
heads of the ribs. Similarly, the nerve supply of the
parietal pleura is through the spinal nerves for the costal
and the mediastinal pleurae and through the phrenic
nerve for the diaphragmatic pleura. On the other hand,
the visceral pleura is innervated by the autonomic nerves.

Thoracic Cage

The thoracic cage, which constitutes the walls of the
thoracic cavity provides a protective house for the lungs,
the heart, the great vessels, the esophagus and the other
mediastinal structures. It is constituted by the sternum
anteriorly, the thoracic spine posteriorly and the ribs and
the intercostal muscles laterally. Inferiorly, the two
diaphragms on each site separate the thoracic cavity from
the abdominal cavity. The contents of the neck, such as
the trachea, the esophagus, the neck-vessels and the
nerves enter the thorax through the thoracic inlet at the
upper end of the thoracic cavity. The thoracic inlet is
constituted by the upper border of the manubrium sterni,
the first rib and the first dorsal vertebra.

The thoracic cage not only contains the lungs and
other thoracic structures, but also plays an important role
in the process of respiration. The contraction of the
inspiratory intercostals muscles, causing upward and
forward movement of the ribs and the downward
movement of diaphragms, results in the expansion of the
thoracic cage and a fall in the intrapleural pressure, which
causes the air to move into the tracheobronchial tree
allowing the inspiration to occur. Expiration occurs after

inspiratory muscle contraction ends and the thoracic cage
returns to its original position. Expiration occurs as a
passive phenomenon except in condition of respiratory
distress when the expiratory muscles help the expiratory
process through their active contraction.

The two lungs also provide a soft bed, the cardiac
fossa for the heart. The inspiratory inflation and
expiratory deflation of the lungs have an important
bearing on the cardiac function.14 The overall mechanical
cardiopulmonary interaction provides a conducive
environment for an efficient circulatory function.

Respiratory Muscles

There are three groups of muscles involved in respiration:
• The diaphragm,
• The intercostals, and
• The accessory muscles of respiration.

Diaphragm: It consists of a fan-like musculotendinous
structure, which consists of muscle fibers attached to the
inside of the thoracic cage at the thoracic outlet, inserted
into a central tendon. Based on their attachment, the
muscle fibers are grouped into three parts—the sternal
part attached to the xiphoid process; the costal part
attached to the inner surface of the costal cartilages and
anterior ends of ribs; and the lumbar part, which is
attached to the medial and the lateral lumbocostal arches.
Similarly, the central tendon has got the right middle and
left leaflets. The diaphragm is innervated by the phrenic
nerve, which arises from the cervical plexus, with fibers
from third, fourth and fifth cervical segments of the spinal
cord. Phrenic nerve stimulation causes the contraction
of the diaphragm, which as a result of contraction, moves
down and causes lung inflation due to an increase in the
volume of thorax. Weakness or paralysis of the phrenic
nerves will therefore result in the elevation of the
diaphragm, which will also not move with the inspiratory
effort.

The thoracic mediastinal structures, such as the aorta,
the esophagus, the inferior vena cava, other small vessels
and nerves pass across the diaphragm to enter the
abdominal cavity. There are other small recesses in the
diaphragm such as the foramen of Morgagni anteriorly
and the Bochdalek foramen posteriorly. Sometimes, the
abdominal contents may protrude through the spaces
into the thoracic cavity, i.e. the diaphragmatic or hiatus
hernias. The point of esophageal entry into the abdomen
serves the role of a sphincter, which allows the food to
pass down into the stomach, but prevents the regurgi-
tation of the contents into the thoracic part of esophagus.
Gastroesophageal reflux, which occurs as a result of the
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loosening of this sphincter, plays an important role in
the clinical symptomatology and etiologies of several
respiratory problems.

Intercostal respiratory muscles: The intercostal muscles
spread obliquely between the intercostals spaces of the
ribs. The intercostals muscles directly inserted to the ribs,
have no tendons. There are two groups of the intercostals
muscles—the internal and the external intercostals. The
external intercostal muscles arise from the lower border
of the upper rib and get inserted into the upper border
of the lower rib of an intercostals space. They are also
called the inspiratory muscles since they actively take
part in the inspiratory effort by their contraction, which
by raising the ribs results in the expansion of the thoracic
cavity and therefore creating a rise in the negative
pressure in the pleural cavity. The internal intercostals,
also called the expiratory muscles are passive during
normal expiration, but assume an important role during
the labored breathing in conditions causing respiratory
distress when the expiration becomes an active process.
The same may happen during hyperventilation, deep
coughing and other similar conditions requiring a strong
and active expiratory effort.

Intercostal muscles are supplied by systemic circula-
tion through the intercostals vessels (an artery and a vein)
which arise from the aorta. They are innervated by the
intercostal nerves, which are derived from the inferior
part of brachial plexus. The intercostal nerves along with
the intercostals vessels run along the inferior borders of
the ribs to supply the intercostal muscles of the respective
space.

Accessory muscles of respiration: The scaleni, sternocleido-
mastoids, muscles of the alae nasi and of anterior
abdominal wall (rectus abdominis, the external oblique,
the internal oblique and the transverses abdominus)
constitute the group of the accessory muscles of
respiration since they assist respiration whenever an
increased demand for augmented ventilation arises.
Their role is rather limited in their overall contribution

to the respiratory process. However, the presence of
hyperactivity of accessory muscles is an important
clinical indication of the underlying respiratory distress
and/or failure.
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Lung Development
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INTRODUCTION

Unlike the heart, kidneys, liver and other viscera that
begin their function early in the fetal life, the lungs are
nonfunctional because of the aquatic environment
in utero. The lungs start function with the first breath at
birth. The process of lung development involves complex
morphogenesis by means of which epithelial tubules and
blood vessels are formed that ultimately give rise to
airways and alveoli. Lung development primarily
involves two phases, i.e. prenatal and postnatal
(Table 3.1). The human lung arises from the laryngo-
tracheal groove, which occurs approximately four to six
weeks gestation.1-3 During this time, the respiratory
diverticulum (lung bud) appears ventrally to the caudal
portion of the foregut. Location of the lung bud, along
the gut tube is directed by various signals from the
surrounding mesenchyme, including growth factors. 4,5

The proximal portion of this bud gives rise to larynx and
trachea, separated by esophagus. The distal part of

primitive bud gives rise to left and right main stem
bronchi.

The lung development in humans follows four
distinct phases, i.e. pseudoglandular stage, which lasts
from 6 to 16 weeks, during this period all major lung
elements except alveoli, appear. This is followed by the
canalicular stage (16 to 26 weeks) during which lumens
of bronchi enlarge and become highly vascularized, by
the 24 week respiratory bronchioles and alveolar buds
develop. During the next phase, also known as the
terminal saccular period, the blood air barrier gets
established with the appearance of specialized cells of
the respiratory epithelium, including the type I alveolar
cells (responsible for gas exchange), and type II alveolar
cells, which secrete pulmonary surfactant.6,7 Alveolari-
zation in humans begins after week 20 and continues up
to 7 years of age, giving rise to an alveolar gas diffusion
surface of 70 m2 area and 1 �—m thickness.

Development of Airway Epithelium

The development of airway epithelium occurs during the
embryonic stage as previously described, it relies on the
epithelial-mesenchymal interactions between the
components of the airway wall including surface lining
fluid, submucosal gland and the basement membrane,
including the basal lamina and fibroblasts. 8-10 There occurs
differential growth of the epithelial tube into a mesenchymal
derivative containing the cells and the matrix. This develop-
ment moves from a proximal to distal pattern following
the epithelial tube. Subsequent branching of the airway tree
results in producing alveolar septum. 11,12

After the bronchial tree is established, growth occurs
in two directions either longitudinally to extend the

TABLE 3.1: Different phases of lung development

A. Prenatal development: Phases
1. Embryonic stage: Day 26 to the next 7 weeks
2. Lung development

i. Pseudoglandular 5 to 17 week
ii. Canalicular 16 to 26 week
iii. Terminal saccular 24 week to until term
iv. Alveolar 36 week to until birth and

postnatally
B. Postnatal

Alveolar stage continues up to about 18 months of age
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length or circumferentially to increase its diameter.
In mammals, the majority of growth occurs postnatally,
thereby making the perturbations by environmental
contaminats crucial.13-16 The distal airways, located at the
junction between the gas exchange area and tracheobron-
chial tree form the extensive transition zone of the human
lung. The development of submucosal glands occurs in
four phases (a) formation of buds by projections of
undifferentiated cells, (b) outgrowth and branching of
the buds into cylinders, (c) differentiation of mucous cells
in proximal tubules, (d) differentiation of serous cells in
peripheral tubules and acini along with continuous
proliferation of most distal areas.

Alveolar formation starts late, it is primarily a
postnatal event. Besides the growth of the septae into
the terminal saccules, there is formation of smooth
muscles, elastin and other matrix cells.

Pulmonary Vasculature

Primitive right and left pulmonary arteries grow caudally
from the aortic sac when the lung bud is also forming.
They become associated with the developing respiratory
primordium. The growing pulmonary arterial system
maintains this association with the development of the
airway system throughout thereafter. The blood supply
to the respiratory primordium drains into a venous
plexus that empties into the heart through a single
pulmonary vein. The venous drainage system is complete
around midway through gestation and corresponds to
the conducting airways and arterial system.

There is only a small proportion of blood of the total
cardiac output, which flows to the lungs during fetal
development. The resistance to flow in the pulmonary
arteries is high. After birth, there is a sudden drop in
pulmonary arterial pressure and a rise in the blood flow.
This is attributed partly to the anatomical alterations and
partly to local vasomotor responses.

The blood circulation during fetal life takes a some-
what different route (Fig. 3.1). The oxygenated blood
from the placenta is returned to the fetus through the
umbilical vein and flows through the ductus venosus and
inferior vena cava into the right atrium, shunted through
the foramen ovale into the left atrium from where it goes
to the left ventricle, aorta and gets distributed preferen-
tially to the upper part of the body, the heart and the
brain, through the brachiocephalic vessels. On the other
hand, the venous blood returning to the right atrium from
the superior vena cava, which is poorly oxygenated
passes into the pulmonary artery through the right
ventricles, gets shunted into the descending aorta
(through the ductus arteriosus) from where it is

distributed to the lower part of the body, the placenta.
The pulmonary artery blood also flows to the lungs.

The intrauterine lung performs only the nonrespi-
ratory functions. It does not participate in gas exchange.
Importantly, it is one of the important sources of
amniotic fluid and surfactant formation. It also serves
as a blood reservoir, provides host defenses and
participates in the activation and inactivation of
biological substances.

Beginning of Postnatal Life

The lungs take over the gas exchange function imme-
diately after delivery, which marks the end of the fetal
life. With the very first breath—the cry, the ventilatory
system is “turned on.” Immediately, the liquid in the
lungs gets replaced with air. There occur significant
changes in the pulmonary and cardiac circulation, the
“normal circulation” is miraculously established with the
first breath. Lung expansion gets complete during the
first few breaths along with circulatory adjustments.

Regulatory Factors

A number of regulatory molecules are required for lung
development. Lungs are formed from anterior
endodermal cells that also generate the ventral foregut.
Therefore, the genes (e.g. GATA-6, HNF-3B and Thyroid
Transcription Factor-1) involved in ventral foregut
development are important for the early lung
development. Vitamin A (retinoic acid) is also essential
for growth. There exists a molecular cascade that
regulates and determines the growth. The knowledge of
this cascade is an important area of interest to determine
not only the development anomalies, but also the
development of diseases, later in life.

Role of Growth Factors in Lung Development

Growth factors are known to play an important role in
the development of lungs, including Platelet-Derived
Growth Factor (PDGF-A and B) and their receptors
PDGFR �  and �  are involved in the early mid stage of
lung development. PGDGE-A and B mRNA level
increase17,18 in parallel with all proliferation rates during
the pseudoglandular stage of lung development; cell
proliferation within lung explants is inhibited by PDGF
A and B antisense oligonucleotides, as well as PDGF
neutralizing antibodies. 19,20

• PDGF-A exhibits a complete failure of alveolar
septation,18 whereas the over expressions of PDGFA
cause marked mesenchymal cell proliferation with in
the lungs.
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• PDGF-A and B have Shear Stress Responsive
Elements (SSRE) in their promoter regions suggesting
their expressions levels can be influenced by the
exposures of cells to physical forces. This stretch-
induced cell proliferation is abolished by PDFG-B and
PDGF-�  antisense oligonucleotides, PDGF-BB
neutralizing antibodies and a PDGFR inhibitor. 21

Vascular Endothelial Growth Factor (VEGF) exerts potent
mitogenic effects on endothelial cells via the VEGF
receptors (VEGFR2).22 VEGF and VEGFR2 mRNA
increase as the lung matures.23,24 VEGF proteins plays a
role in directing vascular growth in regions destined for
gas exchange.

• VEGF was responsible for the endothelial cell
proliferation induced by increase in lung expansion.

Insulin-Like Growth Factors (IGFs) I and II act via the type
I IGF receptor.25

• IGF I and II mRNA levels are increased and
decreased following increase and decrease in lung
expansions.26-28

• IGF may mediate changes in lung growth induced
by alterting lung expansion.

TGF-� -Transforming Growth Factor (TGF-� ) inhibits fetal
newborn and adult type II cell proliferation, surfactant
synthesis and surfactant protein gene expression.29-31

Fig. 3.1: Schema of human fetal circulation
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• TGF- � , EGF (Epidermal growth factor) and gene
deletion of this receptor prevents the attenuation of
mesenchymal tissue between adjacent airways and
reduces surfactant protein levels.

Fibroblast Growth Factor Family (FGF) consists of over
20 growth factors.32

FGF 1 and FGF 2 differ at different stages of lung
development and FGF 7 (keratino growth factor KFG)
proposed that KGF both enhances33-35 and inhibits
growth of the developing lung.

Parathyroid Hormone-Related Protein (PTHrP)
induces surfactant protein and surfactant phospholipids
biosynthesis, increases PTHrP expressions and receptor
binding and enhances its effects on surfactant
phospholipid synthesis. 36

Role of Environmental Factors during
Lung Development

The various regulatory  mechanisms are influenced by
several environmental factors and results. They
significantly influence the occurrence of diseases.
Hypersensitivity diseases in particular, may have their
roots in in utero sensitization to allergens. Similarly,
exposure of the fetus to tobacco smoke from a smoking
mother (passive smoking) or even from other smokers
in company of the pregnant mother (tertiary smoking)
have been implicated in the development of allergic
disorders and lung function impairment after birth.
a. Influence of in utero exposure to allergens on development:

Exposure of the fetus to allergens inhaled by the
mother during pregnancy can result in its sensitization
to those allergens. In one study, neonatal peripheral
blood T-cells were obtained from whole blood and
stimulated with several antigens or common inhaled
allergens. It is well known that maternally derived T-
cell would respond to commonly encountered antigens
and fetal cells would respond only to the inhaled
allergens.

Maternal avoidance of allergen could influence
the development of allergic reactivity in the fetus.
Levels of IL-4, IL-5, IL-10 and � -interferon were
determined and compared with allergen data. They
observed that the cytokine levels did not correlate
with allergens.

It has been hypothesized that Th-cell cytokine
patterns are determined during infancy. Although the
stimulation of neonatal T-cells occurs with allergen-
produced cytokine profiles. It is suggested that
exposure to allergens during development may be a
critical factor for the development of allergenic

phenotype infants and children who are genetically
predisposed to allergy.

Maternal exposure to allergens can result in a
protective IgG response that may decrease the fetal
sensitization. The degree of the production of gamma
interferon by stimulated T-cells have a stronger
likelihood of predicting the future development of
atopic disease. Th-2 phenotype during pregnancy is
known to favor the prenatal development of allergy,
thus the interaction between environment and genetic
background during in utero life of a human infant
determines the future allergic status of the child and
adult.

b. Neonatal exposure to allergens: Several infectious
diseases are thought to have a role in either facilitating
the development of allergic sensitization to inhaled
allergens during the neonatal period or subverting
the allergic response. The “hygiene hypothesis”
(discussed later in this chapter) focuses on early
exposure to bacterial products that appear to have
an allergy-sparing effect. In contrast, certain viral
respiratory infections have been implicated in the
promotion of allergen sensitization and development
of asthma. Viral infections are frequently associated
with wheezing in small children. The fact that many
of these children progress to become asthmatic has
led to the supposition that the early viral infection
may either facilitate sensitization or damage airways
hyperactivity. 37 One of the major respiratory viruses
that appears to have a link to asthma is Respiratory
Syncytial Virus (RSV). In the severe form, RSV causes
wheezing and severe bronchiolitis and often
interstitial pneumonia. It was recognized in the 1980s
that children with most severe RSV, accompanied by
wheezing, were often subsequently diagnosed with
childhood asthma. Indeed, IgE specific for viral
proteins, as well as elevated histamine concentrations
in respiratory fluids, were found in severely affected
children. 38

More recently, it has been found that RSV
preferentially induces a Th2 cytokine environment in
atopic children and in some animal models. Studies
have shown that infection of Balb/c mice with human
RSV induces a T-helper cell type 2 response.39 A
previous study demonstrated that some calves
infected with bovine respiratory syncytial virus 40 (a
closely related bovine pathogen) develop a Th2
cytokine response when infected with the virus.
Indeed, infection of IgE is also associated with this
model. Further work with the bovine model has
demonstrated that the disease is exacerbated when
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allergen is inhaled during the virus infection 41 and
that sensitization can be enhanced by exposure to
allergen during the viral infection. 42

In contrast to these observations, a recent study has
demonstrated that in the severe cases of respiratory
disease with wheezing, � -interferon is present in
elevated amount. However, in this study, the identity
of the virus causing the infection and wheezing was
not elucidated.43 Following up on these observations,
Garofalo et al.44 examined the role of Th1 and Th2
cytokines, as well as several chemokines in RSV
disease. They found that macrophage inflammatory
protein-1 �  was associated with severe RSV
bronchiolitis. Thus, the role of cytokines in induction
of clinical disease may be different to that previously
thought to stimulate the subsequent development of
asthma.

SUMMARY

The respiratory system in the fetus is elegantly designed
to develop from an undifferentiated epithelial tube to a
complex air conducting branching system and an
enormous gas-exchanging surface with a large number
of differentiated cells engaged in several different
functions. The immediate functional transformation and
adaptation of the respiratory and circulatory systems, to
the “foreign” strenuous environments after the birth is
both dramatic and miraculous. Although the alveolar
formation and lung development continues postnatally
for some period, most of the somatic growth is complete
at birth.
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Genomics of
Lung Diseases

L Keith Scott

INTRODUCTION

Since the discovery of Mendel’s work, there have been
exhaustive attempts to apply inheritance patterns to most
of the diseases. However, if a disease did not satisfy
traditional mendelian patterns, genetic contributions
were usually discounted. This led many to look at other
contributors of a disease state such as environmental
factors and infectious disease-related factors. This narrow
and focused research has produced much of our present
understanding of diseases and generated numerous
therapies. However, in spite of many successes, there
were always gaps in our understanding of many diseases.
Traditional views did not always explain why certain
diseases progressed the way they did or why there could
be person to person variation of the same disease. Many
felt that the variable that influenced disease individuality
was exposure, timing, pathogen virulence, coexisting
disease, etc. Although these certainly do influence how
a disease presents itself and progresses, these traditional
contributors do not always fill our gaps in understanding.

In 2001, a preliminary map of the human genome was
published. 1 This provided investigators with a new look
at diseases and a new way to perceive diseases. With
advances in genomic technologies allowing high
throughput analysis of a large number of genes at one
time, investigators began to relook at genomics in a new
light and away from the traditional genetic inheritance
paradigm. New tools were introduced with heavy
dependence on computation and the age of bioinfor-
matics and computational biology were born. A few
years later, the map of the human genome was deemed
complete, augmenting bioinformatic investigations

further. This revolution began the realization that
genomics is a dynamic and complex process and the
simplicity of mendelian patterns but a small piece of the
genomics puzzle.

GENOMICS AND DISEASE

Some diseases, such as the heart disease can be easily
associated with a genetic role, even though they might
not adhere to strict mendelian rules. Other disease states
were not as clear and the role of genetics was less obvious.
Questions has risen and problems developed that did
not make sense without some contribution of an indivi-
dual’s genome. For example, why would one person with
an apparently normal immune system acquire
pneumococcal pneumonia and barely get ill, while an
equally matched person developed lethal septic shock?
Was it a different bug? Was that person unlucky? Only
after the push to better understand the genomics of the
human in health and disease, not as a function of
heredity, but as a dynamic process of cellular function,
some of these questions were answered. The sequencing
of the human genome, along with many new technolo-
gies, have been the basis of our discovery of how dynamic
the genomic transcription-translation process really is.
This understanding was further enhanced by additional
understanding of protein function, binding and folding.

Lung diseases and all its contributors is an area of
pathophysiology that encapsulates this process. Few organ
systems are as impacted by environmental, infectious and
perhaps genomic influences as the respiratory system. This
chapter will discuss the genomics of lung diseases,
concentrating on several major lung disease states: Acute
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Lung Injury (ALI), Chronic Obstructive Pulmonary
Disease (COPD)/Asthma, pulmonary hypertension and
interstital lung diseases. There will also be a brief
discussion on computational biology and complexity
theory and how it relates to understand disease states.

GENOMIC NOMENCLATURE AND

INVESTIGATIONAL TOOLS

To describe and present data on genomic studies, there
needs to be consistent nomenclature and definitions. Few
definitions are discussed below that will be used in this
chapter.

Allele : Alleles are Deoxyribonucleic Acid (DNA)
sequences at the same physical gene locus, which may
or may not result in different phenotypic traits.

Bioinformatics:  The science of applying computational
tools to search databases, analyze DNA sequence
information, and to predict protein sequence and
structure from DNA sequence data.

Haplotype : A set of closely linked alleles inherited as a
unit.

Homology : Genes derived from a common ancestor.

Locus (loci) : Position on a chromosome of a gene or other
chromosome marker (can also be the DNA at that
position).

Microarrays: This is a technology that allows the high
throughput analysis of multiple genes from a single
sample. The technology is based on probes, which are
immobilized in an ordered two-dimensional pattern.
Probes are either spotted cDNAs or oligonucleotides and
are designed to be specific for an organism, a gene or a
genetic variant.

Polymerase chain reaction (PCR): It is a method for
synthesizing millions of copies of a specific DNA
sequence.

Single-nucleotide polymorphism (SNP) (Polymor-
phism) : A SNP is a DNA sequence where a single
nucleotide in the genome differs between members of a
species.

Genomic Research

Since the beginning of high throughput genomics, there
has been a tendency to single out small number of genes
and make claims regarding the contribution of genes
towards a particular disease state. This has been dubbed

the reductionist approach and is more in line with the
standard research paradigm.2 It rapidly became clear that
gene expression does not always translate to protein
production or functionality. More recent research
paradigms have focused on a system approach looking
at the groups of genes and evaluating these groups as a
part of a system involving single or multiple pathways.
This approach has been enlightening and has generated
a better understanding of host-gene-protein interactions
and probably more of a “real world” picture.

Genomics and Acute Lung Injury

Acute lung injury is not a homogeneous disease as once
thought. ALI can be related to a primary lung insult, such
as aspiration or related to a process or distal to the lung
such as pancreatitis. This has resulted in rethinking ALI,
either as a primary process in which the injury is an
epithelial-to-endothelial process, or a secondary process
in which the insult is endothelial-to-epithelial. Both
disease types are phenotypically similar, but may have
very different morphologic response of the lung itself. 3

Although the etiology remains unclear, there does appear
to be an imbalance between pro- and anti-inflammatory
cytokines; oxidants and antioxidants; procoagulants and
anticoagulants; neutrophil activation and neutrophil
clearance; or proteases and protease inhibitors.4 We will
limit our discussion of what is felt to be the more signifi-
cant proteins, involved in the development of ARDS.

Angiopoietin-2 (Ang-2) is a potent regulator of
vascular permeability and inflammation in acute lung
injury and acute respiratory distress syndrome. 5 This
protein aids in promoting the cell to cell integrity and
maintenance of gap junctions. Several studies have
demonstrated that the high levels of Ang-2 are associated
with ARDS related to primary lung injury and secondary
lung injury, 6,7 VILI and hyperoxia related to ALI. 8

Genomic studies have demonstrated differing gene
expressions in animals with ALI induced by differing
mechanisms. In one study, rats with ALI induced by LPS
and others by high-volume ventilation were compared. 9

Microarray expression analysis revealed the different
expressions of genes based on biological function
between the groups. Genes that showed increased
expression in the LPS group were metabolism, defense
response, immune cell proliferation and cell death. Those
with ALI induced by volutrauma were organogenesis,
morphogenesis, cell cycle, and cell proliferation and
differentiation. This supports the concept that ALI is
really a downstream process, or phenotype, with many
different genotypic avenues leading to the injury.
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These studies, however, are greatly limited by
phenotypic differences, incomplete gene penetrance and
gene-environmental interactions.10 All of that is further
complicated by the different populations investigated
and the degree of heterogeneity. Many genes have been
associated with ALI (Table 4.1).

Polymorphism has also been demonstrated to be a
variable in the development or response to ALI. In a
study, the European descendents with ARDS were found
to have an insertion/deletion polymorphism of the NF-
� B promotor; those that were homozygous for the
deletion of this promoter had higher lung injury scores,
but no change in the outcome.11 Similarly, the 4G/5G
polymorphism of the plasminogen activator-1 gene has
been shown to prolong ventilation in patients with
pneumonia and ALI. 12

Heme oxygenase-1 appears to offer cytoprotection to
the development of ALI. The haplotype S-TAG of the
heme oxygenase-1 gene is associated with an increased
ARDS risk. In a somewhat different twist, the longer the
repeats of the (GT) allele of the heme oxygenase gene,
the higher were the heme oxygenase serum levels, which
resulted in reduced risk of developing ALI. 13

The list of genomic variables will expand over the
next few years with each SNP or significant gene being
promoted as a target of therapy or marker of disease. It
is, however, a simplistic view that a “magic bullet” will
be found using high throughput genomics. Genomics are
extremely complex with gene-to-gene interaction, gene-
to-environment interactions and varying penetrance, all
confounding the data. Although bioinformatics has come
a long way in accounting for these variables, the level of
complexity is far beyond from our current understand-
ing. Genetic studies that investigate disease states must
account for population heterogeneity. Understanding this
heterogeneity will be paramount, before any meaningful
data can be conjectured or therapeutic interventions
advanced.

Genomics and COPD/Asthma

Chronic obstructive pulmonary disease is a very complex
disease state with both gene-environmental interactions
and genetic susceptibilities. A recent study compared
gene expression and SNPs in over 300 patients with
COPD that had rapid decline in FEV 1 to those that had
a lesser degree of decline.14 Till date, these investigators
have isolated over 50 genes that are differentially
expressed (Table 4.2).

TABLE 4.1: Numerous genes, reported to be associated with
ALI, listed by the gene symbol, gene name and the associated
genetic variant

Gene symbol Gene name Associated variant

 IL-6 Interleukin-6 Gene-wide haplotypes
G/C-174

TNF Tumor necrosis factor G/A -308

VEGF Vascular endothelial C/T +938
growth factor

IL-10 Interleukin-10 A/G - 1082

MIF Macrophage inhibitory Haplotypes
factor

ACE Angiotensin converting I/D intron 16
enzyme

NFkB Nuclear factor kB Ins/del ATTG -94

SFTPB Surfactant associated T/C +1580 Intron 4TR
protein B

MLB2 Mannose-binding lectin 3 variant at multiple
haplotypes Gly54Asp

CXCL2 Interferon-gamma- -665 TR
inducible protein

TABLE 4.2: Some of the major candidate genes that are
differentially expressed in COPD

a1-AT Z2,

Arg139,

� 2AR

Glu27 > Gln0.6,

Haplotype-IL1RN A1/IL1B ,

IL8 A,

IL6,

MMP-1,

IL4RA2

Glutathione Transferases (GSTP1 Ile105 > Val, GSTT1and GSTM1),

Heme oxygenase-1,

Catalase1Nicotine Receptor (CHRNA5)

Table key: a1-ATZ = heterozygosity for the Z allele of alpha one
antitrypsin; mEH = microsomal epoxide hydrolase; � 2AR = the beta
2 adrenergic receptor; IL1RN A = interleukin 1 receptor antagonist;
IL8 = interleukin 8; IL6 = interleukin 6; MMP-1 = matrix
metalloproteinase 1; IL4R = interleukin 4 receptor; glutathione
transferases (GSTP1, GSTT1 and GSTM1); heme oxygenase-1;
catalase; and the nicotine receptor (CHRNA5)
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Genome wide analysis of patients with COPD was
performed  in 7,691 participants in the Framingham Heart
Study.15 Four SNPs on chromosome 4q were strongly
associated with FEV1/FVC and  one of these SNPs was
also associated with FEV1/FVC in the Family  Heart Study
and a similar Norwegian study. 16

Recent studies identified 200 oxidative stress-related
genes that were differentially expressed in the bronchial
airways  between smokers with and without COPD. 17,18

Looking at genome expression of the airway epithelium
demonstrates that smoking exposure produces epithelial
gene expressions that are specific for this exposure19 and
are associated with tobacco-related lung cancers.20

It is clear that the lung and epithelium of the lungs
show differing genomic expressions in COPD progres-
sion and tobacco exposure. Even correlating some of
these genes to eventual cancer development is an exciting
advancement. However, like all genomic studies, there
are limitations and cautions that must be observed when
making broad conclusions. Even though genes may be
expressed, this may not translate into protein synthesis
or protein function. Therefore, proteomic studies are also
needed to complement the genomic studies. With these
tools in hand, investigators can shed new light in the
understanding of the pathology of COPD especially on
a molecular level.

A recent study by Lee et al,21 preformed “shotgun”
protein analysis of lung tissue and epithelium of patients
without COPD, smokers without COPD and COPD that
had ongoing tobacco exposure. They found twelve
proteins that were differentially expressed. Of the twelve,
matrix metalloproteinase (MMP-13) and thioredoxin-like
2 were significantly increased in the COPD patients. MP-
13 was isolated mainly in the alveolar macrophages and
type II pneumocytes with thioredoxin-like 2 was
primarily seen in the bronchial epithelium.

There is far less data in asthma and genomic
variability. Although there is obvious inheritance of
allergic tendencies, less is clear about individual variation
of patients with asthma; however, this is rapidly
changing. One of the first steps has been the improved
identification of the phenotypes of asthma. A recent
study looking at hierarchal clustering analysis of 628
variables on 726 subjects found five subgroups (clusters)
that were identified. 22 The clusters were:

Cluster 1: Early onset atopic asthma with normal lung
function treated with controller medications and minimal
health care utilization.

Cluster 2: Early onset atopic asthma and preserved lung
function, but increased medication requirements and
health care utilization.

Cluster 3: Older obese women with late onset nonatopic
asthma, moderate reductions in FEV1 and frequent oral
corticosteroid use to manage exacerbations.

Clusters 4: Severe airflow obstruction with broncho-
dilator responsiveness.

Clusters 5: Have severe airflow obstruction with
bronchodilator responsiveness and use of oral cortico-
steroids.

This classification system may provide better
categorization in order to apply genomic investigations.

Some genome comparisons have been performed, but
usually have identified extreme differences in gene
expression. As the sophistication of bioinformatics has
developed, less robust gene expression changes can be
found and may add to the ever increasing list of
genetically determined phenotypes of asthma.23

In spite of the limitations to genomic studies in a
disease process that affects different genetic pools,
several genes have emerged consistently across diverse
populations. The major genes are TNF alpha, IL4, FCERB,
Adam 33 and GSTP1.

24 Also, polymorphisms of the
chemokine receptor-2 (CCR2) have been found to be
present in asthma and may play a significant role in
disease susceptibility.25 A large cohort analysis identified
a locus containing DENND1B on chromosome 1q31.3
that was associated with susceptibility to asthma.26 This
locus was found in children with both European and
African descent.

More recent genomic investigations have begun to
diverge from pathophysiologic variability and to look at
therapeutic variability. Much of the attention has focused
on the beta2-adenergic receptor (BDRB2). Although there
are polymorphisms identified with this gene, there is also
a question as how it may affect therapy with � -
agonist.27,28 It is likely that all therapies have potential
for genetic variability in responsiveness 29 and this is why,
pharmacogenomics is such an important field in the
future of asthma therapy.

Genomics and Interstitial Lung Disease

Interstitial lung disease is a heterogeneous group of
diseases that have eluted etiologies. Diagnostic classifica-
tions have been made, based on clinical course, high-
resolution CT scan and pathologic tissue examination.
There have been high hopes that genomics would hold
promise as a diagnostic tool, particularly in early disease.30

Sarcoidosis

This is an inflammatory lung disease that has demons-
trated altered BAL fluid with proteins that are not from
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leaked plasma.31 Many of these proteins are not
surprisingly related to inflammation. Many genomic
studies have been able to narrow these proteins to the
inhibitory nuclear factors kappa B-alpha (I � B) and
nuclear factor kappa B (NF� B). Polymorphisms of the
IkB promotor have been shown to be associated with
sarcoidosis, with the -297T allele carriage. This was found
to be more prevalent in patients in comparison to the
control groups. Three common haplotypes were found,
of which haplotype 2 (GTT) was most commonly
associated with sarcoidosis. Subgroup analysis revealed
that the -826T allelic carriage was most prevalent in stage
II and III disease.32 In high throughput genomic analysis,
genes that were found to be associated with persistent
disease included HLA-DRB1*1501, DQB1*0602, TNF-� ,
NFkB, cyclic AMP-responsive element modulator
(CREM) and T-cell activation marker CD69. Those
associated with self-limited disease included IL-1B, IL-
8, growth related (GRO)-beta/-gamma and CCR 2,5,6.33

Usual Interstitial Pneumonia (UIP)

Usual interstitial pneumonia/idiopathic pulmonary
fibrosis is the severest form of idiopathic interstitial
pneumonia. The cellular make up is diverse and therefore
the genomics of the disease is very descriptive of disease-
related genomic complexity. In a study by Kelly et al, 34

genomic expression studies were performed on differing
cellular matrix of UIP lung samples. They compared
fibroblast, epithelial cells and type 2 pneumocytes. Using
QT-PCR, they found that the tissue inhibitor of matrix
metalloprotease-1 and matrix metalloprotease-2 gene
expression was upregulated within the fibroblastic foci
compared with the epithelium. Along with the
previously mentioned mRNA, osteopontin was found to
be upregulated in fibroblast, epithelial cells and type-2
pneumocytes. Also, levels of Bone Morphogenetic
Protein (BMP)-4 antagonist gremlin were found
upregulated in IPF/UIP, which seems to correlate with
the severity of illness.35

UIP again is very complex, with differing states of
fibrosis and repair expressing different genes and
phenotypes. The phenotype of regenerative epithelium
in UIP appears to be derived from bronchiolar basal cells
and Clara Cells (CC). In severe fibrotic areas, CC-10
expressing cells were more prominent, while Surfactant
Apoprotein (SP-A) positive cells were more prominent
in less fibrotic areas.36 In a case report of a child with
UIP-like histology, mutations were found in the adeno-
sine triphosphate-binding-cassette-A3 gene.37 Its
implications are yet to be investigated, but it further
demonstrates the complexity of genomic studies,

particularly of applying them to the diseased states and
unfortunately, translating them into therapuetics.

As for diagnostics, genomic markers may offer
diagnostic differentiation among the interstitial lung
diseases. For example, the TH1 cells chemoattractant
monokine, induced by interferon (IFN)-gamma (MIG)
and IFN gamma-inducible protein of 10 kD expression,
were significantly higher in NSIP compared with UIP. 38

Genomics and Pulmonary Hypertension

Pulmonary artery hypertension (PAH) remains an
idiopathic process, but there is an emerging data that the
disease is multifactoral, multigenetic and environmental.
The disease is often subgrouped into idiopathic, familial
and assocated PAH. Heterozygous mutations in BMPR2
can be detected in 50% to 70% of patients with familial
PAH and in 10% to 40% of patients with idiopathic PAH.
Heterozygous or homozygous bone morphogenetic
protein receptor type 2 (Bmpr2) deletion in pulmonary
endothelial cells predisposes mice to develop PAH.39

Although initially isolated in familial PAH, its presence
without direct inheritance may represent a genetic milieu
that promotes the development of PAH in the face of
environmental factors and other inducers. 40 In children
with PAH, the Activin Receptor-Like Kinase 1 gene
(ALK1) has also been found in familial PAH. 41 However,
its role and significance in the cases of idiopathic PAH is
unknown.

Using a hypothesis generating approach to idiopathic
PAH using microarray technology, have revealed a
distinct expression profile in peripheral B-lymphocytes.
This revealed 33 unique genes, which were differentially
upregulated in idiopathic PAH.

The proteomic methods of investigation have shed
more light on PAH. The PAH associated with sickle-cell
disease cohort has been characterized by the high levels
of apolipoproteins A-II and B and serum amyloid A, and
low levels of haptoglobin dimers and plasminogen. 42 In
a cohort of idiopathic PAH, the proteins Alpha-1-anti-
trypsin and vitronectin were found to be down-
regulated.43

Biocomplexity and Computational Biology

The age of genomics is upon us and has exponentially
expanded our understanding of the molecular basis of
many diseases, including the ones discussed above.
Genomic expression studies often report a significant
gene or a group of genes in a disease process. Many times
this is based solely on mRNA expression and is not
followed through protein translation and function. This
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is too simplicitic as the entire landscape of genomics is
changing. We are just beginning to understand that gene-
to-gene interactions and gene-to-protein interactions are
far more complex than previous thought. Although the
basic structure of DNA is eloquently beautiful and
simple, that is where simplicity ends.

All of us were taught the genomic paradigm of one-
gene one-protein and that a specific gene belongs to a
specific chromosome. Now we know that this is not
necessarily true. Many genes and DNA sequences can
crossover to transcribe different proteins on the same
gene. That is to say that a long DNA sequence may
transcribe albumin, if started with a specific DNA
sequence. If, however, the DNA transcription starts one
base pair away, it may transcribe a protease, even though
it is still within the albumin gene as shown in Figure 4.1.
This means that all the DNA sequences that were once
thought to be “junk” genes are a part of this shared-gene
concept and is what makes us unique as a species. Only
by using the bits and pieces of different genes to make a
new gene so to speak, and understanding that the concept
of one-gene one-protein is not true, can we explain our
diversity. Added over this is the fact that genes seem to
have the ability to change chromosomes; this is where
we enter the world of complexity theory and the need to
use complex computational tools to understand these
complex interactions. It is likely that the only way that
meaningful therapeutics will emerge from this age of
genomics is through these tools.

A study, which identifies a gene that shows upregu-
lation, in no way, translates to functional or phenotypic
changes. Even confirming mRNA of the gene or the
presence of the translated protein in no way assures that
the protein has pathologic or physiologic function. This
is one reason why there have been such disappointments
in genetic therapeutics. Genomic studies need to be
looked at in the context of the host, the environment and
heredity to name a few confounders.44

This interaction has prompted the new science of
biocomplexity and computational biology that evaluates
the biologic pathways that generate disease.

New areas of investigations are emerging all the time.
For example, looking at the spatial relationships of a
nucleosome to the gene and how this relationship may
influence function. 45 However, the biggest advance
recently appears to be the study of epigenetics.

Epigenetics

Epigenetics is a new field that is shedding new light over
many diseases. Epigenetics is the evaluation of pheno-
types that are unique to a cell line or species that is not
directly related to the base genome sequence.46 These
phenotypes result from non-genetic influences and can
persist for several generations. How this affects lung
diseases is presently unknown, but deserves considerable
attention, particularly since most lung diseases have
significant environmental influences. Each of these
influences can affect phenotypic expression that cannot
be explained by DNA sequences. This may greatly
enhance our understanding of genetics and fill many
questions about diseases and protein behaviors that are
not easily explained by genetics alone.

SUMMARY

Genomics have come of age. Genetic contributions to
disease states have moved beyond inheritance. New
tools, such as microarrays have provided new insights
into diseases, allowed new hypothesis to evolve and have
thrust reductionist philosophy into the world of
biocomplexity. Lung diseases have always been difficult
to study due in part to the numerous influences that
foster a disease or exacerbate a disease. Genomics and
epigenomics are providing new insights into these
diseases that will hopefully produce better diagnostics
and therapies.
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INTRODUCTION

Functioning of the respiratory system is largely governed
by the physical principles and laws. Knowledge of
simple, applied physics is important to understand the
movement of air in and out of the lungs, the flow of blood
across the pulmonary vessels, exchange of gases and
maintenance of the fluid balance. This chapter provides
a brief introduction to the general physics with reference
to the respiratory functioning. More details are available
in the respective chapters on individual subjects in the
book.

STATE OF MATTER

Matter can exist in three classically different forms in
nature—solid, liquid or gas; although plasma, a fourth
state of matter has also been identified under the
extremes of temperature and pressure. Matter is either
an element made from similar atoms, e.g. iron or
compound made from two or more types of atoms, e.g.
water (H 2O) in nature. An element is a basic unit of
matter, which retains the same properties on subdivisions
by chemical or mechanical means. Oxygen and other
gases, such as hydrogen, helium, chlorine and nitrogen
are elements in nature.

Atom and Element

An atom is the smallest part of an element, which acts
like its “building block”. On the further subdivision of
an atom, the elemental properties are lost and therefore,
subatomic constituents of all atoms are identical. Atoms
of certain elements (e.g. hydrogen, helium) can exist in

free state (H, He) and there is no difference between the
atoms and molecules of these elements. Atoms of many
other elements (such as oxygen) do not exist free, but
combine with other atoms of the same element to form
molecules (e.g. O2, i.e. O+O). Atoms of different elements
may form molecules or compounds. Hydrogen can exist
in atomic or molecular form, whereas nitrogen and
oxygen occurs in molecular form (N 2 and O2).

Molecule and Compound

All substances consist of exceedingly small particles
called molecules. There are about 1019 molecules in 1 ml
of air under the normal conditions of temperature (T)
and pressure (P). A molecule possesses the distinctive
properties of the parent element or compound. A
molecule is found to consist of two or more atoms of same
kind or of different kinds.

The number of molecules comprising a macroscopic
quantity of a gas is enormous typically around 10 23

molecules. The number of molecules and their velocity
determine many properties of gases.

A compound is composed of two or more elements
united chemically to form a substance different from the
individual elements forming that compound. For
example, carbon dioxide is a compound of carbon and
oxygen. On subdivisions, the compound loses its
properties and may resume those of the constituent
elements. Both elements and compounds exist as
molecules as the smallest component.

Molecular Movement

All the molecules of matter are in a state of incessant
motion. This is known as Brownian movement and forms
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the basis of the kinetic theory of matter. This motion
results from temperature—the higher the temperature,
the larger the velocity of the molecules. At absolute zero
temperature, the velocity of a classical molecule goes to
zero. Molecules of a gas have great mobility and travel
longer distances before colliding with other molecules.
It is because of this mobility that a gas has no fixed shape
and mixes readily with other gases.

Atomic and Molecular Weights

The mass of an atom is concentrated at its nucleus, which
contains a definite number of neutrons and protons of
identical masses. The neutrons or protons are also called
nucleons. The mass of a nucleon is �  1.6 x 10-24 gm
(sometimes also called atomic mass unit, amu). Therefore,
total number of nucleons of an atom determines the mass
of an atom and is usually called atomic weight. This H ´

atom has atomic weight equaling 1, whereas Ó atom has
atomic weight equaling 16. Though their actual masses
are around 1 x 1.6 x 10-24 gm and 16 x 1.6 x 10-24 gm,
respectively. Similarly, molecular weight is determined
by summing up atomic weights of the constituent atoms
forming that molecule. As an example, H 2 molecule has a
molecular weight = 2, and H 2O molecule has a molecular
weight = 2 + 16 = 18. For obtaining their actual weights,
we multiply those weights by amu (= 1.6 x 10 -24 gm) to
get the mass in gm.

If M is the molecular weight of given substance, then
1 molecule of that substance weighs M × 1.6 × 10-24 gm.
This gives us that M gm of the substance will have 1/1.6
x 10-24 molecules, which is called Avogadro number,
No �  6.02 × 1023. It is thus clear that M gm (also called 1
mole) of any substance will have No molecules.

Gaseous substance (which behave like an ideal gas)
follow an equation PV = nRT

One can easily calculate the volume at NTP (normal
temperature 0oC, and pressure �  760 mm Hg) from
�  = 1 mole. It comes out to be 22.4 liters for any gas. There-
fore, a quantity of any substance equaling molecular
weight as gm has 6.02 × 1023 molecules and as a gas,
occupies 22.4 liters at NTP.

Equal volumes of gases at the same temperature and
pressure contain equal number of molecules (Avogadro’s
Hypothesis) .

PHYSICAL PROPERTIES OF GASES

The air we normally breathe is a mixture of gases of
which oxygen and nitrogen constitute the main bulk.

Breathing of additional or supplemental gases is required
in abnormal situations. The physical properties of these
gases influence the mechanics of normal breathing, as
well as the therapeutic strategies.

Volume

Volume is the space occupied by a gas. The volume of a
cuboid-shaped vessel is determined by the multiplication
of internal length, width and height of the vessel. It is
expressed in cubic centimeters (cc), cubic feet or liters
(L), etc. (1 L �  1000 cc or mL).

Volume = Length × Width × Height

A 10 cm cube has the volume equaling 1 L. Volume
of a container of uniform cross-sectional area A and
height is given by V = A h.

The gas shall occupy the available volume irrespec-
tive of the amount (mass) of gas. For example, if a small
vessel containing oxygen is emptied in a larger vessel,
the entire volume of the larger vessel will be occupied
by the same amount of gas (Fig. 5.1).

Mass and Weight

Mass is the bulk or the total mass of number of molecules
of the gas. In the above mentioned example, the mass of
the gas in two cylinders shall remain the same, although
the volume has changed. The number of molecules per

Fig. 5.1: Mass of a gas such as O2 (i.e. number of molecules) in
vessels A and B is unchanged, but the volumes are different therefore,
the density of the gas in vessel A is greater than that in vessel B
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unit of volume in the two vessels has changed, i.e. lesser
number of molecules per unit volume in the larger vessel
(Fig. 5.1).

Weight is often used synonymously with mass.
Weight is determined by the pull of gravity on mass (i.e.
m × g). Since the force of gravity on the earth is nearly
constant, mass is equivalent to weight on the surface of
the earth. In fact, weight is scaled to indicate mass and
therefore both represent the same thing.

W �  force = mg

Density

Density is expressed as the weight in the grams of one
liter of a gas. Since the weight of 22.4 liters of a gas is
that of a gram molecule of that gas, one liter of gas shall
weigh molecular weight/22.4 gm. When expressed this
way, the density will be measured in gm/liter. It is also
measured in gm/cc, which will equal 1/1000 in value to
that in gm/liter.

Molecular weight of oxygen = 32
Density = 32/22.4
= 1.43 gm/liter
The density of a gas is also expressed as relative to

the density of air. Density of air shall vary depending
upon its composition. For all practical purposes, it
comprises of 1 volume of oxygen (about 20%) and 4
volumes of nitrogen (about 80%). At NTP, the density of
air is (32 × 1/5 + 28 × 4/5) / 22.4 = 1.3 gm/L. Therefore,
the density of oxygen relative to that of air is 1.1. When
expressed this way, it becomes unimportant, if the
density of individual gases was calculated in gm/liter
or gm/cc.

Pressure

The gas molecules are always in a state of motion and
constantly bombard the walls of the container. The force
applied to (or acting upon) a unit area of the wall is called
the gas pressure. The closer the molecules, the greater
the number, which strikes each unit area and therefore
the greater the pressure applied. Also, larger the velocity
(or temperature), larger is the impact on the walls,
leading to greater pressure.

Gas pressure is generally considered as that of a
stationary gas when the pressure exerted is the same at
any point in a gas container. The pressure is usually
expressed in the millimeters of mercury (mm Hg) or
Centimeters of water (cm H2O) or pounds per square inch
(psi). One millimeters of mercury means force on a unit
area (1 cm2) on which 1 mm of height of Hg is placed.
The volume of height h cm on unit area is A × h = h cm3

and in mass is hd where d is the density of the liquid.
The force on unit area due to this is hdg, which is also
the pressure p. Thus p due to a height h of a liquid of
density d, p = hdg. The pressure due to 1 mm Hg can be
calculated by putting h = 0.1 cm, d = 13.6 gm/cc and
g = 980 cm/S2.

1 mm Hg �  1334 CGS units or dynes/cm2

= 133.4 Pa (Pascal is another unit of pressure)

Atmospheric Pressure

Atmospheric air is pulled to the earth by gravity and
generates a force upon the surface of the earth, resulting
in atmospheric pressure. Atmospheric pressure is the
sum of pressures of all gases (e.g. N2, O2 and CO2) present
in air). It is measured with the help of a glass tube filled
with either mercury or water (manometer). The height
of the column of mercury (or water) multiplied by its
density is a measure of the atmospheric pressure.
Standard pressure is measured at sea level and expressed
in mm Hg (torr) or cm H 2O. One atmospheric pressure
= 760 mm Hg or

14.7 psi or
1030 cm H2O

It is important to convert atmospheric pressure
(�  76 cm of Hg) in CGS units. This is approximately 106

CGS units.

1 atm �  76 cm of Hg ~ 106 CGS ~ 1 bar

It is relevant here to mention that the lungs are
subject to atmospheric pressure all the time. Since the
alveoli are in direct communication with the
atmosphere through the tracheobronchial tree, the
alveolar pressure is the same as the atmospheric
pressure. The changes in alveolar pressure during
inspiratory and expiratory phases of respiration are
relative to the atmospheric pressure. During inspiration
when the alveolar pressure is –10 cm H2O, it implies
the presence of atmospheric pressure—10 cm H2O (i.e.
1030 – 10 cm H2O). Similarly, when positive pressure
is administered to a patient through a ventilator, the
ventilator gauge pressure of 10 or 20 cm H2O refers to
a total pressure of 1040 or 1050 cm H2O (i.e. atmospheric
pressure + gauge pressure).

Partial Pressure

In a mixture of gases in a container, each gas exerts the
same pressure, which it would if it alone occupied the
container. There is no interference from the presence of
other gas(es). The pressure exerted by each individual
gas is called the partial pressure. The total pressure
exerted by the mixture of gases is equal to the sum of the
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partial pressures of all the gases contained in the mixture
(Dalton’s law). The partial pressure is determined by the
fraction of the concentration of the gas in the mixture.

The atmospheric air has a total pressure of 760 mm
Hg when dry at sea level. The partial pressures of N2
(79%) and O2 (21%) therefore, are as follows:

PN2
 = 79% of Patm = 600.4 mm Hg

PO2
 = 21% of Patm = 159.6 mm Hg

Temperature and Heat

Temperature is the thermal state of a substance, which
determines whether the substance will give or receive
heat from another substance in contact. It is an indication
of the level of molecular activity. Heat is the thermal
energy of a substance, which can be given to or abstracted
from it. Temperature is the measurement of heat.

Calorie is the unit of heat. It is defined as the quantity
of heat required to raise the temperature of 1 gm of water
by 1oC. As an example, if one calorie is required to raise
the temperature of 1 gm of water by 1oC, 1000 calories
will be required for 1000 gm of water. The caloric value
of food is expressed by a larger heat unit, i.e. the
kilocalorie (cal or kcal), which is equivalent to 1000 cal.

To raise the temperature to a given range, similar
weights of different substances require different
quantities of heat. The number of calories required to
raise the temperature of 1 gm of that substance by 1oC is
the specific heat of that substance.

The specific heat depends on the state of the matter—
solid, liquid or gas. Specific heat of water is 1 (It follows
from the definition of 1 calorie).

For gases, such as O2 and air, it is 0.0603 cal per cc, it
is quite high when expressed per gm.

We can calculate the total quantity of heat required to
raise the temperature of a given volume by multiplying the
volume with specific heat and temperature rise, i.e. volume
(cc) × specific heat (cal per cc) × temperature rise (oC).

THE GAS LAWS

There is a definite relationship between the gas properties
described above. These relationships are described in
different laws to understand the behavior of gases. These
laws are valid for ideal gases only, where the assumption
that the gas particles are very small and do not interact
with each other is valid.

Boyle’s Law

Pressure (P) of a gas is inversely proportional to its
volume (V) provided the absolute temperature (T) of the

mass of gas is kept constant. In other words, the product
of pressure and volume remains constant. It follows
immediately from the ideal gas equation,

P �  
I
V  or P × V = constant, if T is constant.

Or P1 V1 = P2 V2

The application of this law in respiratory physiology
is best exemplified in the use of body plethysmography
to measure total lung capacity. It is also employed in
many mechanical ventilators whereby the gas is driven
into patient’s lungs or into the cylinder of the ventilator
by the upstroke and downstroke movements of the
piston.

Charles’ Law

When pressure and mass of a gas are kept constant, the
volume of the gas will vary directly with its absolute
temperature. Again from gas equation,

= Constant (K), if P is constant

It is because of this reason that volumes measured
with the help of lung function equipments (at room
temperature) are a little lower than those at body
temperature (37oC) and need to be corrected for the same.
If the temperature of a container of a gas is lowered, the
volume shrinks. Therefore, more gas can be stored in the
same cylinder at a lower temperature.

Gay-Lussac’s Law

Temperature and pressure of a gas are directly propor-
tional when the volume and mass are kept constant.

P �  T or  = K at constant V

It implies an increase in pressure if the temperature
is increased. For this reason safety valves are provided
with devices using high pressure gases to vent high
pressures in case there is an accidental heating.

The General Gas Law

Assume N ideal noninteracting molecules of a gas each
of mass m are contained in a cube of volume V. They are
in motion if the temperature is above 0 oK (0oK =
-273o C). If the temperature is T in Kelvin, the kinetic
energy from each molecule is of the order of kT, where
K is called Boltzmann constant (K = 1.38 X 10-16 CGS
units). Because of this kinetic motion, the molecules of
the gas keep bombarding the walls of the cube and exert
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pressure. The pressure increase results in extra energy
(obtainable from force X distance or p x volume relation).
In this way it is quite evident that one can equate the
energy because of pressure PV as resulting from kinetic
energy of N molecules, PV = NkT.

If N is expressed in No (Avogadro No.), PV = �  NokT,
where �  = N/No.

This is the famous gas equation valid for all ideal
gases. �  is the number of moles of the gas, Nok is also
called gas constant R. R ~ 6 × 1023 × 1.38 × 10-16 erg/
deg K

~ 2 cal./deg K

The gas equation can be used to determine how the
given initial state (P1, V1, T1) relates to (P2, V2, T2), some
final state by using P1V1 (T1 = P2V2/T 2).

P1 V1 P2 V2______  = ______

T1 n1 T2 n2
It may be stated here that under the conditions of

lower temperature and high pressure the gas changes
its state to liquid. This is because the gas molecules get
attracted to each other (van der Waals forces) rather than
being repelled. The higher pressure condenses the
molecules and the lower temperature reduces their
activity.

The temperature at which the gas turns into liquid is
the “critical temperature” of that gas. For oxygen, it is
-116oC. A pressure of 50 atmospheres is required to
liquefy oxygen at –116oC. To keep the oxygen in a liquid
form at 1 atmosphere in a flask open to the atmosphere,
the temperature is lowered to below-183oC. This
principle forms the basis of the availability of oxygen in
the liquid form for storage and ambulatory use.

Henry’s Law

The amount of gas that enters into physical solution in a
liquid is directly proportional to the partial pressure of
the gas. For example, the greater the partial pressure of
oxygen in the alveoli, the greater the solubility in plasma.

Graham’s Law

The rate of diffusion (D) of a gas is inversely proportional
to the square root of its density (d).

1 2

2 1

D d=
D d

Therefore, a light gas (such as helium) will diffuse at
a faster rate than a heavier gas (such as oxygen).

Bernoulli’s Principle

Flow of a gas through a partially obstructed tube can be
described by Bernoulli’s principle, i.e. the pressure
required to produce flow is the difference in velocity at
two points and the density of the gas (Fig. 5.2).

GAS SOLUTION AND TENSION

The amount of gas dissolved in a liquid is directly
proportional to the pressure of the gas (Henry’s law). It
also varies with the temperature—lesser amount is
dissolved at the same pressure if temperature is
increased. A state of equilibrium is reached when no
further gas dissolves in the liquid. This is a state of full
saturation with the gas at a given temperature and
pressure. The gas in solution is said to exert the same
“tension” as the partial pressure of the gas over the liquid
in equilibrium with it. For example, when the partial
pressure of oxygen in alveoli is 100 mm Hg, the tension
of O2 in alveolar capillaries is 100 mm Hg. At this
pressure, 0.3 cc of oxygen at NTP dissolves in 100 cc of
water. The weight of oxygen dissolved in 100 cc water is

0.3 × 

1.3
1000

= 0.0004 gm (1.3 gm/L is the density of oxygen).

The amount of oxygen dissolved in plasma or water
is the same (0.004 gm/100 ml). This is quite sufficient to
supply all the oxygen necessary for the metabolism of
the body.

VAPORS

Vapor is defined as the gaseous state of a substance,
which at room temperature and pressure is a liquid. On
the other hand a gas at room temperature exists only in
the gaseous state. Like any other gas, the molecules of a
vapor are continuously in violent motion and bombard
the walls of the container. The force exerted on each unit
area is called the pressure of the vapor (Vapor Pressure).

Fig. 5.2: Bernoulli’s principle
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A vapor in a mixture of gases obeys the same laws as the
gases. The partial pressure of the vapor in a mixture bears
the same proportion to the total pressure as the volume,
i.e. it depends on the percent (or fractional) concentration
in the mixture. For example, the concentration of about
16% of water vapors in air at NTP, which is sufficient to
saturate air with water vapors exerts a pressure of 16%
of 760 mm Hg (47 mm Hg).

The presence of water vapors in air or oxygen is
referred to as humidity . It is largely through the process
of evaporation that the molecules of water (or any other
liquid) evaporate into the overlying air (or any other gas
in a container).

The molecules leave the liquid substance when their
kinetic energy exceeds the surface tension of the liquid.
If a liquid is kept in a closed container for long, a state of
equilibrium is reached when the number of molecules
returning to the liquid (condensation)  is exactly equal
to the number leaving it  (evaporation) . This is called the
saturation-point. This is further dependent upon
temperature; if the temperature increases, the number
of molecules leaving the liquid also increase and the
saturation point is raised, i.e. there is a greater amount
of vapors in the same amount of gas. Reverse happens
with a fall in temperature.

The air we breathe is normally humid due to the
presence of water vapor. The actual amount of water
vapor present in air is expressed as “relative humidity”,
which is defined as the ratio of the amount of water vapor
present in a given volume with the amount of water
vapor, which the air (or the gas) is capable of holding at
the given temperature, in the same volume.

The humidity of air varies with the atmospheric
conditions. Once inhaled in the lungs, air gets fully
saturated. The amount of water vapor required to
saturate the alveolar air at body temperature and
pressure is the body humidity.

The presence of water vapor in the inhaled air exerts
its own partial pressure, and lowers the pressures of
constituent gases of air—oxygen and nitrogen. Therefore,
PN2 or PO2 is calculated as a proportion of the atmospheric
pressure minus water vapor pressure, i.e. Patm – PH2O.

When fully saturated, P H2O of atmospheric air is equal
to 47 mm Hg. Therefore, PO2 = (Patm – PH2O) × 21% =
(760 – 47) × 0.21 = 150 mm Hg. The rest, i.e. 760 – (150 +
47) would be approximately the PN 2.

EXPRESSION OF GAS VOLUMES AND PRESSURES

In view of the effects of temperature, pressure and
humidity on all gases, these are expressed with

reference to those conditions. Some of the common
expressions are:

i. Standard (or normal) temperature and pressure
(STP) or NTP
Temperature 0oC; Pressure 760 mm Hg.

ii. STPD: D indicates “dry” = complete absence of
water vapor.

iii. Ambient temperature and pressure—dry or
saturated (ATPD or ATPS). Ambient implies the
room conditions.

iv. Body temperature and pressure saturated (BTPS):
Body temperature (usually 37oC), ambient pressure
and water vapor pressure (47 mm Hg).

Normally, gas volume measurements are made in the
ambient conditions. Conversion is required to express
the volume at BTPS or STPD. STPD is used for the
uniformity of expression. This is done by multiplying
with conversion factors. Tables of conversion factors from
ATPS to STPD, STPD to BTPS, or BTPS to ATPS are avail-
able in most laboratories. Such corrections are also
required to express volume of a gas (such as O2)
produced in the laboratory. The volume is expressed at
STPD, which is different than that produced at ATPS.

FLOW OF GASES

Flow is the movement of particles of a liquid or a gas
from higher to lower pressure. It is expressed in the terms
of volume per unit time, e.g. liters per minute or per
second (L/min or L/sec). The movement of air into the
lungs during inspiration and out into the atmosphere
during expiration is accomplished by the flow of air
through tracheobronchial tree. Similarly, oxygen flows
from a container cylinder to the lungs or a ventilator
through connecting tubes as long as there is a pressure
difference.

The flow is described as laminar, if it is smooth and
gas particles move along lines parallel to the walls of the
tube (Fig. 5.3A). But it is turbulent if the lines of flow are
irregular, broken up and disorderly (Fig. 5.3B). Whether
the flow is laminar or turbulent, it has to meet a certain
resistance while moving from one to the other end of the
tube. The laminar flow is described by the Hagen-
Poiseuille equation , i.e. V = � � 4� P)/(8 � l).

Resistance

Resistance is defined by the pressure difference under
given conditions, between the entry and the exit points
of a tube. The resistance is dependent on the tube length
(l) and diameter. It is also directly proportional to the



41

CHAPTER 5: APPLIED RESPIRATORY PHYSICS

velocity of flow ( 	 ) or rate in case of laminar flow. The
flow is also viscosity ( � ) dependent and density-
independent. When the flow is turbulent, the resistance
rises for steeply.

In this way the laminar flow through a straight tube
of uniform size is inversely proportional to the length
(l) of the tube and directly to the fourth power of radius
(r).

When the flow exceeds a “critical flow rate”, the lami-
nar flow is replaced by the turbulent flow throughout
the length of the tube. Turbulent flow is less efficient since
the 	  P varies directly with V 2. Turbulent flow is density
dependent and viscosity-independent. The critical flow
varies directly with the internal diameter of the tube—
the larger the diameter, the greater the flow. At a flow
below the critical rate, local turbulence may occur as a
result of irregularities in the pathways of the gas. During
oxygen administration this may occur due to the
constriction of kinking of the tubes.

Turbulence  in a flowing system can also be predicted
by Reynold’s number. It is the ratio between inertial
(density dependent, viscosity independent) and viscous
(viscosity dependent, density independent) forces—a
dimensionless number.

In case of pipes,

Density × Velocity × Diameter
Reynold’s Number  =  ________________________________________

Viscosity

Flow is “laminar” when the number is less than 2,000
and “turbulent” when it is more than 3,000. Turbulent

flow is dominated by inertial forces producing random
eddies and flow fluctuations. Between 2,000 and 3,000,
the flow is transitional, i.e. neither fully laminar nor fully
turbulent.

Flow Through Orifices

An orifice is a narrow opening of a tube. Unlike a tube,
the diameter of the fluid pathway of the orifice exceeds
the length. The greater the diameter compared to the
length, the more does the opening approach the “ideal”
orifice. The flow through an orifice depends on the
diameter (or the cross-section area) of the orifice and the
difference in pressures on either side of the orifice.

The intrinsic property of a liquid that influences its
flow, which we earlier termed as resistance is called
viscosity. It is attributed to the internal friction between
different layers, which move at different speeds. While
the laminar flow largely depends on viscosity, it is the
density, which determines the flow when turbulent. The
coefficient of viscosity is equal to the force per unit area
necessary to maintain the unit difference of velocity
between two parallel planes.

The flow through an orifice is at least partially
turbulent. The lower the density, i.e. the lighter the gas,
the greater is its volume flow for any given pressure
difference on the either side of the orifice.

Wave Speed

Wave speed (c) is the speed at which a small disturbance
(wave) travels in a compliant tube filled with a gas. In
the airways, it depends upon the cross-sectional area of
the airway (A). The density of the gas (p) and the slope
of the pressure area curve of the airway (dP/dA):

A/p
c2 =  _________

dP/dA
Maximum flow (V max) of a gas in an airway is the

product of the gas velocity at wave speed and the airway
area (cA). It increases as the density of the gas decreases.

Thermal Conductivity

It is a measure of a substance’s capacity to conduct heat.
The high thermal conductivity is likely to result in a
higher skin heat loss. But respiratory heat loss depends
on heat capacity not conductance.

Heliox

Heliox is a mixture of oxygen with helium (He) in varying
concentrations, commonly as 20% oxygen and 80%

Figs 5.3A and B: Patterns of flow: (A) Laminar flow,
(B) Turbulent flow
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helium. It has a lower density than that of air, i.e. oxygen
(21%) with nitrogen (79%). Resistance offered to the flow
of heliox is lower than that of air and of oxygen and
depends on the fractional concentrations. It diffuses 1.8
times faster than oxygen. This fact is exploited in clinical
practice for the treatment of acute respiratory distress of
obstructive airway diseases, such as asthma when the
flow is highly turbulent. Heliox diffuses fastly than
oxygen through partially obstructed airways. In view of
the lower resistance offered to heliox, the breathing effort
is considerably reduced and the crisis tide over.

Diffusion

The molecules in a fluid (liquid or gas) unlike in a solid,
move freely in all directions. The time taken by a
molecule to travel a given distance depends upon its
closeness to other molecules, and the intermolecular
spaces. The gas molecules do not necessarily collide with
the neighboring molecules when they move around or
across a membrane.

Diffusion across a membrane is determined by the
difference in concentrations between the two neighboring
layers of the solution. The rate of diffusion is proportional
to the gradient of concentration, i.e. the change of
concentration per unit length in the direction of diffusion
(Fick’s law) .

Diffusion also depends on molecular movement. The
rates of diffusion of gases at similar partial pressures
through a porous membrane are inversely proportional
to the square roots of their molecular weights (Graham’s
law) . The molecular weight of oxygen and CO2 being 32
and 44 respectively, the diffusion ratio will be 1.2.

Diffuse rate of Oxygen  1.2
_____________________________  =  ___

Diffusion rate of CO 2 1

It implies that oxygen diffuses 20% faster than CO2
through a dry, porous membrane. It is because of the
solubility of CO 2 in water of the moist alveolar membrane
that the CO2 diffusion is higher than O 2.

Solubility: Another factor, which determines diffusion
across a wet film is the solubility of the gas. The rate of

diffusion is directly proportional to the solubility of the
gas in the fluid.

Permeability:  A membrane is permeable, if it allows the
particular molecules to pass through, i.e. across the
membrane. Permeability of different membranes to the
molecules of different substances (solid, liquid or gases)
is variable.

Osmosis: Osmosis is the migration of molecules of a
solvent across a membrane. The pressure, which stops
the transfer of molecules is called the osmotic pressure
of the solution. The osmotic pressure of a solution
depends only on the number of dissolved particles per
liter and not on the nature of the substances, which is
dissolved.

The diffusion mechanisms also depend upon the
pressures, volume and filtration. In respiratory system,
the diffusion of gases and fluids across the alveolar
membrane are critically important for normal gas-
exchange functions of the lung and in the maintenance
of a fluid balance (Some of these issues are discussed in
Chapter 7).
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Respiratory
Function and Mechanics

D Gupta, R Agarwal, AN Aggarwal

INTRODUCTION

Oxygen is essential for the continuation of life. It is
required by each human cell for its survival. It is
abundantly present in the atmosphere and maintains a
remarkably constant concentration of 20.9% in ambient
air. Oxygen is taken up by the lungs through the act of
inspiration and transported to the cells via blood. At the
cellular level, oxygen is utilized for the production of
energy. In this process, carbon dioxide is released and
transported back via the blood to the lungs from where
it is expired out into the atmosphere. The act of the
exchange of oxygen and carbon dioxide is called
respiration. For effective respiration, air must be drawn
through the airways and distributed among approxi-
mately 400,000,000 alveolar compartments within the
lung parenchyma. Although respiration is normally
described as the uptake of oxygen and release of carbon
dioxide by the lungs, it is essentially happening at the
level of lungs (“external” respiration), as well as the
tissues (“internal” respiration).

The respiratory system is made up of a gas
exchanging organ (the lungs) and a pump that ventilates
the lungs. The pump consists of the chest wall and the
respiratory muscles, which increase and decrease the size
of the thoracic cavity; the areas in the brain that control
the muscles; and the tracts and nerves that connect the
brain to the muscles. At rest, a normal human breathes
12-15 times a minute. About 500 ml of air per breath, or
6–8 L/min, is inspired and expired. This air mixes with
the gas in the alveoli, and, by simple diffusion, O 2 enters
the blood in the pulmonary capillaries while CO 2 enters
the alveoli. In this manner, 250 ml of O2 enters the body
per minute and 200 ml of CO2 is excreted.

Gas exchange by the human lungs is achieved with
the help of four processes (Fig. 6.1), which are also
variably interdependent:
1. Ventilation: To and fro movement between the

atmosphere and the gas exchanging units of the lung.

Fig. 6.1:  Schematic diagram to represent different processes
involved in respiration
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2. Circulation: Supply and distribution of blood through

the pulmonary capillaries.
3. Diffusion: The movement of O2 and carbon dioxide

across the air-blood barrier between the alveoli and
the pulmonary capillaries.

4. Ventilation-perfusion relationships.

VENTILATION

Ventilation is the process of bulk movement of air from
atmosphere, through the conducting airways to the
terminal respiratory gas exchange units. This movement
of air is made possible by the force which is generated
by the effort of respiratory muscles (or a mechanical
ventilator if the patient is being ventilated). Obviously,
it is also dependent on the mechanical properties of the
conducting airways and the lung parenchyma (i.e. the
breathing units). The mechanical properties are referred
to as “static” at zero (or no airflow) flow and constant
volume, and “dynamic” if there is airflow.

The amount of air that moves in and out of the lungs
with each inspiration and expiration respectively is called
the tidal volume. The air inspired over and above the
tidal volume with a maximal inspiratory effort is the
inspiratory reserve volume, and the volume exhaled
actively after passive expiration is the expiratory reserve
volume; the air left in the lungs after a maximal
expiratory effort is the residual volume. The respiratory
dead space is the space in the conducting zone of the
airways occupied by gas that is not involved in gas
exchange. The vital capacity, the largest amount of air
that can be exhaled after a maximal inspiratory effort, is
a frequently measured index of pulmonary function. The
fraction of the vital capacity exhaled during the first-
second of a forced expiration is the FEV1. The maximal
voluntary ventilation is the largest volume of gas that
can be moved into and out of the lungs in one minute by
voluntary effort. There are several factors on which the
aforementioned lung volume and the airflow depend:
Compliance  (a volume term), which is a measure of the
elastic properties of lung, is an important determinant.
Other elements include resistance (a flow term) and
inertance (an acceleration term).

Inertance

Since the respired gases, the lungs and the chest wall all
have appreciable mass and therefore inertia, they offer
an impedance to change in the direction of gas flow. This
component called inertance is extremely difficult to
measure, but offers impedance that increases with
frequency. Hence, inertial pressure is essentially

negligible for most clinical purposes and the gas flow
depends primarily on the compliance and resistance
characteristics of the lung parenchyma except in
situations of increased respiratory frequencies like high-
frequency ventilation.

Compliance

Pulmonary compliance (or distensibility) is defined as
the change in the volume of the lung per unit change in
the distending pressure, which in case of lung is the
transpulmonary pressure [which is defined as the
pressure gradient between the alveolar (PA) and the
pleural pressures (Ppl)]. Elastance is the reciprocal of
compliance. Compliance is equal to the exhaled tidal
volume (or a change in lung volume) divided by the
alveolar pressure minus the pleural pressure (or a change
in the transpulmonary pressure).

C = �  VL/ �  (PA - Ppl),
where C = lung compliance, �  VL = change in lung
volume, �  (PA - Ppl) = change in transpulmonary pressure.

The interaction between the recoil of the lungs and
recoil of the chest can be demonstrated using body
plethysmography. The technique is described in detail
in the chapter on pulmonary function testing.

The lung pressure volume relationship is a curvilinear
graph. The elastic recoil pressure of lung always tends
to collapse the lung even at the residual volume.
Theoretically therefore, if removed from the thoracic
cage, the lungs collapse to almost an airless state. The
pressure-volume curve is also slightly greater when
measured during deflation than when measured during
inflation, a property called hysteresis  (Fig. 6.2). Hysteresis
is affected by the elasticity of lung parenchyma (in fact,
hysteresis is a universal property of all elastic materials)
and the surface tension of alveolar spaces. Pulmonary
compliance is normally measured in the pressure range
where the relaxation pressure curve is steepest. However,
compliance depends on lung volume with highest
compliance at residual lung volume and low compliance
at high lung volumes.

Recruitment

This is a unique phenomenon observed in lung due to
the closure of some small airways at lower lung volumes.
As the transpulmonary pressure rises, the closed airways
open sequentially. Thus, the recruitment of additional
lung units in the initial phase of inspiration starting from
lower lung volumes also contributes to hysteresis. Two
other important factors affecting lung compliance are the
surface tension and the physical nature of lung tissues.
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Surface tension exerted by the air fluid interface is
reduced by surfactant—a surface active compound of
phospholipids produced by type II alveolar cells. Surface
tension is further lowered at lower lung volumes thereby
increasing the compliance and decreasing the force
required during the next inflation. Also by the Laplace
law (Pressure = 2 × surface tension/radius), as the
diameter of the alveoli is decreased, the pressure would
increase and this would create an unstable system; this
is also prevented by the surfactant, which decreases
surface tension with decreasing radii of the alveoli, and
allows gas to flow from the larger to the smaller alveolus
and stability is maintained. This phenomenon is also
mandatory for the maintenance of stability of alveoli at
lower lung volumes.

Physical elastic properties of lung tissue per se, are due
to the presence of elastic fibers in the pulmonary
interstitium. Expansion in lungs is probably more due to
unfolding and geometric rearrangement of elastic fibers
rather than the actual lengthening. Ageing alters the elastin
and collagen fibers in lungs and thus increases the

compliance. Compliance is also increased in emphysema
due to the loss of elastic fibers of alveolar walls. It is
reduced wherever there is the stiffness and thickening of
alveolar septae by processes such as fibrosis.

Elastic Properties of Chest Wall and
Lung-Chest Wall Interactions

The resting volume of the thoracic cage is approximately
equal to 70% of TLC. It implies that if thoracic cage is
opened and support of lung withdrawn, it expands from
FRC (the resting position of the respiratory system at
which the inward elastic recoil of the lungs is exactly
balanced by the outward recoil of the thoracic cage) to a
volume of about 70% of TLC. At volumes less than 70%
(including FRC) the thoracic cage has a tendency to
expand and elastic recoil pressure is opposite to that of
lungs, and is directed outwards.

The total compliance of the respiratory system is
analogous to the electrical capacitance with the
compliances of the lung and the thoracic wall arranged
in series. Thus, the reciprocal of total compliance is the
sum of reciprocals of the individual compliances, i.e.

1/total compliance = 1/lung compliance +
1/chest wall compliance

Instead of compliance, we may consider its reciprocal,
elastance and the relationship is much simpler:

Total respiratory system elastance =
lung elastance + chest wall elastance

Resistance

Resistance is the opposition to motion and in the
respiratory system opposition to the flow of gas. In the
lung, resistance to air flow is of two types: tissue and
airway. The former, also known as elastic resistance
(resistance from tissues or tissue resistance), occurs when
no gas is flowing, and is due to elastic resistance of lung
tissue and chest wall and the resistance imparted from
surface forces at the alveolar gas/liquid interface.
Approximately 80% of the pulmonary resistance is due
to airway resistance or non-elastic resistance.

Resistance to airflow is computed by the simul-
taneous measurements of airflow, and the driving
pressure that is required to achieve the flow, i.e.

Resistance = Driving pressure/Flow = P/V

Most non-elastic resistance is provided by frictional
resistance to airflow and thoracic tissue deformation,
with small contributions from the inertia of gas and tissue
and compression of intrathoracic gas.

Fig. 6.2:  Diagrammatic representation of pressure and volume changes
during quiet inspiration (line AXB) and expiration (line BZA) is the
compliance line
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Airway Morphology

Airways are the tubular structures designed to carry air
to the alveolocapillary membrane for gas exchange. The
tracheobronchial tree consists of several branches, which
arise by dichotomous divisions of the parent bronchus.
The airway divisions from trachea to the alveoli are not
uniform and may vary between 10 and 25 in different
areas—divisions being less near the hilar regions and more
at the bases. The diameter, angulation and course of the
bronchial divisions are also different in different lung
zones. For example, the air passages to alveoli at the lung
bases are straighter and have large cross-sectional areas.
This asymmetric pattern of branching is referred to as
“irregular dichotomy”. It has a bearing on the distribu-
tion of ventilation and deposition of inhaled material.

Airways are classified into two types—conducting
and respiratory airways. The conducting or central
airways do not participate in gas exchange. They are
larger than 2 mm in diameter, have cartilaginous support,
are lined by ciliated columnar epithelium and are
supplied by systemic bronchial circulation. They are also
able to change their diameter in response to several
neurohormonal and chemical stimuli due to the presence
of smooth muscles in their walls and vagal innervation.
The respiratory bronchioles or terminal airways are
situated beyond the conducting airways. They are less
than 2 mm in diameter, lack cartilaginous support, are
lined by cuboidal epithelium and are supplied by
pulmonary circulation. Due to their structural properties,
they are susceptible to compression and closure in
response to changes in the intrapulmonary pressures.

The geometric features of airway divisions have a
direct relationship with the partitioning of resistance and
hence distribution of ventilation. There is a progressive
narrowing and shortening of airways as the division
progresses from trachea to the peripheral airways.
Despite the reduction in the diameter of daughter
airways, the total cross-sectional area increases
tremendously as we go peripherally. This is because the
total number of airways increases geometrically with
each division and the diameter of each daughter airway
is more than half of the parent airway. This results in
almost 2,000 fold increase in total cross-sectional area
from trachea to peripheral airways.

Physical Principle of Gas Flow and Resistance

The geometric features described above are important
in the distribution of resistance within the lung. Since
flow is inversely proportional to the diameter of the tube,
it decreases progressively as air moves down the

bronchial tree to the peripheral zones. In the terminal
bronchioles, flow is reduced to almost zero. It is the
Brownian motion of the molecules, which facilitates
diffusion across the alveolocapillary membrane. As the
flow velocity decreases, the driving pressure and
resistance also fall. It has been calculated that 80% of total
measurable resistance at mouth is contributed by the
central or conducting airways.

The precise relationship between pressure difference
and flow rate depends on the nature of the flow, which
may be laminar, turbulent or a mixture of the two. With
laminar flow, gas flows along a straight unbranched tube
as a series of concentric cylinders that slide over one
another, with the peripheral cylinder stationary and the
central cylinder moving fastest, the advancing cone
forming a parabola. The advancing cone front means that
some gas will reach the end of the tube despite the volume
of gas entering the tube being less than the volume of the
tube. This has relevance in patients being ventilated using
the high frequency ventilation where there is significant
alveolar ventilation despite the tidal volume being less
than or equal to the anatomical dead space.

In a straight unbranched tube, the Hagen-Poiseuille
equation allows gas flow to be quantified:

Flow rate = � P x �  x (radius)4/8 x
length x viscosity, where

� P is the pressure gradient and equals the product of
flow rate and resistance:

Thus, resistance = 8 x length x viscosity/�  x (radius)4

In this equation, the fourth power of the radius
explains the critical importance of narrowing of the air
passages. With constant tube dimensions, viscosity is the
only property of gas that is relevant under the conditions
of laminar flow. Helium has a lower density, but a
viscosity close to that of air, and thus will not improve
gas flow if the flow is laminar.

On the other hand, turbulent flow occurs when gas
flows at high rates through unbranched or irregular
tubes, resulting in the formation of eddy currents. In
contrast to laminar flow, it has a square front and the
volume of gas entering the tube is equal to the volume
of the tube, the so called bulk flow. The relationship is
different from the laminar flow in that the driving
pressure is proportional to the square of the gas flow rate
and the density of gas, but independent of its viscosity
and the required driving pressure is inversely
proportional to the fifth power of the radius of the tubing
(Fanning’s equation).

The change in flow from laminar to turbulent charac-
teristics is determined by a dimensionless number, the
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