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PREFACE
History is simply the biography of the mind of man; and our interest in 
history, and its educational value to us, is directly proportionate to the 
completeness of our study of the individuals through whom this mind 
has been manifested. To understand clearly our position in any science 
today, we must go back to its beginnings, and trace its gradual develop-
ment.

Sir William Osler

In 2008, I gave a seminar to the Emory Division of Infectious Dis-
eases on the history of our field using short biographies of the people 
who changed it. I began at the initial stages of Western medicine 
in ancient Greece and ended with the discovery of penicillin and 
the beginnings of modern antimicrobial therapy. The reaction that 
I received was the inspiration for this book. Faculty, fellows, post-
doctoral students, residents, and medical students all appreciated 
the seminar and commented on their lack of acquaintance with the 
historical roots of their chosen discipline. A presentation at the Cen-
ters for Disease Control and Prevention (CDC) some months later 
yielded similar comments from those in public health. Designed to 
describe the genesis of the germ theory of disease by those whose 
discoveries shaped our understanding of it, this book is intended 
not just for physicians or students of medicine but to be accessible to 
anyone with an interest in microbiology, infectious diseases, medical 
history, and, to a degree, biography.

I have chosen to weave the narrative of the origins of the germ 
theory of disease through short biographies of the 11 men and 1 
woman who changed the very fabric of our knowledge. Guided by 
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others who followed a similar path—notably Sherwin Nuland, au-
thor of Doctors: The Biography of Medicine—I selected the biographical 
approach to humanize further the persons who made the signifi-
cant discoveries. Their stories demonstrate both the impact of their 
early life influences on their innovations and their frustrations with 
their societies’ inability to accept some of the greatest discoveries in 
the history of medicine. The biographical approach illustrates how 
change in medical thought has occurred. Since paradigm shifts in 
our scientific thinking will continue, the study of historical transfor-
mations functions to encourage a requisite open-mindedness to new 
shifts in medical thinking.

No book is the creation of just one person. I am indebted to 
those individuals whose comments helped to shape this text. Their 
constructive criticisms came with remarkable enthusiasm for the 
topic and the writing—an enthusiasm that encouraged me to perse-
vere through my research and editing. I hope that the final product 
will impart to the reader the knowledge, understanding, and pas-
sion that I discovered in writing it.

ROBERT P. GAYNES, M.D.
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1
Introduction

Once declared “conquered,” infectious diseases have emerged or 
reemerged to devastate our modern world. I didn’t realize when I 
made my decision to go into the specialty of infectious diseases in 
1978, my last year of medical school, that I would be witness to this 
emergence. I thought that antibiotic treatments could actually cure 
people, not just treat them. Unlike chronic illnesses such as diabetes, 
bacterial pneumonia or a urinary tract infection, once treated with 
antibiotics, could be cured. I was not alone in this thinking.

I entered the specialty at a time when it was believed that medi-
cal science had nearly done it all—that there would be little left to do 
since we had such powerful agents for treating and curing infectious 
diseases. I recall my first meeting of the Infectious Disease Society of 
America in 1981, when one of the foremost authorities in the field told 
the audience that “all infectious disease doctors would be doing in the 
next decade would be culturing each other.” This complacency would 
be short-lived; such complacency has always been short-lived in med-
icine. During the same meeting, James Curran, at the time working at 
the Centers for Disease Control (CDC) and now Dean of the Rollins 
School of Public Health at Emory University, was scheduled to de-
scribe the first cases of what would soon be called AIDS (acquired im-
munodeficiency syndrome). Curran was the last of four speakers in a 
session that began with 150 people in the audience. But word of these 
cases had spread through the conference. By the time Curran spoke, 
over 1,000 people had crammed into a room at a downtown hotel in 

doi:10.1128/9781555817220.ch1
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Chicago, IL. Even though the attendees at the meeting were told that 
infectious diseases were “conquered,” the infectious disease commu-
nity of doctors, microbiologists, and public health officials had clearly 
recognized that something new was happening.

Many new diseases, such as AIDS, hepatitis C, and hantavirus, 
have been described in the last 30 years. The microorganisms that 
cause these diseases were not actually new. The microorganisms 
have clearly existed before medical science became aware of them. 
In some cases, new techniques were developed to identify organisms 
that had always been there but that we could not detect. More often, 
the novelty for many of the new diseases is not the emergence of a new 
microorganism but the novel way the pathogen found its way into 
humans. In 1981, no one imagined how one of these newly emerged 
diseases, AIDS, which is caused by human immunodeficiency virus 
(HIV), would change the human landscape of entire continents, alter 
our conceptual framework of how we treat or even think about an 
infectious disease, and completely confound our understanding of 
the human immune system and vaccine development.

Consider each of these vast changes due to HIV. In sub-Saharan 
Africa, HIV has completely altered the human demographics. For 
many decades, even centuries, before HIV, infectious diseases were 
the leading cause of death in Africa, but the deaths were childhood 
deaths. Malaria, infectious diarrhea, measles, and other childhood in-
fectious diseases took their toll on the youngest inhabitants. As tragic 
as it sounds, most children in Africa did not see their first birthday, a 
fact that was simply accepted. The dynamic was high birth rates and 
high childhood death rates. In the course of a generation, HIV has be-
come the leading cause of death in Africa, but the deaths are not child-
hood deaths. The mortality rates among adults from HIV have now 
exceeded even the highest childhood mortality rates. Some health sta-
tistics help highlight this devastation. In 2007, according to the Joint 
United Nations Programme on HIV/AIDS, there were 2 million new 
HIV infections in Africa and approximately 30 million people infected 
with HIV. The 30 million people represent 60% of all HIV infections 
in the world, even though Africa has only 12% of the world’s popu-
lation. In 2007, the life expectancy in Africa was 47 years with HIV 
and 62 years without HIV. In Africa, there are an estimated 12 million 
orphans due to parental deaths from HIV. The medical, economic, so-
cial, and political effects of this one infectious disease are so great that 



Introduction 3

the capacity to cope with its burden is stretched thin and, in many 
cases, has nearly collapsed. Curran has been a witness to AIDS in the 
world over the last 25 years and described it this way:

When you walked in the Castro district [of San Francisco] in the early 
1990s, AIDS was palpable. The same thing is still true in some Afri-
can cities. The hospital wards of African hospitals are filled with AIDS 
patients, sometimes two to three to a bed with young adult people 
dying. An AIDS death prior to antiretroviral therapy was a horrible 
process for most people. They lost weight, became demented, had un-
remitting diarrhea, Kaposi’s lesions all over themselves, and people 
did not want to be near them. ( J. Curran, unpublished data)

In Africa, this kind of lonely, horrific death still occurs over 2.4 mil-
lion times each year.

HIV has forced a change in our social attitudes. Consider the 
sexual attitudes before HIV appeared. For centuries, syphilis was the 
most feared sexually transmitted disease, since it could not be effec-
tively treated until the 20th century. During the early 1900s, this dis-
ease became treatable with arsenic-based compounds. The concern 
about syphilis virtually disappeared with the introduction of penicil-
lin. In the 1960s and 1970s, people had the perception that there were 
no incurable sexually transmitted pathogens. True, genital herpes 
existed and was a concern. While genital herpes was incurable, it did 
not cause death and could be treated with medicines. Sexual health 
could simply be managed by a visit to the doctor. Along came HIV. 
Once its sexual transmissibility was established, we were faced with 
a sexually transmitted pathogen that not only could not be handled 
by a trip to the doctor but also caused death. Sexual practices and 
attitudes changed. Among adolescents, for example, the rate of un-
protected sex has decreased (1). But relentless efforts are needed for 
each new generation to implement these behavioral interventions.

The medical community itself has been forced to change its 
thinking because of HIV. Biologically, the silent nature of the infec-
tion, i.e., the long incubation period of years, even decades, leaves 
us with tens of millions of human incubators. Many HIV-positive 
individuals do not even know that they are infected. When the CDC 
reported the first five AIDS cases in 1981, an estimated 250,000 peo-
ple were already infected with HIV in the United States alone. HIV 
has a silent, long incubation period followed by a lingering illness. 



4 Germ Theory: Medical Pioneers in Infectious Diseases

Infectious disease physicians were just not equipped to face a chroni-
cally ill patient population in such vast numbers. The appearance of 
HIV/AIDS forced a complete reexamination of what we thought we 
knew about treating infectious diseases. Contrast HIV to influenza, 
which crashes into a community and leaves in a few short weeks. 
With HIV, an infectious disease becomes a chronic illness.

As the established paradigms for treating vast numbers of AIDS 
patients broke down for infectious disease doctors, public health 
officials struggled with the time-honored models they had used 
for monitoring infectious diseases. When a new infectious disease 
enters a community, it is often called an epidemic. The Merriam-
Webster dictionary defines an epidemic as the occurrence of more 
cases of a disease than would be expected in a community or re-
gion during a given period of time. With some infectious diseases an 
epidemic is easy to spot. Often, making the determination that more 
cases of an infectious disease have occurred than would be expected 
in a region can be challenging. One initial and basic approach used 
in public health to make this determination is development of an 
epidemic curve, a technique I learned on my first day of work at the 
CDC. After a known exposure, the number of cases of an infectious 
disease is plotted against the time of onset of illness among indi-
viduals with the disease to graph an epidemic curve. The shape of 
the epidemic curve might suggest the mode of transmission of the 
infectious agent. An epidemic curve where all the cases show signs 
of infection at nearly the same time and the number of cases quickly 
tapers off suggests that an infectious agent was transmitted from a 
common source, e.g., a contaminated food at a picnic. With a differ-
ent type of infectious disease, e.g., influenza, the curve may show 
an initial or index case, followed by two cases, then four, then eight, 
etc., until all individuals who are susceptible in a community have 
acquired the infection and the number of new cases decreases. This 
shape of an epidemic curve suggests person-to-person transmission 
of an agent. There are combinations of shapes in epidemic curves, 
but the overall shapes of these curves are the same. The number 
of cases goes up and then comes back down. In public health, the 
goals are to shorten the epidemic or work to prevent the problem 
or a similar problem from occurring, i.e., decrease the width and/
or height of the epidemic curve and prevent the occurrence of any 
epidemic curves in other communities. This is the infectious disease 
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epidemic paradigm. Doctors and public health officials were accus-
tomed to this approach. In fact, we thought we were pretty good 
at it. HIV was different. HIV produced a chronic infectious disease, 
one in which the virus entered the body, remained silent (although it 
could be transmitted) for years, and then produced a lingering dis-
ease in which the virus did not disappear in an individual while he 
or she remained alive, even during treatment. The curve measuring 
HIV cases went up but did not come back down. Other viruses, such 
as hepatitis B or C virus, had long incubation periods before illness 
developed and were known before HIV. However, only a portion 
of hepatitis B or C cases initially infected developed chronic illness, 
although we continue to grapple with people with chronic liver dis-
ease from hepatitis B and C. The rapid spread of HIV was coupled 
with an almost completely ineffective immune response from a per-
son who had the virus. The virus was not eliminated by antibody 
production. In fact, HIV went on to damage the very immune system 
we had always thought would eliminate a pathogen. HIV’s ravage 
of the immune system left the person susceptible to other infectious 
agents that he or she would normally not be susceptible to, so-called 
opportunistic infections. In the first few years of AIDS, it was invari-
ably fatal within 4 years of an AIDS diagnosis. No one was prepared 
to deal with an infectious agent that could produce disease like this. 
The mentality of the medical community had to change to deal with 
a chronic infectious disease. Public health turned to the chronic dis-
ease experts for guidance on how to predict, moderate, and control 
it. We could not cure HIV and move on to something else. In the 
United States, we have been somewhat comforted by the success of 
treatment of HIV, which has improved dramatically in the last 25 
years. In developed countries, an HIV-positive person who is started 
on combination antiretroviral drug therapy at age 20 can expect to 
live to age 63 on average, compared with an HIV-negative person, 
who can expect to live to about age 80 (3). Still, treatment does not 
cure the individual. Indeed, intermittent treatment often leads to 
changes, i.e., mutations, in HIV that result in treatments that are in-
effective or more difficult to administer, a problem that has troubled 
infectious diseases since the advent of modern antimicrobial ther-
apy. Success in HIV treatment in the United States and elsewhere 
remains challenging and expensive. But in Africa and other less 
developed regions, the prospect of treatment is daunting. There are 
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over 30 million people in Africa with HIV. The cost of drugs and the 
infrastructure to deliver and monitor drug treatment is overwhelm-
ing. The “what goes up must come down” or epidemic thinking will 
not solve HIV or other endemic infectious diseases, such as tubercu-
losis or malaria, in Africa. We have had to reconsider our infectious 
disease treatment/prevention model to one that effectively approach-
es chronic or endemic infectious diseases. According to Curran, “this 
model is far less heroic, but arguably more important. And that’s why 
there needs to be a change in thinking ( J. Curran, unpublished data).”

Nowhere has HIV challenged our conceptual framework more 
than in the development of an HIV vaccine. The world desperately 
needs an effective immunization for HIV as the means to control or 
even eliminate AIDS. Immunizations have been one of the most ef-
fective methods for control of disease, even eradicating the scourge 
of smallpox. The traditional approach to immunization formula-
tion is to kill or inactivate a pathogen and inject it into people. Vac-
cines formulated in this way rely upon duplicating a successful 
human immune response to the natural exposure of a pathogen. 
Hundreds of attempts to create an HIV vaccine have been made; all 
have been unsuccessful so far in producing lasting immunity. With-
in the last 5 years, two large clinical trials of AIDS vaccines failed, 
leaving the infectious disease community frustrated, dejected, and 
bewildered. One trial conducted in Thailand has provided hope 
for some modest protection, but not all investigators are convinced 
that the results of the study represent an advance (4). These failures 
have occurred largely because the concept of our established vac-
cine development has been flawed for HIV. Humans do not mount 
a successful immune response to HIV. The traditional methodology 
to vaccine development for HIV will not work. We must consider 
another approach.

HIV has been the most visible pathogen that has changed the 
concept that infectious diseases could be conquered, a concept that, 
according to Curran, “is now not credible ( J. Curran, unpublished 
data).” We have every reason to believe that other microorganisms 
might find their way into humans as we carelessly expand our way 
into previously undisturbed ecosystems. A new pathogen emerging 
anywhere in the world is cause for worldwide concern. The rapid 
geographic dispersal of severe acute respiratory syndrome and 2009 
H1N1 influenza is a clear reminder of how small our world has 
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become. But there are other worries that shake our notion that infec-
tious diseases have been subjugated.

The complacency that led us to the notion that we have con-
quered infectious diseases was due to our apparent successes—im-
munizations and antibiotics. Until HIV, development of vaccines was 
a major success of our modern medical world. The chief difficulty 
was administering the vaccines to the people who needed them. Vac-
cines were and still are underutilized. But immunizations can only 
prevent illness. Antibiotics treat illness. From the discovery of the 
first antibiotic, medical science and microorganisms have been in a 
constant struggle. In the last 50 years, the beginning of modern anti-
biotic therapy, resistance to antibiotics has steadily increased, and it 
is increasing faster than we can discover new therapies. Recent dis-
coveries of vancomycin-resistant Staphylococcus aureus and bacteria 
containing enzymes called carbapenemases that degrade some of the 
most potent antibiotics, the carbapenems, are but two examples of 
the difficulties facing contemporary treatment of infectious diseases. 
But we cannot simply blame the appearance of antibiotic- resistant 
pathogens on clever, evolutionary tricks of microorganisms.

The widespread resistance among bacteria is a problem  largely 
of our own making. Antibiotic use leads to antibiotic resistance. While 
it is blatantly obvious, most health care providers generally ignore 
this statement. Our infectious disease treatment paradigm involves 
use of broad-spectrum antibiotics, usually without specific knowl-
edge of the offending pathogens. There is hidden harm that occurs 
as a result of this antibiotic exposure. Sometimes, a pathogen causing 
an infection will begin susceptible to the agent but become resistant 
to it during therapy. But often, antibiotic resistance is actually the 
result of collateral damage. The resistance develops among patho-
gens that are not responsible for the infectious syndrome manifested 
by the patient. Humans normally harbor bacteria in the mouth, the 
colon, the skin, and other sites. The size of the normal bacterial flora 
in humans is immense and often protects the body when harmful 
bacteria invade. When powerful antibiotics destroy much of the nor-
mal, protective bacteria, the void is filled by small numbers of resis-
tant bacteria that we all may harbor. These resistant subpopulations 
of bacteria are given a chance to proliferate after antibiotic therapy. 
The resistant organisms may not even cause damage to the person 
treated with broad-spectrum drugs, but this person may become a 



8 Germ Theory: Medical Pioneers in Infectious Diseases

reservoir or a human factory of a silent source of resistant organ-
isms to those around him. Infection control efforts often fail since 
no one may be aware that the recently treated individual harbors 
antibiotic-resistant organisms. The number of people colonized but 
not infected with resistant organism may be 50 times greater than the 
number of people who have an infection with a resistant organism. 
This so-called iceberg effect, where most of the resistance problem 
is hidden below the surface where we cannot see it, has been best 
described for hospitals, but resistance has become a problem outside 
hospitals. Community-acquired  methicillin-resistant Staphylococ-
cus aureus (MRSA) infecting large numbers of patients who had not 
been in hospitals has been described in recent years. MRSA can be 
spread from one person to another. Our attempts to limit spread of 
this organism through infection control efforts appear to have been 
largely ineffective. Current attempts at hospital-based efforts to con-
trol MRSA are controversial and may be too little, too late, since so 
many MRSA infections now occur outside hospitals. Indeed, deter-
mining the effectiveness of control measures for MRSA or other re-
sistant microorganisms is complex. Ultimately, the reservoir of the 
resistance will be found to involve exposure to antibiotics, perhaps 
in a person’s distant past or in another person who served as the 
source of the MRSA.

The proliferation of antibiotic-resistant organisms is challenging 
the current tenet of infectious disease practice—use broad-spectrum 
antibiotics to “kill the bugs” with little or no concern to the collateral 
damage of antibiotic resistance. We have abused one of our greatest 
medical treasures, antibiotics. Abuse of antibiotics has opened the 
door to a new era with untreatable antibiotic-resistant infections, a 
post-antibiotic era. Pharmaceutical companies are not going to bail us 
out of this problem, since most have limited or even eliminated an-
tibiotic drug discovery programs, largely because of economics. For 
example, in 2008 there were no new antibacterial antibiotics approved 
by the Food and Drug Administration in the United States. Finding 
new antibiotics has been time-consuming, difficult, and expensive, 
with no guarantee of success.

The dilemmas from newly emerging infectious diseases—HIV, 
a new, often fatal, chronic infectious disease which has stressed, to 
the breaking point in some places, our ability to find treatment and 
provide it to millions; HIV vaccine failures that require a complete 
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reassessment of the concepts of the human immune response; un-
treatable, antibiotic-resistant infections that portend a post-antibiotic 
era; and the unsettling notions that new pathogens will likely emerge 
and that emergence of a problem in one corner of the globe can be 
rapidly transported anywhere in the world—have forced the medi-
cal community to scrutinize itself. Medical science must reconsider 
all approaches to detecting and diagnosing emerging infectious dis-
eases, to developing vaccines, to discovering new antibiotics, and to 
using wisely the precious few antibiotics that we have.

Where do we start? Before we can figure out where we should 
go, we should examine how we got here. We should look back to our 
initial advances in understanding infectious diseases. Appreciating 
how major contributions were made by some of the greatest doc-
tors in history will help us reconsider our approaches to the practice 
of infectious diseases. Just as the economists and policy makers are 
looking back to the Depression to develop policies to relieve us from 
our current economic woes, we should examine the history of in-
fectious diseases. Historians debate the best approach to study the 
past. Thomas Carlyle, a well-known historian in the mid-1800s, once 
wrote, “The history of the world is but the biography of great men 
(2).” As an amateur historian, I have chosen to view history this way 
in order to detail the lives of 11 men and 1 woman who were pioneers 
of our current conceptual framework of infectious diseases. Here, I 
must make a few qualifying remarks. First, the conceptual frame-
work for the practice of infectious diseases is from Western medi-
cine. This book is largely limited to Western medicine. Some readers 
may have a limited appreciation for the Eurocentric approach. Yet, 
while my purpose is not to glorify Eurocentric concepts, Europe is 
where our conceptual framework for the practice of infectious dis-
eases was conceived. Contributions from other cultures, as germane 
as they are to a holistic perspective on the method of discovery, were 
largely ignored by Western medicine—often to its detriment. Sec-
ond, there will be those who question the choice of the individuals 
who were included. While I doubt that one can argue against those 
persons included in this book, the persons excluded from any discus-
sion will no doubt generate controversy. I have chosen individuals 
whose contributions were essential to understanding the origins of 
our approach to the practice of infectious diseases and whose stories 
were compelling to me. I will admit to small detours into anecdote 
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to better understand the person. The influences on the lives of these 
discoverers, often early influences, the era in which they lived, their 
personalities, and, in many cases, their daring, permitted these indi-
viduals to make extraordinary contributions even when those con-
tributions were not initially well received. Discoveries made by an 
individual need to be accepted into the practices of the community 
before they can actually become advances. As we shall see, at times, 
the discovery had little impact until the practices of the community 
were reevaluated. These reexaminations provide lessons and, per-
haps, some hope as we are forced to look introspectively towards 
our own practice of infectious diseases.
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2
Hippocrates, the Father of 
Modern Medicine

The history of infectious disease and the practices that attempted to 
treat them is largely a history of medicine itself. So, we must begin 
with the foundation of Western medicine. Physicians command a 
high esteem compared with those engaged in nearly any other occu-
pation around the world. This distinguished societal view of physi-
cians originated in ancient Greece 2,500 years ago, when the medical 
profession assumed a new and distinctive character. To understand 
this transformation, consider how illness was treated before the time 
of Hippocrates and his colleagues.

Medicine before Hippocrates

In the centuries before Hippocrates (circa 460 to 370 BCE [Fig. 1]), 
ancient Greeks believed that divine interventions were required for 
curing illness. This belief was perhaps understandable when one 
considers how rapidly certain illnesses can afflict someone. Infec-
tions can have the swiftest onset of all disease entities—one moment 
someone is healthy, and the next moment, he or she is seriously ill. 
I have had patients describe the precise moment, down to the hour 
and minute, when symptoms of one of the most common bacterial 
causes of pneumonia, pneumococcal pneumonia, began. It is un-
derstandable that humans would have turned to a higher power to 
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explain this rapid, otherwise inexplicable event. Around 800 BCE, 
temples/hospitals sprang up throughout the ancient Greek world. 
These shrines were called asclepiea, after Asclepius, Greek god of 
medicine. The origins of the principles behind the asclepiea and the 
practices found inside these temples are murky. If you were ill dur-
ing that time, you would go to the temple/hospital to ask a priest/
physician what you might do to effect a cure. Asclepiea were more 
like spas than hospitals. They were often located in beautiful coun-
try settings and placed an emphasis on pure air, clear water from 
springs which probably had high mineral content, exercise, healthy 
diets, and rest. There was much fanfare from spiritual priests who 
cultivated a restful atmosphere. In the resort-like setting, the mysti-
cal priests were thought to have a direct communication with di-
vinities. The straightforward, sensible approach to diet, rest, and 
exercise would be viewed as conducive to restoring health even to-
day. However, any similarity to modern restorative health spas dis-
appears when one considers what the ancient Greeks accepted for 
improvement of their health. Aesculapian snakes, endemic to areas 
in Greece, “anointed” the temples and were encouraged to slither 
over the ill. Snakes were considered sacred to the god Asclepius, 
who is usually pictured with a serpent wound around his long staff, 
a symbol for medicine still seen today. This symbol, common among 
many of today’s medical organizations, such as the World Health 
Organization and the American Medical Association, may seem odd 
to some. If a modern advertising agency were to ask a focus group 
for a symbol for medicine—one that represented trust, admiration, 
and respect, it seems unlikely that the symbol chosen would be a 
snake! Yet ancient societies often worshipped serpents and regarded 
snakes as creatures with the gift of life and renewal, probably related 
to the snakes’ shedding of their skin. Still, the staff of Asclepius is 
the first purely medical association of snakes (13). In addition to the 
physical presence of snakes in the facility, the imagery of snakes was 
considered critically important. The ill would sleep in the facility, 
sometimes for several days. Each morning, a person would relay his 
or her dreams to the priest, who would interpret them. The images 
from the dreams would dictate what was required for cure. If a snake 
appeared in the dream of someone sleeping in the temple, it was 
believed that the god of healing, Asclepius, himself had appeared to 
the person to effect a cure. I suspect that Sigmund Freud might have 
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had a different interpretation of that vision. During this time in an-
cient Greece, disease was the result of divine influence, so treatment 
required similar influence. If the patient improved, the gods got the 
credit. If the person did not improve, the individual was to blame, 
for he or she must have done something to anger the gods.

Every physician can recall a patient who placed enormous faith 
in the divine power of healing. There is nothing intrinsically adver-
sarial in combining medical science with divine faith. But in its in-
fancy, medicine could not move forward without a separation from 
the supernatural. A field that believes that the causes and treatment 
of illness are based solely on invisible and unknowable forces is con-
trary to a discipline in which the causes of disease can be discovered 

Figure 1        Hippocrates. National Library of Medicine.
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and treatment can be aimed at those causes. The move away from 
divine intervention was a crucial step for medicine. One of the great-
est contributions of the ancient Greeks, perhaps its greatest, was the 
conceptual shift to the belief that disease has a natural, knowable 
cause. Once Western medicine declared its independence from re-
ligious practices, it could advance into a truly scientific discipline.

Hippocrates

The first individual in Western civilization to be known for his contri-
butions to medicine from the ancient Greek civilization is Hippocrates. 
While over 70 surviving volumes of writings are attributed to him, 
historians have determined that different authors actually wrote these 
texts. Because of the authorial uncertainty, the collective works have 
been called the Hippocratic Corpus or body of work, and the physi-
cians who practiced the art, the Hippocratic physicians. For unassail-
able fact, we know almost nothing of Hippocrates’ life. We do know 
that Hippocrates was born in 460 BCE on the island of Cos, off the 
coast of present-day Turkey, but that’s about it. Every other descrip-
tion of Hippocrates’ life is impossible to verify and has been combined 
with or distorted by legend. The only verification of the tiny bio-
graphical fact about his birth comes from two dialogues of Plato, the 
Protagoras and the Phaedrus. Historians in the 1800s fruitlessly labored 
to decipher which of the surviving ancient Greek texts were written 
by Hippocrates (1). It is said that Hippocrates lived for a long pe-
riod, somewhere between 85 and 110 years. We do not know what he 
looked like, although there are multiple statues said to convey his like-
ness. These statues differ in appearance, but all portray Hippocrates as 
a sensitive, wise, and distinguished man. His contemporaries, from a 
period bursting with intellectual activity, included Socrates, Plato, Ar-
istotle, Pericles, Euripides, Aeschylus, Sophocles, and Aristophanes. 
In the 60-year period when Hippocrates was at the peak of his career, 
Western civilization witnessed the foundations of art, architecture, po-
litical science, philosophy, drama, and, of course, medicine.

Natural Cause for Disease

Medicine’s move away from the supernatural to natural causes of ill-
ness was, like most paradigm shifts, a product of its time and sprang 
from revolutionary ancient Greek philosophies that seemingly had 
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little to do with medicine. We do not know precisely the time when 
the shift occurred. The change in thinking seemed to take place not 
in one of the great city-states such as Athens but on the edges of the 
Greek peninsula (7). The century before Hippocrates was the time of 
Thales, circa 640 to 546 BCE, perhaps the first true scientist of Western 
civilization. Like Hippocrates, he lived on an island in the Aegean 
Sea, Miletos. Sea trade was the foundation of the culture, whether 
it was trade of goods or ideas. Philosophies were eventually trans-
ported around ancient Greece like assorted materials. The philoso-
phy that Thales developed influenced his students, whose writings 
serve as the basis for what we know about him. He made contribu-
tions to mathematics, astronomy, navigation, and geometry. Thales 
was perhaps the first person in Western civilization to believe that 
the physical world was comprehensible, not a result of divine deeds 
or gifts. He seemed to accept the existence of gods but did not rely on 
divine actions to explain the physical world. Thales theorized that 
the basic elements in all life were water (the primary element), earth, 
and air. Anaximander, from 560 BCE, extended Thales’ thoughts and 
espoused the philosophy that the universe was composed of oppo-
site forces in balance. Natural, understandable, and universal laws 
governed these forces. The philosopher Heraclitus, from about 500 
BCE, living north of Miletos on Ephesus, contended that fire, rather 
than water, was the principal element but embraced the idea that the 
universe was composed of opposing forces that required balance. 
By the sixth century BCE, four basic elements were accepted as the 
building blocks of the universe: water, earth, fire, and air. Each ele-
ment had its corresponding characteristic: wet, dry, hot, and cold. 
These elements were physical and observable, and they normally 
existed in a type of oppositional balance. This doctrine of four basic 
elements and their physical characteristics found in a balance would 
profoundly influence the medical theory of the Hippocratic Corpus, 
and medicine in general, for centuries.

Alcmaeon, a member of the Crotona school in the fifth century 
BCE, was perhaps the first person to move the cosmic philosophy of 
the basic four elements of the universe to a focus on humans and their 
health. Works by Aristotle provide the principal sources for what we 
know about Alcmaeon’s views. Alcmaeon held that like the universe, 
health is a harmony of forces, and disease is a disturbance of that har-
mony. Empedocles (493 to 433 BCE) furthered this concept and has 
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sometimes been credited with formation of the theory that health is 
a balance of forces. According to Empedocles, the four elements are 
joined together during life and are separated upon a person’s death. 
He advanced the importance of air as having substance and the ability 
to exert pressure. The flow of air was connected to the flow of blood in 
the body. During this period, Democritus influenced medical and sci-
entific thought with a theory that all objects, animate and inanimate, 
were composed of invisible particles, or atoms. At this time of intel-
lectual ferment in Greek history, Hippocrates was born.

The Four Humors and Disease

Although we remain unsure as to what Hippocrates, the man, actu-
ally contributed, the Hippocratic Corpus provides fairly clear prin-
ciples of health and disease. These principles brought together the 
previous theories that the universe was composed of four elements 
(water, air, fire, and earth) with the specific qualities associated with 
each element (wet, dry, hot, and cold) and the concept of harmony 
or balance. Additionally, certain of these elements were in relative 
abundance during each of the four seasons of the year. A key prin-
ciple in Hippocratic theory was that four visible secretions of the 
body, blood, phlegm, yellow bile, and black bile, could be related 
to the four basic elements of the universe. These four secretions, or 
humors, shared essentially the same physical characteristics—hot 
(blood), cold (phlegm), moist (yellow bile), and dry (black bile)—as 
fire, air, water, and earth. The human body was a microcosm of the 
universe, a concept that must have been pleasing to the Greek in-
tellect of the time. Most importantly, the causes of illness were not 
divine but knowable and followed logically from understanding the 
balance inherent in the universe.

Hippocrates is said to have learned medicine from his father, 
Heraclides. The sketchy biographical information available on Hip-
pocrates states that he traveled extensively and practiced medicine in 
cities and islands throughout ancient Greece, where he was probably 
exposed to a variety of philosophies. He is credited with setting up a 
school on his home island of Cos, the so-called Coan school, which 
had a holistic approach to health and disease. Hippocratic physicians 
believed that illness must be interpreted as an event that occurred in 
the circumstances of the patient as a whole. The concept of harmony 
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or balance was central to this philosophy. The specific diagnosis was 
less important to the Hippocratic physician than helping the body re-
store a natural balance to its native state. Prognosis was much favored 
over diagnosis. Given the limited medical knowledge of the day, this 
preference served them well. The focus for the Hippocratic physician 
was to attempt to determine which symptoms represented serious 
disease or illness that would improve with their (limited) therapy.

The Coan School of Medicine

The Coan school exerted the main influence on medicine in ancient 
Greece but was not the only medical influence of this age. The most 
significant was a separate school in the town of Cnidus, facing Cos on 
the mainland of Asia Minor, called the Cnidian school. Like the Coan 
school, the Cnidians held that the causes of disease were knowable. 
However, their approach to their patients more closely resembled 
that of modern medicine. The Cnidians took great efforts to distin-
guish various diseases in each organ. For example, they categorized 
12 diseases of the bladder and 4 in the kidneys. Extensive categoriza-
tion, a common method used by the Greeks at the time, was largely 
based upon the principle that diseases were caused by nutrients that 
were not discharged from the belly. The leftover residues were re-
sponsible for a variety of illnesses. The Cnidian approach to med-
icine was one of diagnosis, not prognosis. Given the rudimentary 
knowledge of anatomy and physiology of the day—human dissec-
tion was prohibited in ancient Greece—the Cnidian approach suf-
fered greatly since one could not have offered much after the effort 
in diagnosis was undertaken. Diagnosis is of little use unless it can 
be followed by a specific treatment. The usefulness of the Cnidian 
view would have to wait until medical knowledge could progress 
in anatomy, physiology, and even cellular function. The wait would 
be a long one—over 2,000 years. Although medical knowledge was 
extended during the next 20 centuries, progress in Western medicine 
was hampered by the steadfast adherence to humoral theory and the 
Coan approach to disease. Elements of the germ theory of infectious 
diseases were discovered during these 2,000 years of waiting but 
could not be incorporated into medicine until the holistic approach 
of the humoral theory of disease was fully abandoned. In its time, 
the Coan school fared better than the Cnidian school, gaining greater 
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fame and influence than the Cnidian methods, although these two 
schools probably shared knowledge.

The Coan school maintained that personal health was a natu-
ral mixture of the four humors: blood, phlegm, yellow bile, and 
black bile. Particular temperaments or personalities were associ-
ated with a relative abundance of a particular humor. The person 
with a larger quantity of black bile (from the Greek, melan = black 
and cholic = bile) would be said to be depressed, introspective, and 
sentimental. Our modern-day words for depictions of certain per-
sonality types—melancholy, sanguine (from the Latin, sanguis = 
blood), choleric (from the Latin, cholericus), and phlegmatic (from 
the Latin, phlegmaticus)—can be traced directly from the humoral 
theory, with the same connotations of their human personality de-
scriptions as in Hippocratic times.

The Hippocratic physicians had a solid grasp of the exterior 
anatomy of a human but were essentially clueless about what hap-
pened beneath the surface. The relationship between health and dis-
ease had to be deduced from what went into the body and what 
could be observed to come back out. The fundamental principle of 
the humoral theory considered disease to be a disruption of the bal-
ance of humors or a dyscrasia, from the Greek, meaning bad mixture 
of humors. Surprisingly, this term is still found in modern medical 
lexicon, often used by hematologists. Unsure of its precise nature, 
hematologists sometime will refer to a patient’s undiagnosed blood 
disease as a blood dyscrasia. Disease, caused by the excess or defi-
ciency of one or more of these humors, could be from external or 
internal forces. The seasons of the year or climate could affect this 
balance. For example, phlegm, which the ancient Greeks found to be 
colder than the other humors, increases in winter. Winter’s natural 
attribute, cold, could explain the tendency for certain diseases that 
had an excess of phlegm, the humor with the cold attribute, to oc-
cur. Alternatively, the lifestyle of the patient, particularly the food he 
ate, could also affect the balance. The final element that affected the 
humoral balance was pneuma, or vital air. The doctrine of pneuma 
is never well explained in the Hippocratic Corpus. Further explana-
tions of its “physiology” would occur a century later with the prac-
tice of Alexandrian medicine in Egypt. Inhaled air was thought to go 
to the brain first, a logical consideration since the nose and mouth are 
near the brain. From the brain, pneuma spreads downwards from 
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the great vessels of the body, through minor vessels to the rest of the 
body (11). Changes in the humidity or winds could affect pneuma. 
Changes in pneuma could disrupt any of the four humors.

Three of the four humors, yellow bile, phlegm, and black bile, 
tended to be observed only when illness occurred. Blood seemed to 
hold a different position in the humoral theory, being an essential 
element of life. Still, there were times when it seemed to be naturally 
discharged from the body, such as during menstruation or nose-
bleeds, leading Hippocratic physicians to devise the first rationale 
for the practice of bloodletting to remove any excess.

Fever and the Four Humors

The heart’s function as a pump was unknown to the ancient Greeks, 
but they recognized its essential importance to the body. The heart’s 
main function was thought to be involved in the production of in-
nate heat. The heart attracted pneuma, much as a flame requires 
air, which was spread through the body through the arteries. When 
pneuma combined with blood, innate heat was generated. To bal-
ance the heating action of the beating heart, the ancient Greek phy-
sicians ascribed functions to several anatomic organs. The sac that 
surrounds the heart, known as the pericardium, was observed to 
normally contain a small amount of fluid. The Greeks believed that 
the pericardium was involved in cooling the heat of the heart from 
the vigorous beating. The lungs were also thought to help cool the 
hot heart. Treatment of febrile illnesses, what we would now char-
acterize as infectious diseases, involved removing innate heat, often 
by removing blood, as we shall see. But the Hippocratic approach to 
disease and to the patient must first be considered.

Disease was thought to have three stages: first, the disruption of 
the humoral proportions; second, the body’s reaction manifested by 
a symptom, e.g., fever; and third, a “crisis,” when the illness ended 
by discharge of the excessive fluid or death. It is clear in the writings 
that the Hippocratic physician’s role in treating disease processes 
was to help nature restore the balance of humors. Nowhere in the 
Hippocratic Corpus was there any description of a divine influence 
on these humors. Instead, the Hippocratic doctrine placed enormous 
conviction in nature’s tendency to revert the humoral imbalance to a 
balance. Still, doctors could help the natural process.
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The Foundation of Evidence-Based Medicine

The approach Hippocratic physicians used to help the natural pro-
cess cultivated the standard of behavior for physicians in Western 
civilization. Since they believed that disease had natural, not super-
natural, causes, and these causes were knowable, the Hippocratic 
physicians became expert observers and careful record keepers. The 
shared experience of the other physicians was considered to be a 
critical part of training a new physician. One’s own experience was 
thought to be insufficient and even delusive compared with collec-
tive wisdom of others in the profession. Today, we try to practice by 
similar principles using “evidence-based” medicine. Contemporary 
principles such as adopting medical recommendations only from 
well-performed clinical trials are actually extensions of Hippocratic 
principles. Ideally, all medical decisions would be based upon such 
trials. However, patients and some physicians are constantly amazed 
at the frequency with which decisions are made where no such evi-
dence exists. At times, the physician cannot project the findings of a 
clinical trial to a particular patient because he or she does not fit the 
precise diagnosis of the patients in the clinical trial. More often, no 
clinical trial appropriate to the clinical setting exists. As physicians, 
we must fall back on experience, both our own and that of other 
physicians. The Hippocratic physicians recognized the importance 
of this collective knowledge, with some caveats, in one of the most 
famous of all aphorisms handed down from this period.

Life is short, art is long, opportunity fleeting, experience  delusive, and 
judgment difficult. (1)

The insight into the practice of medicine from this 2,500-year-old 
statement is extraordinary. That medicine requires more knowledge 
than any one physician can amass in a lifetime is clear to anyone 
who has tried to practice it. The choice of the word “art” is also 
noteworthy. Despite our best efforts to develop evidence-based rec-
ommendations, medicine is and always will be an inexact science. 
Patients vary in their manifestations of the same diagnosis and their 
responses to the same drugs. While physicians must often rely on 
their own experience, that singular experience may be mislead-
ing. One physician’s experience may be the result of only a small 
number of patients with a condition or patients who had unusual 
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manifestations of a diagnosis. The physicians of ancient Greece 
knew that combined experience was superior. The Hippocratic phy-
sicians also recognized that the opportunity for a physician to truly 
make an impact is deceptively small. Timing is everything. Physi-
cians today can cure a bacterial infection with antibiotics, provided 
the infection has not spread beyond the initial infected organ, say, 
a kidney. If the bacteria have spread to distant organs, the result-
ing condition, known as sepsis, can cause multiple-organ failure and 
death. The window between curable and fatal can be tiny. Finally, 
even with all that physicians have learned and accepted about the 
imprecise nature of the art, deciding what to do for a given patient 
is always demanding. This aphorism demonstrates just how well 
the Hippocratic physicians understood the art of medicine. It also 
demonstrates their value for humility, as it forswears arrogance and 
would seem to guard against unwavering adherence to any one doc-
trine. While physicians are indebted to meticulous observation and 
record keeping from the Hippocratic tradition, their virtuous char-
acter provides doctors with the most cherished Hippocratic legacy.

The Hippocratic Oath

Hippocrates’ practices were marked by the adherence to high moral 
and ethical standards of behavior. These values are best exemplified 
by the most enduring symbol from the time—the Hippocratic Oath.

I swear by Apollo the physician, and Asclepius, and Hygeia, and Pan-
acea, and all the gods and goddesses that, according to my ability and 
judgment, I will keep this Oath and this stipulation—to reckon him 
who taught me this Art equally dear to me as my parents, to share 
my substance with him, and relieve his necessities if required; to look 
upon his offspring in the same light as my own brothers, and to teach 
them this Art, if they should wish to learn it, without fee or stipulation; 
and that by precept, discourse, and every other mode of instruction, I 
will impart a knowledge of the Art to my own sons, and those of my 
teachers, and to disciples bound by a stipulation and oath according 
to the law of medicine, but to none others. I will follow that system of 
regimen which, according to my ability and judgment, I consider for 
the benefit of my patients, and abstain from whatever is deleterious 
and mischievous. I will give no deadly medicine to any one if asked, 
nor suggest any such counsel; and in like manner I will not give to a 
woman a pessary to produce abortion. With purity and with holiness 
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I will pass my life and practice my Art. I will not cut persons laboring 
under the stone but will leave this to be done by men who are practi-
tioners of this work. Into whatever houses I enter, I will go into them 
for the benefit of the sick, and will abstain from every voluntary act of 
mischief and corruption; and further, from the seduction of females or 
males, of freemen and slaves. Whatever, in connection with my pro-
fessional practice, or not in connection with it, I see or hear, in the life 
of men, which ought not to be spoken of abroad, I will not divulge, 
as reckoning that all such should be kept secret. While I continue to 
keep this Oath unviolated, may it be granted to me to enjoy life and 
the practice of the Art, respected by all men, in all times! But should I 
trespass and violate this Oath, may the reverse be my lot! (6)

No date can be established as to the origin of the oath, but some 
form appears to have existed during Hippocrates’ lifetime. An 
oath was a solemn and serious undertaking by anyone who took it 
in ancient Greece. In Greek mythology, even the Greek gods were 
bound by oaths. The first portion of the oath contains a covenant, 
sworn to Apollo, Asclepius, Hygeia, Panacea, and all the gods and 
goddesses. The list order of these deities is no accident. Prior to the 
time of Hippocrates, medicine was taught father to son. Although 
the oath reflects this practice—Apollo was the father of Asclepius; 
Asclepius was father to Hygeia and Panacea—Hippocrates himself 
did not adhere to this tradition. In fact, he is credited with being the 
first physician to accept students who were not his own children. 
The Hippocratic Oath includes statements regarding the nature of 
the relationships between teacher (note that even the word doctor 
is from the Latin, meaning teacher) and student. Some historians 
believe that the Oath was a means to ensure the commitment and 
ethical behavior of these nonrelated students (3). The high moral and 
ethical standard of behavior remains one of the most important and 
durable traditions from the Hippocratic physicians. Without such 
ethical standards, physicians would be far less effective. As a physi-
cian, I am given the privilege to ask of my patients some of the most 
intimate, personal details of their lives within moments of meeting 
them. These questions include details of a patient’s illicit drug use, 
alcohol consumption, and sexual practices, all details that would 
have a direct bearing on a person’s risk for an infectious disease. I 
have this privilege because patients expect that as a physician, I am 
going to maintain the high moral, ethical standard of behavior that 
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requires that I keep the information confidential, that I refrain from 
passing judgment, and that I use their sensitive information only for 
the benefit of the sick. Our contemporary concepts of confidentiality 
and ethical standards of physician behavior can be traced directly 
from the Hippocratic Oath. I agree with L. Davey when he says that,

This Oath, more than any single discovery or any one person, time, or 
place, unites even the most diverse specialties in the unique effort to 
serve mankind. (5)

As physicians, we owe a great debt to this Hippocratic tradition, al-
though there are several portions of the Oath that are either contro-
versial or anachronistic. Scholars have cited that the Oath’s bans on 
abortion and use of the knife for persons “laboring under the stone” 
were inserted centuries later. These insertions were intended to depict 
Christian ethics, since other texts in the Hippocratic Corpus are at odds 
with a ban on such practices. Other researchers have stated that the 
Oath’s ban on abortion was not an attempt to insert Christian ethics but 
a practical statement (9). Moreover, the Oath does not ban all abortions, 
only those using a pessary (12). A Hippocratic physician had only his 
reputation to maintain a fee-for-service practice. There were no certifi-
cation exams, licensing boards, or legal restraints on physicians in an-
cient Greece. Ludwig Edelstein, an eminent classicist, put forth the idea 
that the development of the high standard for Greek medical ethics 
was simply a practical one—to set Hippocratic physicians apart from 
others pretending to practice the healing trade (4). Charlatans pretend-
ing to practice healing, often in collusion with nefarious acquaintances 
of a patient, would actually poison individuals. The Oath may have 
been a functional method to ensure that Hippocratic physicians could 
be trusted to only help patients. Even with a skeptical nod to the no-
tion that the Hippocratic moral standards of physician behavior were 
merely pragmatic, this moral bar was set high. Physicians (and pa-
tients) have been reaping its benefits since the time of ancient Greece.

The Hippocratic Corpus: Epidemics

To understand the insights of the Hippocratic physicians into what 
we know as infectious diseases, their theories of disease must be 
taken into consideration. These physicians knew nothing of mi-
croorganisms. Even the concept of infection is in opposition to the 
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humoral theory. An alteration of the balance of humors was consid-
ered to be a process inside the body. Despite this antagonism, Hip-
pocrates and his colleagues described cases of malaria, typhus, and 
meningitis but did not blame these diseases on infectious organisms 
invading the human host. The concept of contagion, at least as we 
know it, was foreign to Hippocrates. Even though the title of seven 
of the Hippocratic texts is Epidemics, in ancient Greece the term epi-
demic did not have the same meaning as it does today. In the Hippo-
cratic texts, the adjective epidemios (literally, on the people) came to 
mean diseases that circulate or propagate in a country (8). In Epidem-
ics, books I and III are simply a series of case vignettes. Since Hip-
pocratic medicine focused on the prognosis, syndromes with similar 
symptoms became diseases. To the Hippocratic physician, fever was 
a disease. There were multiple febrile diseases, each with character-
istics that forecast the prognosis. Acute, protracted, and intermittent, 
e.g., quartian (every fourth day) or tertian (every third day), were 
all descriptions of febrile diseases. For example, “In acute fevers, 
spasms and strong pains about the bowels are bad symptoms” or 
“If in a fever not of the intermittent type, a rigor seizes a person 
already much debilitated, it is mortal.” These pithy statements dem-
onstrate so much of the Hippocratic mode of medicine. Fever was 
a diagnosis that was carefully correlated with other symptoms to 
project the all-important prognosis. A number of cases of what we 
now would call an infectious disease can be recognized from study 
of the Hippocratic Corpus, including meningitis, tonsillitis, pneu-
monia, and malaria (10). Malaria deserves special mention, since 
Hippocratic physicians were the first to describe the disease mani-
festations, including separating the fevers as tertian from quartian. 
We know today that several species of parasites, known collectively 
as Plasmodium, can cause malaria after a bite from a mosquito. One 
particular species, Plasmodium malariae, has a life cycle 1 day longer 
(quartian) than the other Plasmodium species, Plasmodium vivax and 
Plasmodium ovale, that regularly infect humans and have an estab-
lished fever cycle (tertian). One of the most serious causes of malaria, 
Plasmodium falciparum, usually has no established fever cycle. The 
Hippocratic physicians were astute enough merely from clinical ob-
servation to see differences in the various forms of this disease. Only 
Plasmodium falciparum poses a significant threat of death. The careful 
observations of the ancient Greeks allowed them to forecast from 
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the periodic fevers whether (and often when) the patient would re-
cover. The Hippocratic physicians believed that the cause of malaria 
was a disruption in the four humors. In the text On Airs, Waters, and 
Places, the author relates malaria to the time of year and ingestion of 
or proximity to stagnant waters (2). The humoral theory often im-
plicated the time of year and ingestion of foodstuffs, in this case, 
stagnant water, as the reasons for the appearance of a disease. The 
stagnant-water association was strong enough to cause the Romans 
to drain swamps centuries later. As a result, the Romans decreased 
the frequency of malaria, unknowingly by decreasing the breeding 
ground of the mosquitoes. Contagion was not considered, perhaps 
because the Greeks were attempting to elucidate the universe in mi-
crocosm, i.e., the human, and move away from invisible, unknow-
able explanations for disease.

The Lasting Influence of the Humoral Theory on Medicine

For all the contributions that the Hippocratic physicians provided, 
little of therapeutics is contained in the Corpus. With limited 
 knowledge of the anatomy, physiology, and pathology of the human 
body, perhaps this inadequacy is understandable. Theirs was a gen-
tle art of therapy, by and large. Diet, exercise, and rest were foremost 
for treatments. Baths were used for many fevers. Care of wounds, 
often with wine, was carefully described. Purging of  humors was 
another means by which the doctor could help the ill, such as the 
use of emetics to purge phlegm. Interventions beyond purges were 
confined to bleeding, cautery, and draining of fluids and pus. The 
notion of a physician actually bleeding a patient is one that has be-
come a symbol for all that is appalling in noncontemporary medical 
practice. But bleeding had a rationale. In the case of the Hippo-
cratic physician, bleeding was recommended to alleviate difficulty 
in breathing and to relieve pain. In a patient with fever, removing 
some of the humor responsible, namely, blood, could alleviate the 
excess of innate heat. Oddly, this recommendation was made when 
the fever was connected with some other signs of inflammation, a 
swollen, red leg, for example, and not a primary fever. Bleeding a 
patient was especially indicated in pleurisy, inflammation of the lin-
ing of the cavity around the lungs, the pleura. Bleeding was also rec-
ommended in quinsy, pus formation in the area around the tonsils 
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following tonsillitis. The peritonsillitis, or quinsy (a term no longer 
in use), could lead to abscess formation with dangerous extension of 
the infection to other parts of the body, including the neck, brain, and 
chest. America’s first president, George Washington, was believed 
to have had quinsy just before he died in 1799. The influence of the 
humoral theory, developed 2,200 years earlier, was so powerful that 
its impact could still be seen in Washington’s demise. George Wash-
ington Custis, the adopted son of George and Martha Washington, 
lived at Mount Vernon and was eyewitness to the episode. He was 19 
years old when Washington died and described the events (2).

On the morning of the thirteenth [of December, 1799], the general was 
engaged in making some improvements in the front of Mount Vernon. 
The day became rainy with sleet, and the improver remained so long 
exposed to the inclemency of the weather as to be considerably wetted 
before his return to the house. About one o’clock, he sat down to his 
indoor work. . . . At night on joining his family circle, the general com-
plained of a slight indisposition, and after a single cup of tea, repaired 

Figure 2        Washington on His Deathbed, 1851. Junius Brutus Stearns 
(1810–1885), American painter. Oil on canvas, 37 1/4 by 54 1/8 in. Used 
with permission from the Dayton Art Museum; gift of Robert Badenhop, 
accession number 1954.16. doi:10.1128/9781555817220.ch2.f2



Hippocrates, the Father of Modern Medicine 27

to his library, where he remained writing until between eleven and 
twelve o’clock.

Having first covered the fire with care, the man of mighty labors 
sought repose . . . The night passed in feverish restlessness and pain. 
The manly sufferer uttered no complaint, would permit no one to be 
disturbed in their rest on his account, and it was only at daybreak 
he could consent that the overseer might be called in, and bleeding 
resorted to. A vein was opened, but no relief afforded.

George Washington died on 14 December 1799 at age 67, slightly 
over 2 years after completion of his second term as the first U.S. pres-
ident (Fig. 2). Historians have argued over the exact diagnosis and 
how much blood was removed from the febrile man. Some sources 
say the blood volume removed was as much as 3.75 liters, which 
would have been more than half of his blood volume (5). Whatever 
the cause of Washington’s acute fever/infection, so long lasting was 
the belief in the Hippocratic Corpus that in 1799, the removal of a 
large amount of blood was performed for precisely the same reasons 
that Hippocrates might have performed the procedure, although 
one wonders if Hippocrates would have been more cautious.

Evolution of the Humoral Theory through 
the Centuries after Hippocrates

While the theory of four humors was the basis of medicine, includ-
ing the approach to the febrile patient, for over 2,000 years, the phi-
losophy did not live unchanged for two millennia. In the centuries 
following the death of Hippocrates, little was added to the practice 
of medicine, even with notables such as Plato and Aristotle writ-
ing extensively on the workings of the human body. These writings 
were largely philosophical and theoretical. Numerous sects devel-
oped, such as the Empirics, the Dogmatists, the Methodists, and the 
Pneumatists, splitting the direction of the teachings of the Corpus in 
several philosophical paths. While the underlying principles of the 
four humors remained, the theory was twisted and distorted. In the 
centuries after Alexander the Great’s death, the Alexandrian medical 
school developed in the Egyptian city at the mouth of the Nile. There, 
the humoral theory remained the base of medicine, but the impor-
tance of pneuma was expansively considered. The attitude towards 
the dissection of the human body was advanced in the Alexandrian 
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school, with some noteworthy progress in the description of human 
anatomy, but dissection was still not widely performed. By the first 
century, it was generally believed that veins alone carried blood and 
arteries carried pneuma. Perhaps this belief was bolstered by the 
observation that, at death, the great artery of the body, the aorta, 
extending directly from the left ventricle of the heart, had no blood 
at dissection, since it pools in veins and dependent areas of the body. 
With the decline of the Alexandrian school, the period of the first 
century CE was one of some practical improvements but mostly was 
filled with comments on the Hippocratic Corpus (4).

Galen: His Legacy

By the second century, the last of the great ancient Greek physicians, 
Galen, combined the medical theories and practices of the various 
sects in ancient Greek medicine into a more unified doctrine. Galen 
was born in the city of Pergamon (in present day Turkey) but spent 
most of his career as a physician in Rome. Galen’s role in the history of 
medicine is one of paradox.  Galen made a great number of advances. 
He built on the Hippocratic humoral theory, adding importance to an-
atomic systems in disease. Galen believed that health depended upon 
the balance of humors in these organs or organ systems, not simply 
the body as a whole. To  Galen, the human body consisted of three 
interconnected organ systems: (i) the brain and nervous system, re-
sponsible for thought and sensation; (ii) the heart and arterial system, 
responsible for transporting the vital spirit from pneuma to the rest of 
the body; and (iii) the liver and venous system, responsible for nutri-
tion. According to Galen, blood formation occurred in the liver from 
food that was absorbed from the stomach and intestines and passed 
to the liver via the portal vein. This liver-formed blood was carried 
to the body via the venous system in a tidal, or “ebb and flow,” ac-
tion, much the way waves lap against the beach shore. The body, then, 
consumed the blood, converting it to the flesh. The heart’s function 
as a pump was unknown to Galen. Rather, Galen believed that this 
organ’s task was to force pneuma, the vital spirit, which came into the 
body via the lungs, to the rest of the body. Attributing an importance 
of anatomy in disease came from the many careful dissections that 
Galen performed. For example, he showed that arteries, in addition to 
veins, carry blood, not exclusively pneuma. To Galen’s thinking, the 
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pneuma combined with blood in the arterial system and the two sys-
tems never really intermingled. How did the venous blood get to the 
arteries to combine with pneuma? Galen postulated, or more accu-
rately, he described, tiny pores in the heart that allowed liver-formed 
blood to migrate to the arterial side—pores that do not actually exist 
but that Galen claimed he saw, an error that was perpetuated for cen-
turies. Not all of his anatomy was error prone, however. Galen also 
showed that cutting nerves would lead to loss of function; e.g., cutting 
the recurrent laryngeal nerve would cause loss of phonation or vocal-
ization. Galen’s advances were the result of experimentation; he was 
one of the first physicians to advocate and use the experimental ap-
proach in medicine. Galen combined two methods to describe disease 
that seemingly had nothing to do with each other: the humoral theory 
from Hippocrates and the study of anatomy that was acquired from 
the Alexandrian school. Notably, Galen did not dissect human cadav-
ers but inferred human anatomy from animal dissections. Unfortu-
nately, Galen introduced numerous anatomic errors into his medical 
texts from these inferences that remained unchallenged for centuries.

Unlike Hippocrates, we know a great deal about Galen, largely 
because he was a prolific writer and often wrote about himself, usual-
ly in a self-promoting style. Despite living a large portion of his life in 
Rome, Galen wrote in ancient Greek. He had a philosophy that went 
along with his medical teachings. Galen believed that the human 
body has a predetermined, master plan. The physician/ scientist’s 
role was to describe this plan. He also regarded the body as a vehicle 
of the soul. This predeterministic philosophy met with the approval 
of the great religions, Christianity and Islam, in subsequent centu-
ries, adding to his influence. In his writings, Galen had an answer 
for every question, a solution for every problem. He was a formi-
dable adversary and proclaimed that all that one needed to know 
about medicine was contained in his texts. His reputation, philoso-
phy, and innate wisdom became so great that one did not question 
this authority. In the centuries that followed his death, if someone 
did question Galen’s teachings, he was in danger of being labeled a 
heretic. For all the advances attributed to Galen, his medical legacy 
was ultimately disastrous for progress in the medical profession. 
His writings were blindly accepted as the ultimate authority, stag-
nating medical progress for nearly 1,500 years.
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3
Avicenna, a Thousand Years 
Ahead of His Time

Historians regard the fall of Rome in 476 CE and the fall of Constan-
tinople in 1453 as the years that serve as bookends to the Middle 
Ages in Europe. For medicine in Western Europe, these Dark Ages 
were, indeed, years of little intellectual progress. Despite recurrent 
disastrous illnesses, including the so-called Black Death, no real ad-
vancements occurred in diagnosis or treatment in Western Europe 
during the Middle Ages. The Christian Church’s anti-Hellenism 
policy led to a loss of many of the important Greek and Roman writ-
ings that served as the basis of medicine. In many Germanic areas 
of Western Europe during the Middle Ages, a belief in supernatural 
forces dominated thought on the diagnosis and treatment of disease, 
resulting in a kind of folk medicine. With the increasing domina-
tion of the Christian church, some documents, particularly Galen’s 
works, were translated into Latin and studied in monasteries. But 
these translations did not always influence the medicine practiced 
within them. The church dominated physicians. Much emphasis 
was placed on religious medicine, which was more concerned with 
the soul than the body. Many unscientific practices, such as exor-
cisms and other rituals with supernatural elements, were performed 
during this time.

doi:10.1128/9781555817220.ch3
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Bubonic Plague in the Middle Ages

One outbreak became synonymous with disease in the Middle Ages 
in Western Europe: bubonic plague. While we have an understand-
ing of the connection between the microbe associated with bubonic 
plague, Yersinia pestis, and its transmission via fleas from rodents to 
humans, a thorough grasp of the complex relationships that were 
responsible for a disease that wiped out millions of people during 
the Middle Ages eludes us. Since no effective treatment or preven-
tion existed, we are uncertain about the explanations for the peri-
odic emergence, disappearance, and reemergence of plague in cities 
throughout Western Europe, especially in the 14th century. Biologi-
cal, climatic, cultural, economic, and social factors affect epidemics. 
Changes in these factors, not medical/public health advances, are 
the likely explanation for the ultimate disappearance of the disease. 
Complicating our understanding, historical accounts of plague are 
sometimes difficult to reconcile with modern knowledge of the 
disease, suggesting to some historians that the Black Death of the 
Middle Ages may have had other causes. However, most medieval 
historians view the catastrophic illness as caused at least in large part 
by Y. pestis (3). The devastation from this disease reminds us of how 
disastrous an infection can be to our planet. But we must also rec-
ognize the complexities involved in explaining the appearance and 
disappearance of an epidemic, since medical recommendations of 
the period could not have been terribly helpful.

The contradictory advice that physicians offered during out-
breaks of the plague was indicative of the chaotic medical thinking 
of the age. Fleeing affected areas was often advised to avoid exposure 
to tainted air, or miasma (from the Greek, meaning pollution or bad 
air). Decaying matter, or miasmata, was thought to be responsible for 
this volatile miasma. If escape was not possible, doctors suggested 
moving about slowly to avoid breathing in the tainted air or inhaling 
through scented sponges. Bathing was regarded as more dangerous 
than helpful because it was thought that bathing opened pores. The 
corrupted air would better penetrate the body. For those who could 
seek medical attention, a variety of regimens were devised to remove 
impurities and bad humors. Physicians prescribed bleeding, cau-
terization, and plasters to treat painful swellings, known as buboes; 
these treatments did not help the afflicted and likely made a person’s 
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health worse. Medieval medicine in Western Europe was, if anything, 
a step backwards from the advances of Greco-Roman medicine.

Medicine in the Medieval Islamic World

In another part of the globe, it was the Arab world that preserved the 
Greco-Roman tradition of medicine for hundreds of years. The intel-
lectuals, collectively known as Arabists, included Islamic scholars, 
Christians, Jews, Persians, and others who resided in Muslim coun-
tries. Some historians view the Arabist contribution to medicine as 
merely one of placeholder status where nothing original was added 
and only the Greek tradition of medicine, according to mostly Galen, 
was continued. But the medieval Arabic influence on medicine de-
serves much more than placeholder status. A number of innovative 
ideas and practices had their roots in medieval Islamic medicine and 
were the prototype for Western medical practice.

With the rise of Islam in 600 CE, the lands over which the reli-
gion dominated grew until the Muslim world extended from Spain 
and North Africa in the west to Central Asia and India to the east. 
For a period of about nine centuries, from about the 7th until the 
end of the 15th century, intellectual activity flourished in this region. 
While there were multiple approaches to medicine over such a large 
area and over such a long period, three important developments can 
be discerned. First, the critical importance of translation of medical 
texts from a variety of cultures, but notably ancient Greek, led to 
the emergence of medieval Islamic medicine. Second, the system for 
delivering medical care and training doctors took on a new and dis-
tinctive quality. Third, the first comprehensive medical reference, the 
Canon of Medicine, was written, which was the culmination of medi-
cal thought to date. Out of many high intellects of this period, this 
book’s author would rise above others. In the Muslim world he was 
known as Abu Ali al-Husayn Ibn Sina, although he was known in 
the West as Avicenna (Fig. 1).

Role of Translation in the Establishment 
of Medieval Islamic Medicine

Before discussing Avicenna, we should examine the emergence of 
medieval Islamic medicine. In the early medieval Islamic period, 
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Figure 1        Avicenna. G. P. Busch sculpture. Courtesy of the National 
 Library of Medicine. doi:10.1128/9781555817220.ch3.f1
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Hellenistic influences from the time of Alexander the Great existed 
alongside Bedouin and other cultural influences in this region of the 
world. Medieval Islamic medicine had influences of many cultures 
with different languages, but Arabic was the predominant language. 
Like Latin in Western Europe, in the Islamic world, Arabic became 
the language of learning or scholarly pursuits. The role of transla-
tion from other languages to Arabic was fundamental to the estab-
lishment of the medieval Islamic medical practice. Ancient Greek 
medical theory, which dominated medical thinking at the time, was 
transmitted to the Arab world in a circuitous route. When the Mus-
lim world overran Asia Minor, a Christian sect in Syria, the Nestori-
ans, had already translated important medical works of the ancient 
Greeks and Galen into Syriac. From this language, these texts were 
translated into Arabic and spread through the Middle East. The sys-
tematic Arabic translation appears to have begun around 754, when 
the center of power of the Abbasid dynasty moved from Damascus 
to Baghdad (6). The translated Greek medical texts began to trans-
form Islamic culture. New words had to be created in Arabic to 
correspond to ancient Greek medical terminology. The Hippocratic 
Oath was curiously transformed to be suitable to Islamic culture. Of 
the ancient Greek gods and goddesses mentioned in Hippocrates’ 
time, only Asclepius’s name made it through the translation process, 
“I swear by God (Allah), lord of life and death, giver of health, cre-
ator of healing and all cure; I swear by Asclepius; and I swear by all 
male and female ‘friends’ of God, . . “ (3).

Galen’s writings dominated the translations, so the humoral 
theory remained the basis of Islamic medicine. While Islamic tra-
dition was overwhelmingly an extension of ancient Greek medical 
tradition, other elements such as Syriac, Persian, Indian, and, later, 
Chinese medical traditions found their way into Islamic medicine 
via vigorous, systematic translations of texts from these regions. The 
humoral theory was supplemented by pharmacology, a science in 
which the Arabists excelled. They developed many chemical tech-
niques such as distillation, crystallization, and sublimation, which 
were to become essential to the developing science of pharmacol-
ogy. The translated Greek works of Dioscorides and Galen supplied 
the initial pharmacological armamentarium. The wide scope of the 
Islamic world and their continual translation of texts brought them 
into contact with new drugs. By 1248, the Comprehensive Book on 
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Simple Drugs and Foodstuffs by Ibn al-Baytar had over 1,400 medi-
cines arranged alphabetically using over 260 sources, many of which 
were translations from other languages (1).

Changes to Medical Education in 
Medieval Islamic Medicine

During the period of medieval Islamic medicine, the process by 
which one could become a physician changed. Early in medieval 
Islamic times, one could become a physician by scholarly, inde-
pendent study and by apprenticing with another physician. These 
methods were borrowed from the ancient Greek system. An alterna-
tive system of medical education developed in this period—one that 
seems startlingly familiar to modern medical schools—training in 
hospitals. Hospitals became highly developed by the 10th century 
in the Middle East. The first hospital in Western Europe, Hôtel-Dieu, 
was founded in Paris in 651 but did not offer medical treatment, 
such as wound care, until the 13th century. The exact origin of the 
hospital is uncertain. Hospitals may have emerged from the Nesto-
rian Christian traditions in the late eighth or early ninth century in 
present-day Iraq (1). Caliphs supported the development of hospi-
tals in Baghdad. These institutions were run by the elite physicians 
of the day. One hospital of this era in Baghdad, the Adudi hospital, 
boasted a staff of 25 doctors. Architectural plans from this period 
survive and support the notion that these facilities were complex in 
design, with lecture halls, pharmacies, separate wards for male and 
female patients, mental health wards, and outpatient clinics. The Is-
lamic hospital carried on a wide variety of functions that were much 
closer to their modern counterparts than to the practices in Christian 
monasteries and hospices of the same period. During this period, 
medical education in hospitals enhanced the apprentice system with 
formal lectures, demonstrations with patients, and group discus-
sions. In 931 CE, the first formal system for examining and licensing 
physicians was established in the Middle East (3). The ethical stan-
dards introduced by the ancient Greeks, including a form of the Hip-
pocratic Oath, were continued. The medical profession attracted the 
most distinguished of men. There were a few limits to advancement 
of physician education. The social anathema in Islam of a man touch-
ing a strange female’s pelvic area led to midwife practice. Islamic 
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law prohibited human dissection during this period, so Galen’s writ-
ing remained the primary source of anatomic knowledge.

Avicenna, the Prince of Physicians

Persians of this era had a prescription for a great scholar:

Be born in a great time, when learning is honored and generously 
sustained, when genius abounds and talent is common, when seri-
ous subjects are held in high repute. Also, take care to be born of 
parents who hold learning in reverence as a supreme value, and 
have a teacher who will be more than a father to you. Furthermore, 
travel.” (5)

The Persians must have had Avicenna in mind when they wrote 
such a passage. Avicenna was born into this developing Islamic in-
tellectual world in 980 CE in the village of Afshana near Bukhara, 
which is part of southern Russia today. Avicenna dictated an au-
tobiography of the first 21 years of his life to his friend and pupil, 
Juzjani. Thus, we know a good deal more about his early life than 
those of most historic figures of the time. His father held an impor-
tant government position and moved the family to Bukhara when 
Avicenna was still a small child. In that city, which was under Sa-
manid rule, the boy had a good education, primarily from his father, 
and quickly began to demonstrate a remarkable intellect. For ex-
ample, Avicenna said that by age 10, he had memorized the Koran 
and could recite Arabic and Persian literature by heart. He quickly 
learned mathematics, law, astronomy, and philosophy. When he 
reached the age of 13, he began to study medicine. In the course of 
about 3 years, he had learned enough to begin to see patients. After 
Avicenna cured the Samanid ruler of an illness, he was rewarded 
with the use of the Royal Library, a development that Avicenna 
viewed as significant in his academic pursuits on a large range of 
subjects. Avicenna did not suffer from modesty. In his autobiogra-
phy, he stated that he thought that medicine was not difficult and 
that after a short period of time, he excelled at it. Unfortunately for 
Avicenna, two momentous events coincided and changed his life 
forever—political instability resulting in the defeat of the Samanids 
and the death of his father when he was 21 years old, the year in 
which his autobiography ends. These two events forced Avicenna 
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into wandering around from town to town in the region. His medi-
cal knowledge helped him make a living during the day, leaving 
Avicenna free to gather students for philosophical and scientific dis-
cussions in the evening. Despite his nomadic existence, he was able 
to continue his academic activity, including writing the first part 
of the Canon of Medicine, his most famous work. After a period of 
wandering, Avicenna finally settled in Hamadan in western Iran. 
Having gained something of a reputation as a physician, he became 
the court physician to the ruling prince, who appointed Avicenna as 
vizier, a reward, in part, for curing the prince of an ailment. Unlike 
medicine, politics did not come easily to him. Avicenna ran afoul 
of the army, probably because of his philosophy. Troops ransacked 
his home. Avicenna was forced into hiding at a friend’s home for a 
time, where he continued to work on the Canon. When the ruling 
prince was stricken with colic, Avicenna was summoned, effected 
successful treatment, and was reinstated. Avicenna was a man of ex-
traordinary energy and varied interests. He had a love of music and 
wine and shared both with anyone who was willing to engage in 
intellectual discussions with him. This conduct must have seemed 
appalling to others in Islamic society, especially for someone in gov-
ernment service. But Avicenna had a faculty for completely disre-
garding public thought in pursuit of his own interests.

When his employer eventually died and his son took over 
rule, Avicenna began secret correspondence with the ruler in Isfah-
an, a city with periodic conflicts with Hamadan. Avicenna quietly 
worked, but when his correspondence with the ruler of Isfahan was 
discovered, he was thrown in prison for several months. Eventually, 
the ruler of Isfahan captured Hamadan. Avicenna was freed and de-
parted for Isfahan (1). He was offered a position in the court of the 
local prince and entered a period of comparative calm. However, af-
ter some time, the political position of the ruler of Isfahan became 
grave and he fled the city. Avicenna accompanied him. The sequence 
of events following the departure from Isfahan is unclear. Avicenna 
became ill; whether it was a natural illness or the result of poisoning 
is not certain. The expedition marched on Hamadan. Avicenna had 
a lingering illness and died soon after his return to Hamadan at age 
57. He was buried outside the town in 1037. While both Isfahan and 
Hamadan have claimed Avicenna as their citizen, a mausoleum to 
Avicenna was built in Hamadan, where it stands today.
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Avicenna led a chaotic, disjointed life. He was often lonely, as he 
never married. He was reported to have had a violent temper. Like 
Galen, Avicenna could be a formidable opponent in any argument. 
He relentlessly pursued truth and was scornful of those who settled 
for mediocrity. As a physician, he could be charming and devoted 
to his patients. The physician in Avicenna paid particular attention 
to a patient’s appearance and pulse and to examination of the urine. 
His passion appeared more towards writing about medicine, among 
other topics, than in attending to patients, however.

The Canon of Medicine

In Isfahan, Avicenna completed two major works, the Book of Heal-
ing and the Canon of Medicine. The former is a philosophical work 
covering logic, sciences, psychology, astronomy, mathematics, and 
even music. The great physician William Osler described the Canon 
of Medicine as the most famous single book in the history of medicine 
(4). Osler wrote,

The Canon was a medical bible for longer than any other work. It 
stands for the epitome of all precedent development, the final codi-
fication of all Greco-Arabic medicine .  .  . Avicenna imparted to con-
temporary medical science the appearance of almost mathematical 
accuracy, whilst the art of therapeutics, although empiricism did not 
wholly lack recognition, was deduced as a logical sequence from theo-
retical premises.

Avicenna wrote many medical texts, but the Canon of Medicine stands 
alone (8). For this book, he is often referred to as the Prince of Physi-
cians or the Doctor of Doctors. The word canon (from the Persian, 
Qanun, meaning law) is originally derived from the Greek word 
canon, which essentially means a standard. The Canon of Medicine 
contains over one million words and is divided into five books: 
(i) General Principles of Medical Practice, (ii) Simple Drugs, (iii) Local 
Disease, (iv) General Diseases, and (v) Compound Medicines. This book 
was the compendium of medical knowledge to date. Much of the 
first four books consists of descriptions of Hippocratic and Galenic 
principles, with additional teachings from other Arabic physicians 
and Avicenna’s own observations. The fifth book is a formulary of 
medicines that was a true Arabic innovation. The Canon is elaborately 
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divided and subdivided, perhaps to allow for better memorization. 
Even though the Canon is largely an extension of Greco-Roman med-
ical thought, the book contains Avicenna’s remarkably insightful 
observations, such as his recommendations for dealing with malig-
nancy. The only hope, he wrote, was to surgically excise the disease 
in its early stages with an incision that is wide and bold, including 
all the veins running to the tumor. Even then, he cautioned that cure 
was uncertain. This was written around 1020 CE, and no one has 
improved upon this advice for 1,000 years.

Beginnings of Evidence-Based Clinical Trials

Avicenna gave medicine its first codified lessons on evidence-based 
clinical trials when he listed principles for reliable experimental 
investigations of drugs in humans. These principles include the 
following:

The drug must be free from any extraneous accidental quality. It must 
be used on a simple, not a composite, disease. The drug must be tested 
with two contrary types of diseases, because sometimes a drug cures 
one disease by its essential qualities and another by its accidental ones. 
The effect of the drug must be seen to occur constantly or in many 
cases, for if this did not happen, it was an accidental effect.  (9)

These principles are every bit as valid today as in 1022 CE, when 
they were written.

Avicenna’s emphasis on evidence-based, pharmacological 
principles is no coincidence. First, physicians of his day were us-
ing hundreds of new drugs, as the science of pharmacology was 
separating from the art of medicine under Islamic culture. It should 
not be surprising that a man of Avicenna’s intellect should formu-
late some orderly manner for using and evaluating medicines. He 
could see in his practice that touted effects of so-called medicines 
might have a psychological explanation. Avicenna had a great un-
derstanding of the effect of the mind upon a person. One account 
of Avicenna’s treatment of a young woman who was bent over at 
the waist and would not straighten up shows his insight. No one 
seemed able to help. Avicenna was challenged to cure her within 
the hour. After assessing the situation, he accepted the challenge. He 
commanded that the woman’s veil be removed. While this caused 
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considerable embarrassment to those attending her, the woman re-
mained bent. Avicenna then shouted, “Remove the skirt.” She im-
mediately straightened up and left the room. The cure was effected 
within the hour. The challenge was met. Avicenna wrote extensively 
about the interplay between the mind and body in the Canon of Medi-
cine. This interplay suggested to Avicenna that the world around a 
person affects their health, a concept that may have led to one of the 
most surprising insights in the Canon.

The Concept of Contagion

The Canon of Medicine contains the most extraordinary supposition 
about the contagious nature of phthisis, an archaic term for tubercu-
losis. The word phthisis is from the Greek, meaning to waste away. 
Wasting away, or consumption, was evident in patients with pul-
monary tuberculosis as described by Hippocrates. It may seem curi-
ous that an intellect who spent hours considering philosophy and 
psychology would develop an entirely new way of considering the 
cause of disease. Under the humoral theory, an imbalance of the four 
humors was responsible for illness. Among many factors, pneuma, 
or vital air, could affect the four humors, but the imbalance of hu-
mors was thought to be largely an internal process in the body. The 
concept of contagion involves a cause of disease that was entirely 
external to the body. Avicenna wrote,

Very often the air itself is the seat of the beginning of the decomposi-
tion changes—either because it is contaminated by adjoining impure 
air, or by some “celestial” agent of a quality at present unknown to 
man. (2)

By this passage, he came astonishingly close to the development of 
the germ theory, six centuries before the development of the micro-
scope. The great historian of science George Sarton offered an expla-
nation on how Avicenna came to this concept.

A philosophy of self-centeredness, under whatever disguise, would be 
both incomprehensible and reprehensible to the Muslim mind. That 
mind was incapable of viewing man, whether in health or sickness as 
isolated from God, from fellow men, and from the world around him. 
It was probably inevitable that the Muslims should have discovered 
that disease need not be born within the patient himself but may reach 
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from outside, in other words, that they should have been the first to 
establish clearly the existence of contagion. (7)

The Canon provides additional food for thought for infectious dis-
ease practice. It distinguishes mediastinitis from pleurisy, describes 
the contagious nature of sexual diseases, and proposes the use of 
quarantine to limit the spread of phthisis (tuberculosis). The Canon 
also mentions worms, including tapeworms and nematodes (round-
worms), as the cause of several clinical syndromes. Avicenna pro-
moted the use of wine in tending to wounds, inferring its antiseptic 
nature.

The Canon of Medicine’s Influence in Western Medicine

The medical influence of Avicenna’s Canon was long lasting. Gerard 
of Cremona was the first to translate the Canon of Medicine into Latin 
in Toledo, Spain, in the 12th century, making it available to European 
scholars. Questions have been raised about accuracy of the trans-
lation, but its influence remained great. The Canon was translated 
and improved by Andrea Alpago, a physician and scholar. In 1527, 
the superior version was published in Venice. It was reprinted more 
than 30 times in the 16th and 17th centuries. The Canon remained an 
authoritative text at medical schools in Western Europe, such as the 
ones in Montpellier, France, and Leuven, Belgium, through the 17th 
century. However, the concept of contagion became a contentious 
one in Renaissance Italy. Despite the advances in medicine that the 
Renaissance brought, much of Western Europe fought against Avi-
cenna’s idea of contagion until the 19th century.

Avicenna’s Canon of Medicine offered Western Europe an ad-
ditional and valuable lesson. While his compendium of medical 
knowledge to date was written by a man of great energy and in-
tellectual prowess, the Canon was the product of a society with a 
tolerance and openness to outside cultures. Such openness fostered 
an atmosphere of remarkable intellectual growth and creativity, in-
cluding the formation of hospitals, changes in training physicians, 
and the foundations of pharmacology and evidence-based medicine. 
The political instability that the crusades brought with them aided 
in the decline of this noteworthy period. But crusaders brought to 
Western Europe some of the Islamic medical innovations, such as 
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the foundations for the modern hospital. Others would have to wait 
until translations from Arabic to Latin during the renaissance of the 
medicine in  Europe in the 16th century. Avicenna’s concept of con-
tagion of phthisis, a true innovation, received a tepid reception in 
Western medicine, which persistently held to the Galenic view of 
medicine and its balance of humors. An imbalance of humors, which 
remained the basis for disease, was a process that was viewed as 
internal to the human body. An external agent was somewhat coun-
ter to the Galenic view. But the innovation may have suffered more 
because it was not a European innovation. As we shall see, medieval 
Islamic thought was not always viewed with favor by some authori-
ties in the West. As a result, instead of building on a variety of ad-
vances from medieval Islamic medicine, Western medicine chose to 
ignore them. A threat from the East in the 13th century, the Mongol 
invasion, helped spell the end of this distinguished period. Never 
again would ideas flow from the East to Europe in the same way.
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4
Girolamo Fracastoro 
and Contagion in 
Renaissance Medicine

The rise of the universities in Western Europe is closely coupled 
with formalization of medical education and general progress in 
medicine. But medieval progress on this road was painfully slow. 
One of the oldest Western European-style medical schools de-
veloped from a Salerno, Italy, monastery in the ninth century. Its 
coastal location in Sicily offered the opportunity to receive works 
from all over the Mediterranean. Many Greek medical texts ac-
cumulated in the library, where they were translated into Latin. 
The Salerno school was one of the chief portals by which Arabic 
texts reached the West. In the 12th century, the medical school 
at Montpellier began to equal the Salerno school in stature. By 
the 15th century, a number of universities with medical schools 
had sprung up throughout Western Europe and began to change 
medicine. The invention of printing and the revival of interest in 
Greek learning changed the structure of academic medical instruc-
tion and the medical profession (10). These schools were given a 
shot in the arm when the capital of the Byzantine Empire, Con-
stantinople, fell to the Ottomans in 1453. Byzantine medicine had 
developed between 400 and 1453. Some ancient Greek and Ro-
man documents unavailable to scholars in the Western European 
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regions were accessible in Byzantine cities and translated into 
Latin. Some historians claim that Byzantine medicine formed the 
first hospitals in the eighth and ninth centuries, preceding those in 
the medieval Islamic world. But these Byzantine facilities were not 
as complex in design as their Islamic counterparts. With the fall of 
Constantinople in 1453, many Byzantine scholars fled to the East, 
particularly to Italy, taking their texts with them. A new climate of 
intellectual creativity began to bloom—humanism. Humanism in 
the Renaissance attached importance to human dignity, interests, 
and potential, particularly rationality. Humanism affixed great 
weight to rediscovering ancient Greek texts, whose ideals were in 
step with the prevailing Renaissance view of the human condition. 
This look back was not done out of nostalgia but with great rever-
ence to a golden age. Humanism had to overcome hundreds of 
years of intellectual stagnation, which was as evident in medicine 
as any other academic discipline.

For centuries, Galen had been the ultimate authoritative source 
of medical knowledge in Western Europe, and questioning this au-
thority was a dangerous and daunting undertaking. But gradually, 
the intellectual climate in Europe began to change. Avicenna’s Canon 
of Medicine began to have influence in the West in the latter part of the 
13th century in schools such as Padua and Bologna, Italy, and Mont-
pellier (11). The Canon’s all-encompassing scope and its reliance of 
Galenic fundamentals made it an acceptable medical reference for 
most in the West. But by the 1520s, Western criticism of Arabic au-
thors was evident based upon commentaries from scholars at these 
schools. These commentaries appeared to be shared among medical 
schools as far away as Paris. Much of the dislike of Arabic medi-
cal advice may have been based upon religious and moral grounds 
rather than scientific considerations. But there were some practical 
and specific denunciations, primarily in the pharmacological parts 
of the text (10). These were the parts where the Latin translation was 
the least intelligible. By the mid-1500s, accessibility to Latin-translat-
ed, ancient Greek medical texts and the commentaries condemning 
Avicenna led to a decreased reliance on his work in Western Europe, 
although by no means was the Canon of Medicine disregarded. The 
decreased dependence on the Canon led to disregard of many of its 
innovative concepts, including contagion, in Western Europe.
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Plague in the Renaissance

To the modern reader, a disregard of the concept of contagion seems 
hard to reconcile with the presence of two diseases of the period: 
plague and syphilis. The Black Death continued its periodic appear-
ances during the Renaissance. Some consideration of its transmissibil-
ity was considered as early as in 549, when an outbreak occurred in 
Constantinople that was almost assuredly plague. The Emperor Jus-
tinian called for the isolation of travelers approaching from regions 
where the disease was evident. Historians have suggested that the 
Justinian plague, as it became known, and several subsequent re-
currences of plague through the seventh century so disrupted trade 
in the Mediterranean that this disease was in large part responsible 
for a shift to a bartering economy, sinking southern Europe into an 
economic abyss and precluding its importance as a center for trade 
for centuries (9). Plague was ferociously reintroduced to Europe 
from the city of Kaffa in 1347. During a siege of the city, the Mon-
gol army was reportedly suffering plague. The Mongols catapulted 
the infected corpses over the city walls to infect the inhabitants. The 
Genoese who were trading in Kaffa fled and took the plague by ship 
back to southern Europe (6). While the contagious nature of plague 
may have been considered, transmission of bubonic plague is not 
person to person, although the rarer, pneumonic form can be passed 
from human to human. More often, plague involves not one but two 
spreading agents, rats and fleas. Quarantine was attempted during 
this period, again suggesting some consideration of contagion. The 
word quarantine comes from a Venetian dialect form of the Italian 
quaranti giorni, meaning 40 days, the time sailors were kept on ship 
or away from a city’s inhabitants to see if they developed plague. The 
first well-documented use of quarantine was in Dubrovnik, Croatia, 
in the 14th century. While passengers and sailors were quarantined, 
the infected rats passed onto land and happily passed the infection to 
the crowded, filthy city dwellers. Proponents of contagion must have 
had difficulty explaining the complex transmission of plague and the 
frequent futility of quarantine. As discussed in chapter 3, the medical 
explanations for the cause of plague and its spread during this period 
were fit into Galenic medical theory of miasma affecting the balance 
of humors in the body. But an apparently new disease affected Europe 
during the Renaissance that seemed to defy explanation: syphilis.
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Syphilis in the Renaissance

Whether some form of syphilis existed in Europe before 1492 has 
been the subject of considerable controversy. However, substantial 
evidence exists to suggest that something new arrived in Renaissance 
Europe soon after Columbus’s voyages to the New World (3). In 1495, 
as French soldiers under Charles VIII laid siege to the Italian city of 
 Naples, an epidemic of disease broke out among the troops. This 
disease took on remarkable virulence. Soldiers were described with 
pustules covering their bodies. So distressing was the disease in this 
outbreak that the army, comprised largely of mercenaries, dispersed 
due to the disease, not military defeat. The mercenaries left for many 
of the Western European countries, bringing this new ailment with 
them. The disease during this period became known by many names, 
including the Great Pox. The cause was unknown, but the Great Pox 
was associated with unclean foreigners. Blame on foreigners, always 
popular scapegoats, ascended to new heights. The Italians called it 
the French disease; the French called it the disease of Naples; the Eng-
lish called it the Spanish disease; and the Russians called it the Polish 
disease. Even the Asians entered the name game, or, more accurately, 
the blame game. The Japanese referred to it as the Chinese disease. In 
the early years of the disease which we have come to know as syphi-
lis, the severity was far greater than just 25 years into the epidemic. 
For example, in 1591 Ulrich von Hutten, himself a sufferer, wrote,

When it first began, it was so horrible to behold that one would scarce 
think the Disease that now reigneth to be of the same kind. They (suf-
ferers) had Boils that stood out like Acorns, from whence issue such 
filth stinking matter, that whosoever came within the scent, believed 
himself infected. The colour of these was of a dark green and the very 
aspect as shocking as the pain itself, which yet was as if the sick had 
laid upon a fire. (5)

By the 1600s the symptoms of the disease were dramatically less, 
changing from a severe, debilitating, and obvious disease to a milder 
illness more similar to modern syphilis.

Stages of Syphilis

Syphilis, as we have come to understand it, has three stages. In the 
first, or primary, stage, wherever the causative organism, Treponema 
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pallidum, comes in contact with mucous membranes or any micro-
scopic breaks in the skin, the infected person experiences a change 
known as a chancre, usually about 3 weeks (range, 3 to 90 days) 
after exposure. A chancre, a raised, reddish change in the skin, is 
normally painless and lasts 4 to 8 weeks, if untreated. The chancre 
usually goes away without treatment, but the infection does not. 
The treponemal bacteria disseminate within hours of infection to 
lymph nodes and, via blood vessels, to more distant sites, but the 
distant sites of infection are usually not evident until the secondary 
stage, usually 6 weeks (range, 2 to 12 weeks) after the chancre has 
appeared. This stage is often associated with fever, a sense of fatigue, 
and skin rashes of all varieties. The skin rashes themselves can be 
teeming with treponemes. The disease in the secondary stage does 
not produce the severity described by von Hutten but can affect in-
ternal organs, including the brain. Surprisingly, the symptoms in the 
secondary phase usually disappear fairly quickly without treatment. 
Syphilis can enter a latent phase of infection where the individual 
has no symptoms. For 70% of people infected with syphilis, the dis-
ease never progresses to the third stage of clinical illness. For the 
remainder, in the third, or tertiary, stage, syphilis can produce dam-
age to a variety of organs in the body, but this process can take years 
or even decades. Prior to the availability of effective treatment in the 
20th century, tertiary syphilis produced serious damage to the cen-
tral nervous system, resulting in psychiatric symptoms that could 
lead to madness. It is estimated that by the end of the 19th century, 
nearly one-third of the patients in European mental health hospitals 
were there because of damage from syphilis.

Physicians of the Renaissance were at a loss to explain the ap-
pearance of an apparently new disease, its rapid spread across Eu-
rope, and its seemingly inexplicable evolution from severe to more 
mild illness. Modern historians and physicians have struggled for 
biological explanations. The nationalistic and social connotations 
that were associated with study of this particular disorder have 
complicated our understanding. How could all of this have hap-
pened? With the initial outbreak, a review of commentaries by one 
of the medical scholars at Padua, Giambattista da Monte, in the late 
15th century suggested that contagion was considered and even en-
dorsed as the means whereby morbus gallicus, or French disease, was 
transmitted. However, da Monte tried to show that the concept of 
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contagion could be fit into the Galenic humoral theory (11). The con-
cept of contagion would need a stronger, more independent- thinking 
advocate to overcome the hold of Galen. Contagion would find its 
greatest proponent during the Renaissance from the very same uni-
versity only a few years later.

Girolamo Fracastoro: Early Influences

Girolamo Fracastoro, also known by his Latin name, Hieronymus 
Fracastorius, was born in 1478 in Verona, which was, at that time, still 
part of the Republic of Venice (Fig. 1). He was the sixth of seven broth-
ers in a noble family. Lightning killed his mother when he was very 
young. Fracastoro was in his mother’s arms when she was struck. Re-
markably, he escaped unhurt, lending credibility to an ancient Greek 
legend: Apollo saves from lightning the heads of poets—a legend 
that portended Francastoro’s future. Fracastoro suffered from poor 
health as a child and spent considerable time with his father at the 
family’s villa at Incaffi, near Verona. His father saw to it that he was 
well educated, introducing him to literature and philosophy. Since 
Verona had no university, Fracastoro was sent to nearby Padua, a city 
also under Venetian control. Fracastoro had a liberal arts education 
that included astronomy, mathematics, literature, and philosophy. 
He also made many friends with individuals from all over Europe. 
With the guidance of a family friend, he turned his education towards 
medicine. Fracastoro had a strictly orthodox upbringing, a factor that 
contributed to his cautious temperament. But the relative freedom 
of thought in Padua influenced Fracastoro’s nature. He was an ex-
tremely quiet man who rarely spoke unless  directly addressed. He 
was dignified and generally cheerful. However, his taciturn man-
ner led many individuals to consider him austere and unfriendly. 
Around 1500, Fracastoro married Elena de Clavis, with whom he 
had a daughter and four sons. Fracastoro excelled academically. He 
graduated in 1502 with a degree in medicine. Following his gradua-
tion, he initially taught anatomy at Padua but was quickly appointed 
Professor and Chair of Logic and Philosophy, a post he held for about 
6 years. He had several friends and learned colleagues at Padua, in-
cluding Pietro Bembo and Gaspare Contarini, both of whom were 
later named Cardinals of the Catholic Church. His Padua associations 
were to influence his path later in life. Fracastoro had the good fortune 
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of working with a doctor-philosopher, Pietro Pomponazzi. Medicine 
was his main passion, although he also was interested in astronomy, 
mathematics, physics, botany, geology, geography, and composition 
of verses. During his time at Padua he befriended Nicolaus Coper-
nicus, the Polish astronomer, who came to Padua in 1501 to study 
medicine. Fracastoro himself made contributions to astronomy. For 

Figure 1        Girolamo Fracastoro. Courtesy of the National Library of 
 Medicine. doi:10.1128/9781555817220.ch4.f1



52 Germ Theory: Medical Pioneers in Infectious Diseases

example, with Pietro Apiano, he described the direction of a comet’s 
tail in relation to the sun.

Fracastoro’s Epic Poem—Syphilis sive morbus Gallicus

Political instability resulting from a war between the Roman Em-
peror Maximilian I and Venice forced Fracastoro to leave the Univer-
sity at Padua, which had to temporarily close its doors. Expatriates 
from Padua, including Fracastoro, formed an informal academy 
called Academia Forojuliensis in the Udine. Fracastoro wrote verses 
while at the academy for which he became well known in Italy. The 
academy had a brief existence. In 1509 he moved to Verona. The 
death of his father left Fracastoro to manage the villa at nearby In-
caffi, which had been damaged and neglected. Verona lived under 
German domination for the next 8 years. Fracastoro scratched out 
a living with a medical practice. The unstable political situation left 
Verona an impoverished, filthy city close to anarchy. When disease 
broke out in 1510 in Verona, Fracastoro retreated to his family villa 
at Incaffi some distance away. He continued writing, including the 
beginnings of one of his most famous works, Syphilis sive morbus Gal-
licus. In 1516, two sons died from unspecified causes, but Fracastoro 
expressed grief in his later writings over his inability to treat them. 
In 1518 Verona went back to Venetian control and a relative calm. 
Fracastoro moved back to the city with his wife, daughter, and new 
son, now 1 year old. He worked as a physician and wrote in Verona 
until 1530.

Fracastoro was witness to the beginning of the outbreak of the 
French disease in Italy and saw the terrifying effect it had on the 
population. In 1510, combining his interests in literature, medicine, 
and philosophy, Fracastoro began composing an epic poem that 
would make him famous throughout Europe. In 1525 Fracastoro 
completed an earlier version of the poem, Syphilis sive morbus Gal-
licus. This version contained two books that may have been printed 
or given as a manuscript to a famous humanist of the time. Based 
on some comments he received, Fracastoro enlarged and rearranged 
the piece over the next 5 years until it reached the 1,300-verse epic 
poem, Syphilis sive morbus Gallicus, that was published in 1530 in 
three books. It was a peculiar mixture of fact and fiction. Befitting his 
cautious, pondering nature, Fracastoro tried to advance intellectual 
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thought about a frightening disease without seeming too controver-
sial. The poem succeeded admirably in using mythical characters to 
convey medically accurate but potentially alarming symptoms in a 
nonthreatening way. In Book I, Fracastoro used fictional characters 
in the poem to describe the causes, stages, and symptoms of illness 
of the French disease. Early elements of his theory of contagion are 
present in the poem. Fracastoro suggests that semina, or seeds, of 
certain diseases, such as distemper, can attack goats. For the French 
sickness, these semina seem only to attack humans, resulting in 
symptoms of the malady. He even weighs in on whether Columbus 
brought the malady back from the New World. Fracastoro actually 
rejects this idea for several reasons. First, the disease seemed to break 
out in many European countries simultaneously. Second, he cited 
cases early in the outbreak that appeared to have contracted the dis-
ease spontaneously, without any apparent contacts. Finally, Fracas-
toro cited an alignment of Mars, Jupiter, and Saturn, a phenomenon 
that he was convinced regularly foreshadowed maladies. He cited 
just such a planetary alignment occurring two centuries earlier in 
the 1300s, immediately prior to the plague’s launch in Europe. An 
astrological reference to explain disease states had been cited since 
the time of Hippocrates, but this idea may also have arisen from Fra-
castoro’s interest in astronomy. Book II describes remedies for the 
disease, including exercise, exclusion of fresh air, and appropriate 
diet. Fracastoro suggests that mercury, in the form of quicksilver, 
is the best remedy. He tells the myth of a Syrian hunter who was 
punished with the disease for shooting a sacred stag. He is told to 
visit a nymph who is the guardian of all metals. She dips the hunter 
in mercury salts beneath Mount Etna and his symptoms disappear. 
Perhaps this story is the origin of the saying, “A night in the arms of 
Venus can lead to a lifetime on Mercury.” Book III is devoted to treat-
ment with guaiac, a resin derived from the wood of the Hyacus tree. 
In the poem, natives of Haiti are nearly all afflicted with the great 
malady and use guaiac as treatment. The third book contains two 
mythical stories. One describes the Spaniards killing a bird sacred 
to Apollo and their punishment with the terrible disease. (Note the 
ironic and repeated appearance of the Greek god Apollo in Fracasto-
ro’s poem, considering the legend of Apollo saving the heads of po-
ets from lightning, mentioned above in connection with the death of 
his mother.) Treatment with guaiac saves the day, although in reality, 
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the treatment was eventually determined to be ineffective. The more 
famous of the two stories of Book III involves a shepherd to the King 
of Haiti named Syphilis, who blasphemes Apollo when drought kills 
off the herd. Apollo sends a new disease, of which Syphilis is the first 
victim. Others are affected and the natives call the disease after its 
first victim, Syphilis. Fracastoro never divulged the derivation of the 
name Syphilis. Historians have attempted to determine the source, 
or root, of the name. The most likely is the account by Boll, a 16th 
century historian, suggesting that Fracastoro borrowed the name 
from Ovid’s Metamorphoses V, where a lad named Sipylus was slain 
by Apollo because his mother had insulted Apollo’s mother, Leto (1). 
Whatever its derivation, Syphilis’s disease was associated with the 
new Renaissance illness. Eventually, just the word syphilis became 
the accepted name for the disease due to the success of the poem and 
the lack of association with any nation or socioeconomic class. Fra-
castoro dedicated his poem to his old Padua friend, Pietro Bembo, 
now Cardinal of the Catholic Church, who claimed it was the “most 
precious gift he had ever received.” Fracastoro received lavish praise 
and considerable fame for his epic poem, with comments compar-
ing him to Lucretius and Virgil. Since every educated person could 
read Latin, the poem reached a wide academic audience and secured 
Fracastoro’s reputation both as a poet and, to a lesser extent, as a 
physician. The praise was primarily from scholars, not physicians, 
however. The success of the poem gave Fracastoro the luxury of a 
patron, freeing him to write.

Fracastoro: on Contagion and Contagious Disease

For the next 16 years after the publication of Syphilis sive morbus Gal-
licus, Fracastoro worked on a book that he asserted was “not as a poet 
but as a doctor,” De Contagione et Contagiosis Morbis et Eorum Cura-
tione, or On Contagion, Contagious Disease and Their Cure, published in 
1546. Precisely where his ideas emerged for De Contagione is in doubt. 
Fracastoro was influenced by the philosophies of Hippocrates, Aris-
totle, and Avicenna, referring to the last at least five times in his book. 
The notion that disease could be initiated from outside the body was 
not Fracastoro’s concept. Fracastoro viewed Galen as the authority of 
the age and reviewed his writings carefully. Whether he actually took 
the notion of seeds of contagion from Galen has been proposed (8). 
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But Galen’s dialogue about seeds of contagion was disconnected. Ad-
ditionally, Fracastoro dared to take on Galen’s clout in his book, par-
ticularly in a chapter on pestilent fevers, suggesting Galen’s thinking 
to be imperfect. Fitting his nature, he was cautious in his approach. 
Fracastoro dedicated the book to Cardinal Alexander Farnese. This 
dedication may seem curious, since the Church was often at odds 
with science. But the dedication may have been an attempt at appeas-
ing a possible critic. Fracastoro was also careful in his justification for 
challenging conventional thinking: “Galen had written much on the 
subject but . . . omitted much that greatly needed investigation (1).” 
Indeed, there may be a grain of truth in what he wrote. Galen did 
comment on contagion in his writings, but the comments were brief 
and did not present a coherent theory of contagious infectious dis-
eases (8). It seems likely he was also influenced by Avicenna’s concep-
tion of contagion. But Fracastoro advanced a theory beyond whatever 
Galen or Avicenna considered.

In his book De Contagione, Fracastoro described seminaria, or 
seeds of contagion, in three ways: (i) those that infect by direct con-
tact; ii) those that infect by contact and by fomites, which he defined 
as clothes, linens, etc., which were not themselves corrupt but could 
foster the essential seeds of contagion and therefore cause contagion; 
and (iii) those that not only act by direct contact or fomites but also 
could be transmitted to a distance. In his own (translated) words,

The term contagion is more correctly used when infection originates 
in very small imperceptible particles. . . . There are, it seems three fun-
damentally different types of contagion: The first infects by direct con-
tact only; the second does the same but, in addition, leaves fomes and 
this contagion may spread by means of the fomes . . . by fomes, I mean 
clothes, wooden objects, and things of that sort, which though not 
themselves corrupted can, nevertheless, preserve the original germs 
of the contagion and infect by means of these. Thirdly, there is a kind 
of contagion which is transmitted not only by direct contact or fomes 
as intermediary, but also infects at a distance. (1)

Fracastoro’s word choice is noteworthy. The term seminaria has 
been translated in English as meaning germs, but that is a gener-
ous translation (1). Translated after the development of the germ 
theory, Fracastoro’s concepts seem to accurately depict modes of 
spread of microorganisms. However, it is erroneous to think that 
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this is what Fracastoro had in mind. Microorganisms were un-
known during his day. The Latin derivation of seminaria is actually 
closer to “seed bed” or “seedlets.” One historian describes the deri-
vation of the Latin, seminarium, as meaning plantation or nursery 
(4). Exactly what Fracastoro understood and believed about these 
“small imperceptible particles” is uncertain, but the use of seminaria 
as agents of contagion is clearly Fracastoro’s innovation (7). It is 
clear that he never implied that they were living organisms, refer-
ring to them as “hard,” “viscous,” or “a combination of diverse ele-
ments.” Fracastoro compared them to and differentiated them from 
poisons, suggesting that seminaria were chemical in nature. His per-
ception of contagion, accurate even by our standards, is astonishing 
when one considers that it was almost entirely philosophical and 
not based upon any experiment. But the former Professor of Logic 
at Padua presented reasoning that was plain and logical. The term 
fomes is from the Latin, meaning tinder or wood chip. Fracastoro 
did not intend the literal use of fome. Rather, he was using fome as 
a metaphor for the term used in theology for the small portion of 
original sin left behind after baptism, which might burst into fire 
of sin upon temptation (8). The modern medical use of the term is 
actually fomites, the plural form of fome; it depicts inanimate ob-
jects serving as an intermediary for microorganisms to pass from an 
infected person to a healthy host.

Reaction to De Contagione

Fracastoro’s fame from his epic poem helped ensure the initial pub-
lication in 1546 and at least two additional printings of De Contagione 
by 1555. The reaction to Fracastoro’s De Contagione in his own time 
ranged from hostile to favorable, but even the positive responses 
were tepid. In his day, most medical theorists preferred the Galenic 
theory of miasma to the seeds of contagion. Giambattista da Monte 
at Padua initiated a vigorous debate on the contagion theory in 
Padua, even before Fracastoro published his book. Fracastoro even 
delayed publication to address some of da Monte’s objections. da 
Monte was especially troubled by the idea that disease could oc-
cur without direct contact. Upon publication, da Monte’s published 
commentary in 1548 attacked Fracastoro’s theories. da Monte’s views 
were conditioned on his Galenic beliefs, although certain individual 
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criticisms of Fracastoro’s position were accurate and carefully con-
structed (7). Fracastoro had dared to attack Galen and had, at least 
in da Monte’s eyes, faulty logic. The “imaginary seedlets” were no 
match for bad air and individual receptivity to disease in da Monte’s 
Galenic view of the world. The debate became more personal: da 
Monte called Fracastoro, “our foolish and stupid friend from Ve-
rona (7).” The comments had a devastating effect for Fracastoro. da 
Monte, speaking from a position of authority in Padua, influenced 
students from across the continent of Europe. His discourse became 
less personal over time but was always critical. Although Fracastoro 
had some supporters, including Bassiano Landi, a professor of medi-
cine in Padua, and Francois Valleriola of Arles, over the next two 
decades, the Galenic view of contagion held, emphasizing bad air 
as the reason for the occurrence of diseases such as plague. With the 
appearance of plague throughout Western Europe, particularly the 
Venetian outbreak from 1555 to 1557, the debate continued. Certain 
writings make it clear that in the 1570s, Fracastoro’s notions on con-
tagion made their way across Northern Europe to such countries as 
Germany (7). da Monte’s personal attack aside, debate over conta-
gion was academic and courteous and failed to produce major con-
troversy. Fracastoro’s cautious approach to questioning Galen may 
have been responsible for his theory’s failure to ignite change. He 
was careful not to openly or blatantly challenge Galen. Some of Fra-
castoro’s contemporaries began to use his terminology interchange-
ably with what they had known from Galen. For example, in 1579, 
Alessandro Marssaria chose to describe an agent of contagion as 
putrid particles, vapors, spirits, or whatever one chose to call them 
when it was clear that a healthy body had become infected (7). Refer-
ences to Fracastoro’s concepts of contagion are difficult to find by the 
1650s until the mid-1800s, with the advent of the germ theory.

Fracastoro and the Council of Trent

Following publication of De Contagione, Fracastoro continued to 
write, but he never achieved further success, at least not to the 
level of his poem and this book. Because of his prominence, Fra-
castoro became involved in an incident of history—the Council 
of Trent—that would test his fame, his knowledge, and his medi-
cal and personal skills. The Council of Trent rose out of intrigue 
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between Emperor Charles V and Pope Paul III. Both men called 
for the Council to counter the demands from Protestants to reform 
the Catholic Church. Charles V, the most powerful monarch of the 
day, ruled over extensive regions in Central, Western, and South-
ern Europe and was embroiled in multiple assaults on his power, 
including those from the Protestants. Pope Paul III, however, was 
fearful that a Council would weaken the Papacy, especially with the 
dominant presence of the Holy Roman Emperor, Charles V, at the 
table. The Pope schemed to hold the summit in a city far away from 
Charles V’s influence, hopefully in Rome or at least in a nearby city 
like Bologna. Eventually, he had to yield to the mighty ruler. On 
13 December 1545, the Council was held in the city of Trent, inside 
the Holy Roman Empire in northern Italy. Two individuals were 
appointed medical advisors to the Council—Balduino Balduini, a 
private physician to a cardinal who happened to be president of the 
Council, and Fracastoro. Charles V was cognizant of Fracastoro due 
to the success of his Syphilis poem. For example, in 1541, Charles 
V was passing through the town of Peschiera, near Milan, Italy. 
Fracastoro stood among the crowd on the hot day. The Emperor, 
who did not respond to the crowd at all, was told of Fracastoro’s 
presence. Charles V halted, looked intently at Fracastoro, gestured 
to show recognition, and moved on. Fracastoro openly detested 
Charles V, who he believed was an oppressor of Italy and an en-
emy of the Pope, but had to recognize the respect that the mon-
arch paid to him from the brief incident. But Fracastoro’s fame was 
not the main reason he was present at one of the most important 
Councils in the Church’s history. The Cardinal Bishop of Trent was 
his patient and friend. Additionally, the Pope’s grandson, Cardinal 
Farnese, was the individual to whom De Contagione was dedicated. 
Both men ensured Fracastoro’s appointment to the Council. Illness 
played a central role in the Council’s first 2 years. Farnese fell ill 
on the way to the Council, and Fracastoro had to rush to attend to 
him. The health status of the city of Trent itself became a pivotal 
feature of the drama. In March 1547, an outbreak of “spotted fever” 
(likely typhus) broke out in the city. On 6 March, a bishop/delegate 
died of the disease. Three days later, the matter was brought up 
before the Council. Twelve delegates had already departed, and 
others declared their intentions to leave due to the danger of the 
disease. A proposal to move the meeting to Bologna was met with 
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some opposition. Fracastoro, who seemed to carry more clout than 
Balduini, his medical colleague at the meeting, made a stunning 
statement. He told the Council that he came to treat members of the 
meeting, not to deal with an outbreak of plague, lenticular (typhoid) 
fever, or typhus. He demanded permission to leave Trent. Fracas-
toro’s comments created a panic among the delegates. Whether that 
was his intent has been a matter of some debate. Some historians 
pegged Fracastoro as “the Pope’s man,” where others suggest that 
Fracastoro saw the danger of contagious epidemic as very real (7). 
The Council was moved to Bologna but failed to reach an effective 
conclusion. The Council was suspended on 17 September 1549. The 
incident had the effect of ending Fracastoro’s connections to the 
Council, which reconvened in Bologna 2 years later, in 1551, under 
Pope Julius III.

The years after the Council of Trent for Fracastoro were spent 
writing, but the tone of his books changed. The tone for everyone 
changed. The Protestant Reformation caused the Catholic Church 
to become more determined to suppress ideological thoughts apart 
from its thinking. It became more and more difficult to publish works 
that the Church might consider heresy, a risk the wary Fracastoro 
was aware of and unwilling to undertake. His writings descended 
into convention, avoiding controversy. In 1553, Fracastoro died of a 
stroke at his villa in Incaffi at the age of 78.

The Tumult over Fracastoro’s Burial Place

For a man who tried to avoid controversy, his burial place has pro-
vided a storm of debate. While Fracastoro was universally mourned 
with a magnificent funeral, no one is certain where he is buried. 
One version has that his body was carried to Verona and buried 
in a church near where he had lived in the city. The church was 
destroyed around 1740; his body was exhumed and his bones were 
likely scattered. Some reports suggested that he was buried near 
Incaffi, and others say that he is buried south of the Porta Vittoria 
in Verona where monuments to the most famous Veronese citizens 
exist, including one with “Fracastoro” carved over it. The city of 
Verona voted 2 years after he died to erect a statue that is now in 
the Piazza dei Signori. A bronze statue of the man was erected in 
Padua.



60 Germ Theory: Medical Pioneers in Infectious Diseases

The Rediscovery of De Contagione

A renewed appreciation of Fracastoro’s view of contagion was 
gained after the development of the germ theory in the 19th century. 
Fielding Garrison wrote the clearest modern statement on the contri-
bution of De Contagione in Science in 1910:

His work contains the first scientific statement of the true nature of 
contagion, of infection, of disease germs and the modes of transmis-
sion of infectious diseases. . . . Fracastoro shows himself to be a highly 
original thinker, far in advance of the pathological knowledge of his 
time . . . But it is his remarkable account of the true nature of disease 
germs  .  .  . that we find him towering above his contemporaries. He 
seems, by some remarkable power of divination or clairvoyance, to 
have seen morbid processes in terms of bacteriology more than a hun-
dred years before Leeuwenhook and the other men who worked with 
magnifying glass or microscope. (2)

Garrison’s laudatory praise slightly overstates Fracastoro’s contribu-
tion, since it was seen through a modern lens. Fracastoro’s intellect, 
while great, did not quite achieve the standing that Garrison claims. 
Fracastoro held onto many beliefs that were no different than the 
contemporary Galenic thought and had some beliefs, such as the as-
trologic notion of planetary alignment as a cause of the Great Pox, 
that are nearly impossible to reconcile with his own theory of seeds 
of contagion. His guarded condemnation of Galen may have been 
responsible for the lukewarm reception of his contagion theory and 
kept him from receiving the highly regarded recognition in his own 
time that Garrison gives him. The stranglehold that Galen had on Re-
naissance medical thought stifled full understanding of Fracastoro’s 
theory, which was subsumed into the existing medical thought of 
the period. Fracastoro’s theory of contagion did not rock the Renais-
sance scientific world as a contemporary, Andreas Vesalius, did. One 
historian has argued that his concepts of seeds of contagion were not 
even original (8). But Fracastoro did go far beyond previous writ-
ers in systematically applying the notions of contagion and seeds 
to a variety of diseases. Fracastoro also had one other great disad-
vantage. He could not produce any observational or experimental 
evidence for the seeds of contagion so central to his theory. That evi-
dence would have to wait nearly 100 years. For all its limitations, it is 
extraordinary how well Fracastoro described modes of transmission 
for microorganisms, having no idea of their existence.
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5
Antony van Leeuwenhoek and 
the Birth of Microscopy

A prevailing view of Antony van Leeuwenhoek is that he was an am-
ateur scientist who was lacking in all scientific skills except his abil-
ity to grind lenses. Using lenses that he required hours to perfect, he 
invented the microscope. He dabbled in his newly discovered world 
of microscopy with no direction or refinement, scribbling images in 
his notebooks without ever presenting them to the outside world. 
This narrative of the man was widely believed for years. None of 
it is true. Recent investigations into van Leeuwenhoek’s life have 
shown him to be “one of the most imperfectly understood figures” 
in the history of science (9). This examination of his life’s efforts re-
vealed methods to the way he fashioned lenses and prepared and 
viewed specimens that van Leeuwenhoek managed to keep secret 
for centuries.

The Discovery of the Microscopic World

Many aspects of Antony van Leeuwenhoek’s life are exceptions for 
this book. He was not a doctor. He never published a scientific paper. 
He did not begin making contributions to science until he was 40. He 
did not invent the microscope. However, he did markedly refine it, 
devising a high-powered microscope that led to a momentous break-
through. His discoveries opened human consciousness to a world 
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that may have few parallels in recorded history—the microscopic 
world. Only the invention of the telescope at roughly the same time 
is an adequate comparison. Extending our consciousness beyond 
what could be seen with the naked eye to directly observe an en-
tirely new universe, either in the heavens or in the water of a pond, 
is a breathtaking advance. Others may have seen deeper into this 
microscopic world, but van Leeuwenhoek was the first to witness 
it. Consider that prior to van Leeuwenhoek, no one had any idea 
about the cellular makeup of human organs or single-celled organ-
isms. Without such knowledge, the theory of contagious disease was 
a theoretical exercise. A study into the way this advance unfolded 
and the scientific culture that received it in the 1600s explains why 
the march to move medicine towards the germ theory stalled for 
well over a century in spite of one of the most significant technical 
developments in the history of science.

Antony van Leeuwenhoek: Early Influences

Antony van Leeuwenhoek was born in 1632, a noteworthy year. 
This was also the year that several other great men of the 17th cen-
tury entered the world—John Locke, Baruch de Spinoza, the archi-
tect Christopher Wren, and the Dutch painter Jan Vermeer. Vermeer 
and van Leeuwenhoek were both born in a small village in Holland 
named Delft. Their lives would take different paths but intermingle. 
Little is known of van Leeuwenhoek’s parents. His father was a bas-
ket maker. His mother was the daughter of a Delft brewer. Brewers’ 
families had important social standing in Holland. His mother and 
her family’s standing in town were a great help to van Leeuwen-
hoek as he grew up. Antony was the first son but the fifth child of 
the family. When he was only 5, his father died. Three years later, 
his mother remarried. Antony’s stepfather was a painter and lived 
only 8 years with the family before he died. During his mother’s sec-
ond marriage, Antony was sent to school at Warmond, a town near 
Leiden. He stayed with an uncle who was an attorney, but Antony 
never progressed far in his education. He learned no language other 
than Dutch and had no university training. At age 16 he was sent to 
Amsterdam, one of the great commercial cities of the age, just as it is 
today. Antony learned the linen-draper business from a shopkeeper. 
How he landed this apprenticeship is not clear, but it was a business 
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that required careful and close study of the quality of cloth, particu-
larly the number of fibers in a stretch of cloth. In his authoritative 
biography of van Leeuwenhoek, Clifford Dobell speculates that in 
Amsterdam, van Leeuwenhoek became acquainted with Jan Swam-
merdam, a man known in later years to have fashioned early mi-
croscopes (2). After about 6 years in Amsterdam, van Leeuwenhoek 
returned to the town of Delft, where he remained for the remainder 
of his life. Delft was hardly a center of academic learning. Antony 
had little contact with educated people in his native town despite 
Holland’s place as one of the more learned countries in Europe at 
the time.

Shortly after his return to Delft, van Leeuwenhoek married. He 
had five children, but all died in infancy except his daughter Maria. 
Maria never married and stayed with her father until his death in 
1723, tending to his house and to him. After a marriage of only 12 
years, van Leeuwenhoek’s first wife died. Five years later, he remar-
ried. His second marriage lasted 23 years until 1694, when his sec-
ond wife died.

In 1654, Antony bought a house and shop in Delft and began in 
the drapery business. He had this business for many years and ap-
peared to be reasonably successful. In 1660, he was made Chamber-
lain to the Sheriffs of Delft, essentially a local government official; he 
held this post for 39 years, including some responsibilities in the local 
treasury. This post apparently led van Leeuwenhoek to be appointed 
as curator or official receiver of the estate of the painter Jan Vermeer, 
including some extraordinary paintings. Vermeer died when he was 
only 43 years old, leaving his widow and eight children in desperate 
financial straits. Although van Leeuwenhoek did not seem to prof-
it by this appointment, it suggests the high regard with which the 
townspeople held him. Some historians have speculated that Vermeer 
was also a personal acquaintance. Indeed, art historians have hypoth-
esized that van Leeuwenhoek may have been the subject in two of 
Vermeer’s paintings—The Geographer and The Astronomer. Antony van 
Leeuwenhoek also learned to be a surveyor in the town, an activity 
that required calculations illuminating his interest in and aptitude for 
a more academic and scientific approach to the world than might be 
expected of a simple businessman. On the surface, life seemed to be 
good but mundane for van Leeuwenhoek from the time he was ap-
pointed to his local government post in 1660 until 1673. The post of 
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Chamberlain in Delft afforded him a consistent salary. Along with an 
inheritance following his mother’s death in 1664, this salary allowed 
van Leeuwenhoek to pursue interests outside his drapery business. 
Through his letter to the Royal Society in London, a surprising and 
unexpected capacity became evident in 1673 (2).

van Leeuwenhoek and Lens Making

During this 13-year period, van Leeuwenhoek began making lenses. 
Presumably, this initial interest came from the need to examine the 
fiber count on fabrics for his business. In 1668, van Leeuwenhoek 
made his only journey to London, England. During his visit he likely 
obtained a copy of Microscopia, written by Robert Hooke. The book 
contained mostly observations about insects, but while he could 
not read the English text, the illustrations must have impressed the 
Dutchman. In the preface, Hooke suggested a design of a simple 
microscope. van Leeuwenhoek’s designs of microscopes matched 
Hooke’s suggestion, placing lenses between two metal plates. With 
this hand-held device, van Leeuwenhoek began to examine all sorts 
of objects. His skill at producing high-quality lenses for these micro-
scopes caught the attention of Reinier de Graaf, a physician in Delft. 
de Graaf’s acquaintance with the secretary of the British Royal So-
ciety, Henry Oldenburg, was to change van Leeuwenhoek’s place in 
history. de Graaf viewed some of the objects that van Leeuwenhoek 
had examined with his microscope. When de Graaf read Philosophi-
cal Transactions in 1668, the proceedings of the Royal Society, he saw 
an account using a primitive microscope from an Italian, Eustachio 
Divini, describing an “animal lesser than any of those seen hitherto” 
(2). So-called microscopes up to this point were essentially magnify-
ing glasses, capable of enlarging 20 times. Robert Hooke in England 
and Jan Swammerdam used microscopes of this magnifying capacity 
and are sometimes given credit for inventing the microscope. Actu-
ally, the first recorded use of using two lenses to create what is known 
as a compound microscope was in 1590 by two Swiss spectacle mak-
ers, Zaccharias Janssen and his son, Han. Compound microscopes of 
the time had a number of technical limitations. The most important 
was chromatic aberration, a distortion of the image clarity and color, 
which severely limited the use for high-power magnification. But 
van Leeuwenhoek created single-lens, or simple, microscopes that 
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could magnify 270 times and some as much as 500 times, a magnifi-
cation far greater than that of any previous microscope and required 
for seeing bacteria and other single-celled organisms. de Graaf 
wrote Henry Oldenburg that van Leeuwenhoek’s observations far 
surpassed those described by Divini. The Royal Society, founded a 
few years earlier for the purpose of promoting natural knowledge, 
owed a great deal of its communication outside of Great Britain to 
its energetic Secretary, Henry Oldenburg. Oldenburg was a German 
by birth. He communicated with hundreds of foreigners, translat-
ing their correspondences, while editing Philosophical Transactions. 
When de Graaf wrote Oldenburg in April 1673, he enclosed some 
specimens, parts of a bee, mold, and a louse, with crude observations 
that van Leeuwenhoek made. The Fellows of the Royal Society were 
impressed and instructed Oldenburg to communicate directly with 
van Leeuwenhoek.

van Leeuwenhoek and the Royal Society in London

When van Leeuwenhoek received Oldenburg’s letter in the summer 
of 1673, he wrote back to the Royal Society resolving to “express my 
thoughts properly” (2). While he stated that he could not draw, he 
would write and have some of his observations drawn and commu-
nicate them to the Society. For the next 50 years until his death, van 
Leeuwenhoek sent hundreds of letters to the Royal Society. These 
letters conveyed vast areas of interest—in zoology, botany, and 
chemical and physiological matters. The letters were often trans-
lated into English, sometimes into Latin, and published. Some were 
issued in Dutch. van Leeuwenhoek never wrote a book or a scien-
tific paper. Many letters were somewhat incoherent, but the letters 
were van Leeuwenhoek’s sole work. He worked alone, though he 
received some help from contemporaries. He distrusted others and 
disliked, even resented, interference in his efforts. In 1675, in a letter 
to Oldenburg, he wrote,

Your Excellency recommends me to make use of the services of other 
people, who are in a position to form a proper judgment of such 
things. Sir, I must say that there are few persons in this Town from 
whom I can get any help; and among those who can come to visit me 
from abroad, I have just lately had one who was much rather inclined 
to deck himself out with my feathers, than to offer me a helping hand.
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Up until van Leeuwenhoek’s observations, the use of a microscope by 
his contemporaries such as Hooke and Swammerdam was directed 
towards creatures that could be seen by the naked eye but could be 
better detailed with magnification, such as bees or fleas. Not so for van 
Leeuwenhoek. He was more interested in life that was not visible to 
the naked eye. van Leeuwenhoek’s observations on single-celled or-
ganisms began in 1674 when he began to look through his microscope 
at pond water. In a letter to Oldenburg, he describes what he saw:

. . . there were many small green globules. Among these there were, be-
sides, very many little animalcules, some were roundish, while others, 
a bit bigger, consisted of an oval. On these last I saw two little legs near 
the head and two little fins at the hindmost end of the body. (4)

There is no doubt that van Leeuwenhoek saw single-cell protozoa, 
making him the first man to ever see creatures this small. He re-
peated the observation in rainwater and promised Oldenburg fur-
ther notes at a later date. In October 1676, he kept his promise. In his 
18th letter to Oldenburg, in what has become known as the “Letter 
on the Protozoa,” van Leeuwenhoek detailed to the Royal Society a 
remarkably clear, organized, and thoughtful account of these little 
“animalcules,” their appearance, means of locomotion, and relative 
size—suggesting that they were 10,000 times smaller [in bulk] than 
the animalcule which Swammerdam had portrayed (4). He carefully 
repeated these observations on at least six occasions over different 
days to verify their consistency. He was beginning not just to ob-
serve but also to experiment. He changed the sources of the water he 
examined and began adding elements to the water such as pepper, 
various spices, and vinegar to see if the creatures changed. His ex-
perimental approach was perhaps most evident years later when he 
systematically examined algal material from a barrel of water used 
for a garden (9). He saw what appeared to be a papery sample in the 
water, but under microscopic examination, he saw dried algae. He 
successfully recreated the conditions under which the papery sam-
ple had formed. He then moved on to a different source of material 
and repeated the procedure. Each time, he confirmed microscopi-
cally the algal growth. van Leeuwenhoek prepared sections of living 
tissue for the microscope, including the capsule of the spleen, stri-
ated muscle, and structures of the eye. These experimental methods 
are not the work of a dabbler but of a scientist, albeit self-taught. van 
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Leeuwenhoek examined seeds and other prepared specimens, some 
of which were sent to the Royal Society in London. In 1981, several 
of the specimens were discovered, stored in the Society’s archives 
(7). These 307-year-old specimens were found remarkably intact 
and allowed modern-day scientists to confirm van Leeuwenhoek’s 
findings, even using some of van Leeuwenhoek’s surviving micro-
scopes. To the surprise of many, the images obtained through these 
microscopes, nine of which survive today, were exceedingly clear 
and remove any doubt about the veracity of the man’s 17th-century 
observations. And there were plenty of doubters at the time.

Reactions to van Leeuwenhoek’s Microscopic Discoveries

The prospect of descriptions of animalcules too small to be seen 
without considerable magnification caused van Leeuwenhoek’s 
credibility to be questioned by the Royal Society in 1676. van Leeu-
wenhoek refused to back down on any of his claims. Eventually, in 
1680, the Royal Society sent a team of individuals, including a vicar, 
doctors, and members of the Society. They fully corroborated van 
Leeuwenhoek’s observations.

The First Description of Bacteria

van Leeuwenhoek continued to pursue the little animalcules. In Sep-
tember 1683, he reported to the Royal Society what he had seen in 
plaque from a healthy person’s mouth:

With great wonder, that, in the said matter there were many very little 
living animalcules very prettily a-moving. The biggest sort had the 
shape of [a rod]: these had a very strong and swift motion, and shot 
through the water like a pike does through water. These were most 
always few in number. The second sort had the shape of [a small rod]. 
These often spun round like a top, and every now and then took a 
[spiral] course and were far more in number. (5)

These words are the first known descriptions of bacteria. He repeated 
these observations with material from the mouths of several persons, 
including his own. In 1680, van Leeuwenhoek was proposed for Fel-
lowship of the Royal Society, despite the fact that van Leeuwenhoek 
had never attended (and never did attend) a meeting. His work was 
recognized as singular and acknowledged by his acceptance by the 
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Society. van Leeuwenhoek was humbled and honored by the admit-
tance. He continued his correspondence with the Royal Society that 
published his letters, making him well known in Europe.

van Leeuwenhoek’s Microscopes

How did van Leeuwenhoek manage to see these tiny creatures? His 
simple microscopes produced wondrous images but were exceed-
ingly difficult to use. The instrument was about 3 in. (5 cm) long, 
consisting of two metal plates (usually brass or silver), a lens placed 
in a hole made in the plates, and a small metal pointer on which the 
specimen was held. The pointer could be moved into position via 
two screws set up at right angles for focusing. The hole in one of the 
plates was slightly smaller than the lens that aided in reducing chro-
matic aberration. Using this hand-held device was no easy feat. The 
focal length of the lens was so short that the individual needed to 
place their eye so close to the lens that the eyeball was nearly touch-
ing it. One needed excellent eyesight and infinite patience. van Leeu-
wenhoek exhibited both of these qualities. However, the fatigue that 
set in using these simple microscopes probably contributed to their 
sparse use by many scientists at the time. But there were other rea-
sons that few scientists worked with these simple microscopes. van 
Leeuwenhoek had a businessman’s mind and wanted to keep trade 
secrets on his microscope’s formation and use. During his initial cor-
respondence to the Royal Society, he wrote,

My method for seeing the very smallest animalcules and minute eels, I 
do not impart to others; nor how to see very many animalcules at one 
time. That I keep for myself alone. (4)

Even when visited by members of the Royal Society to verify his 
work, van Leeuwenhoek remained cagey about showing his best his 
microscopes, but one aspect of his lens making was obvious: the clar-
ity. Thomas Molyneux wrote to the Society in 1685,

As for the microscopes I looked through, they do not magnify much, 
if any thing, more than several glasses I have seen, both in England, 
and Ireland: but in one particular, I must needs say, they far surpass 
them all, that is in their extreme clearness, and their representing all 
objects so extraordinary distinctly. For I remember we were in a dark 
room with only one window, and the sun too was then off of that, yet 
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the objects appeared more fair and clear, than any I have seen through 
microscopes, though the sun shone full upon them, or though they re-
ceived more than ordinary light by help of reflective specula or other-
wise: So that I imagine ’tis chiefly, if not alone in this particular, that 
his glasses exceeds all others, which generally the more they magnify, 
the more obscure they represent the object; and his only secret, I be-
lieve, is making clearer glasses, and giving them a better polish than 
others can do. (3)

Modern Investigations into 
van Leeuwenhoek’s Microscopes

Modern investigators have unlocked many of his secrets. van Leeu-
wenhoek’s secretive efforts fell into three categories: lens forma-
tion, illumination, and specimen preparation. Lens grinding was 
a technique well known at the time. But one surviving van Leeu-
wenhoek microscope, now in Utrecht, had a lens that was made 
by a different technique, one that his contemporaries seemed not 
to appreciate at the time—glass blowing. van Leeuwenhoek made 
some of his smallest lenses, with highest magnification, by taking 
a glass tube and heating the center over a concentrated flame until 
the glass could be pulled apart like taffy until it broke. One sec-
tion with a strand of glass at the end could be placed back into the 
flame, where the hair-like glass would seize up to form a sphere. 
The sphere could be carefully blown to a desired size for use. There 
is substantial evidence that van Leeuwenhoek learned glass blow-
ing techniques and used them to make numerous lenses (8). These 
lenses were necessary for the magnification required to see bacteria. 
Unfortunately, van Leeuwenhoek worked alone and never taught 
students, so this knowledge does not appear to have been directly 
passed on to anyone from van Leeuwenhoek himself.

Using these unwieldy microscopes required careful and precise 
illumination. Dobell suggests that his method of illumination was 
the best guarded of van Leeuwenhoek’s secrets.

I am convinced that Leeuwenhoek had, in the course of his experi-
ments, hit upon some simple method of dark-ground illumination. 
Such a discovery—possibly inspired by observing the motes in a sun-
beam—would at once explain all his otherwise inexplicable observa-
tions, without supposing him to have possessed any apparatus other 
than that which we now know he had. (6)
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van Leeuwenhoek’s third closely guarded secret was how he pre-
pared his specimens. He was one of the first people to prepare 
 sections for the microscope and did so on a wide range of speci-
mens. He performed microdissections of insects (9). In his investi-
gations of the original specimens in the Royal Society, Brian Ford 
found that van Leeuwenhoek had used a new technique, serial sec-
tioning, to determine the nature of a “paper” sample that proved to 
have an entirely different origin—algae (8).

van Leeuwenhoek’s secrecy meant that his achievements in 
microscopy remained unmatched until the 19th century. The usual 
explosion of interest after a technological advance failed to happen. 
The widespread use of a high-powered microscope was aborted by 
the secrets kept by someone with the mind of a businessman more 
than that of a scientist.

Spontaneous Generation and van Leeuwenhoek

The discovery of microorganisms raised a puzzling question: where 
did these organisms come from? The generation of these animalcules 
became a hotly debated subject and was considered alongside of the 
process known as putrefaction, the means by which substances go 
bad, or decompose. Why did insects suddenly appear in decaying 
meats or fruits? The theory of spontaneous generation, first pro-
posed by Aristotle, stated that living matter could spring forth from 
inorganic matter. Both philosophically and experimentally, spon-
taneous generation was being put to the test in the 17th and 18th 
centuries. Francesco Redi, an Italian physician, attacked the theory 
in 1668. Conventional wisdom of the time held that maggots would 
arise spontaneously in rotting meat. Redi hypothesized that flies laid 
eggs in the rotting meat and it was the eggs that were the source 
of the maggots, not spontaneously generated life from the decaying 
meat. He devised what he considered to be the definitive experiment 
to test his hypothesis. Using a variety of flasks, he set out meat in 
flasks that were open to air, completely sealed, and, for some flasks, 
open to air through gauze. Maggots in the meat appeared in only the 
flasks that were open to air. This well-designed, controlled experi-
ment did not silence all critics, who said that the sealed jars were de-
prived of air so life in those jars could not emerge. It might seem that 
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the discovery of the existence of microorganisms would be a further 
attack on spontaneous generation. Actually, the reverse tended to be 
true. To generate these new animalcules, all one needed to do was to 
place inanimate material such as hay in water and wait a few days, 
when these creatures could be seen with microscopy. The theory of 
spontaneous generation had its powerful advocates of the time, in-
cluding William Harvey and Robert Hooke (10). van Leeuwenhoek 
became a staunch opponent of the theory of spontaneous generation. 
His letters to the Royal Society explicitly pointed out his objections to 
the idea that creatures could arise from inorganic matter. The invis-
ibility of processes in decaying matter often provided spontaneous-
generation supporters with a durable defense. Now the microscope 
could help to answer questions. The use of a microscope did not lead 
everyone to the same conclusion. Athanasius Kircher, a German Je-
suit scholar, reported using a microscope to describe the spontane-
ous generation of swarms of nematodes previously unseen (1). van 
Leeuwenhoek countered that had Kircher used a good microscope, 
he would not have made such claims. As van Leeuwenhoek’s obser-
vations progressed into the microscopic intricacies of life, he became 
a stronger opponent to spontaneous generation even for the smallest 
of organisms. To van Leeuwenhoek, each of these little animalcules 
had to have a parent (9). The theory hung on for a century after van 
Leeuwenhoek’s demise and would die a slow death until it was put 
to rest in the middle of the 19th century.

Microorganisms and Disease in the Enlightenment

While a new world of microorganisms had been revealed, van Leeu-
wenhoek did not make any connection between these microorgan-
isms and disease. While van Leeuwenhoek was the first to witness 
the living organisms, bacteria, in association with humans, these 
persons were not ill. Some historians have taken van Leeuwenhoek 
to task for not making an association between microorganisms and 
the nature of infectious illnesses. In hindsight, it seems clear that van 
Leeuwenhoek had observed the vital but missing experimental evi-
dence that could have provided the key to Fracastoro’s theory of con-
tagion! The speculation was no longer theoretical. One could at last 
observe these “seeds.” van Leeuwenhoek, in fact, did observe them 
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but did not make the connection. How could he? Thomas  Molyneux 
wrote this about van Leeuwenhoek in 1685:

A very civil compleasant man, and doubtless of great natural abili-
ties. But contrary to my expectations, quite a stranger to letters which 
is a great hindrance to him in his reasonings upon his observations, 
for being ignorant of all other men’s thoughts, he is wholly trusting 
to his own. (1)

van Leeuwenhoek, who spoke and read only Dutch, was unaware 
of Fracastoro’s book on contagion. Other contemporary scientists 
may have been aware of the writings, although little was written 
about Fracastoro’s theory between 1650 and the 1800s. It is not van 
Leeuwenhoek who should bear the criticisms for the failure to con-
nect his observations to infectious diseases but the scientific and 
medical communities of the time. No one made the connection. The 
microscopic world that van Leeuwenhoek had uncovered seemed 
to be merely a world of curiosity. Despite his penchant for working 
alone and disdaining the social niceties, he found himself to be a 
bit of a 1600s celebrity, receiving visitors from all over Europe, in-
cluding Queen Mary of England and Peter the Great, Czar of Rus-
sia. van Leeuwenhoek gave both of them a microscope that he had 
made as a souvenir. The curious microscopic findings were not of 
interest to physicians of the time. Medicine continued to hold on to 
the humoral theory through the 17th and much of the 18th centu-
ries. Physicians had no reason to look for microorganisms as causes 
of illness when miasma and alterations in the balance of humors 
would provide perfectly satisfactory explanations for disease. On 
what grounds was there to think that these little animalcules were 
responsible for causing disease and bringing down humans millions 
of times their size? Microorganisms viewed by van Leeuwenhoek 
were from perfectly healthy people. Physicians of the time had no 
reason to suspect that they had anything to do with diseases. Medi-
cine was about to undergo change from a multitude of forces—the 
philosophy of the Age of Enlightenment, experimentation in science 
spilling over into medicine, and the new field of anatomic pathol-
ogy. These forces produced slow but relentless progress in medicine 
and permitted the field to finally reconsider its 2,000-year belief of 
the humoral theory of disease. The transition to modern medicine, 
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which I consider in the next chapter, was an essential antecedent to 
the development of the germ theory and the pathological nature of 
bacteria and other microorganisms in human disease. Until the seat 
of disease was reassessed from a change in the balance of humors to 
our modern medical pathophysiological approach, the existence of 
bacteria was only a novelty of nature.

Figure 1        Antony van Leeuwenhoek. Courtesy of the National Library 
of Medicine. doi:10.1128/9781555817220.ch5.f1
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The new world that the microscope had revealed challenged the 
basic understanding of life and of old teachings. A door had been 
forever opened, yet scientists of the 17th and 18th centuries were 
slow to walk through it. Despite the technical advance, cumbersome 
instruments were difficult to use. van Leeuwenhoek’s secrecy and 
unwillingness to teach were, in part, to blame. He viewed himself 
as exceptional, not without reason. He had his critics, too. Perhaps 
out of jealousy, Nicolaas Hartsoeker, a Dutch scientist of the time, 
stated that van Leeuwenhoek saw a thousand things through the mi-
croscope that were never really there at all (1). But there were other 
critics, too, who tarnished van Leeuwenhoek’s reputation in academ-
ic circles. van Leeuwenhoek continued to make observations and 
communicate with the Royal Society until his death in 1723 (Fig. 1). 
But for all his discoveries, the academic climate in Europe in the 18th 
century lacked the spark to include microscopy in research. Some 
universities, including Leiden in Holland, had included microscopes 
among their teaching instruments, but medical instruction in micros-
copy appeared to actually decline during the 18th century (1). Simple 
microscopes would eventually yield to compound microscopes when 
technical problems such as chromatic aberration were solved in the 
19th century. The waning interest in microscopy in the 18th century 
cannot diminish van Leeuwenhoek’s 50 years of pioneering contribu-
tions that changed the way we think of the living world.
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6
The Demise of the Humoral 
Theory of Medicine

In the 16th, 17th, and 18th centuries, the progress that occurred in 
medicine could have led to the germ theory of human disease. Avi-
cenna’s concept of disease contagion, Fracastoro’s seeds of contagion, 
and van Leeuwenhoek’s animalcules seen via microscopy could have 
put physicians centuries ahead of a theory that waited till the 19th 
century. But they didn’t. Why didn’t anyone put all these elements to-
gether? A paradigm had to be torn down first, which was not an easy 
task. For centuries, physicians were trained in the basic humoral the-
ory of disease according to Galen. They were not open to considering 
how the animalcules could enter the body and cause disease. Indeed, 
medical innovators were often treated unfairly or badly during their 
lifetimes. How, then, did physicians relinquish the entrenched ideas of 
Hippocrates, Galen, and Avicenna? There was no single incident but 
a series of events that challenged long-held views on anatomy, physi-
ology, and eventually the foundation of human disease, pathology. 
Advancement, however, was dreadfully sluggish, and modernizers of 
these fields often suffered for their efforts.

Andreas Vesalius and His Challenge to Galenic Anatomy

The 16th century brought some needed change to medicine after 
the intellectually stultifying medieval age. However, Renaissance 

doi:10.1128/9781555817220.ch6
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thinking was more preoccupied with the resurrection and admira-
tion of ancient Greek medicine than the development of medical 
advances. For example, Renaissance discoveries of ancient Greek 
texts fostered renewed interest in human anatomy. The effect of this 
renewed interest thrust the first dagger into the humoral theory—
an assault on Galenic anatomy that came in the form of a book, 
De Humani Corporis Fabrica (The Structure of the Human Body), in 
1543, by Andreas Vesalius. To understand its impact, consider that 
anatomic knowledge had been passed down from ancient Greek 
times but largely came from the writings of Galen. Galen never ac-
tually dissected a human cadaver. He made anatomic observations 
on humans who had been injured, but his anatomy was inferred 
from animal dissection, mainly of apes, sheep, pigs, and goats (4). 
He introduced in his writings egregious errors in human anatomy 
that remained unchallenged for centuries. For example, dissections 
of the base of the calf brain show a delicate network of blood ves-
sels and nerves termed the rete mirabile, Latin for “wonderful net.” 
Galen attached great significance to the network as the site where 
vital air was turned into animal spirits. He simply assumed the 
same network must exist in humans, though it does not. Galenic 
texts included other errors such as assuming the human liver to 
have five lobes when it only has three. As Galen became accepted 
as the ultimate medical authority, no one dared question the mas-
ter. Correcting these errors required not only assaulting Galen’s 
authority but also careful comparison of Galen’s text with actual 
human dissection.

In medieval and Renaissance universities human dissection 
was a difficult matter. There were few bodies for dissection that 
could only be performed in the colder months of the year. Profes-
sors would leave the few human dissections (often executed crim-
inals) to assistants while they would sit on high lecterns, reading 
from Galenic texts. Enter Andreas Vesalius. He was among the first 
professors to perform human dissection himself. Born in Brussels, 
Belgium, in 1514, he showed an unusual interest in animal anato-
my as a child, dissecting everything from insects to mammals. He 
studied medicine in Paris, where he acquired skills in human dis-
section. A war between Charles V and Francis I of France in 1536 
sent Vesalius scurrying from Paris, eventually to the University of 
Padua, where he completed his doctorate in 1537. While dissection 
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had been introduced at the University in Padua, it was primarily 
for surgical training and optional for physicians. Immediately upon 
graduating from the university in 1537, Vesalius was appointed pro-
fessor of anatomy at Padua. Vesalius, an excellent teacher, became an 
extremely popular professor. Doing his own dissections, Vesalius be-
gan to have the disquieting sense that anatomy as written in Galenic 
texts was not always the human anatomy that he observed. He con-
tinually failed to find the rete mirabile in humans, contrary to Galen’s 
writings. He found other errors, too, such as the point of insertion of 
certain muscles such as the rectus abdominis muscle. After acquiring 
a sufficient supply of cadavers, he established a close working rela-
tionship with Jan van Calcar, a protégé of the artist Titian, to prepare 
the first truly accurate book on human anatomy, complete with a 
number of magnificent artist plates. Unlike the cautious Fracastoro, 
Vesalius openly challenged Galenic anatomy. He wrote,

How much has been attributed to Galen, easily the leader of the pro-
fessors of dissection, by those physicians and anatomists who have 
followed him, and often against reason! Indeed, I myself cannot won-
der enough at my own stupidity and too great trust in the writings of 
Galen and other anatomists. (5)

For his attack on Galen, Vesalius was assailed by critics of the day. 
The most vicious criticism came from his former Paris professor. 
Vesalius was so angry over the attacks that he resigned his professor 
post in Padua and burned all his papers. But a dent in the humoral 
theory had been made. The book was so well produced, so stunning 
in its art and detail, that within his lifetime, Vesalius would have 
the satisfaction in knowing that his efforts changed the approach to 
human dissection—all anatomic assertions from Galen’s texts were 
subjected to observational tests in human cadavers. Still, medicine 
could advance only so far in this period. Vesalius had wounded 
Galenic anatomy, but he had not opposed Galenic physiology, i.e., 
the way the body was understood to work. Vesalius’s book did not 
fundamentally change humoral theory. What De Humani Corporis 
Fabrica did was produce a profound change in thought: believe in 
what you can observe. More importantly, the academic medical com-
munity allowed itself to consider the idea that the ultimate authority, 
Galen, could be wrong. But convincing change to Galenic physiol-
ogy would have to wait another 100 years.
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The Challenge to Galenic Physiology:  
William Harvey, the Discovery of the Circulation  
of Blood, and the Scientific Method in Medicine

A new medical paradigm came in England in the 1600s. William 
Harvey, born in 1578, revolutionized medical thinking as much as 
or more than anyone in the history of the field. While Vesalius had 
planted the seeds of doubt in Galenic theory of medicine, Harvey 
can be viewed as a seminal figure in medicine. So great was the 
change in medical investigation that it is worth detailing his work 
even though Harvey’s contribution did not deal with the field of 
infectious diseases. First, recall where the medical world stood in 
the late 1500s on the topic of the circulation of blood. The Galenic 
view was that there were two types of blood: venous and arterial. 
The pathways for passage through the body were separate. They 
had distinct functions as well. The venous blood, made in the liver, 
was for nutrition and growth. The arterial blood, originating from 
the heart, combined with pneuma (from the lungs) was for vitality. 
Venous blood ebbed and flowed through tidal action and was con-
sumed by the tissues. The arterial blood was also expended in the 
body rather than returning to the heart. In fact, in Galenic physiol-
ogy, the heart did not even act like a pump. The movement of blood 
was the pulsating action of the arteries themselves. As previously 
mentioned (chapter 2), the means by which blood appeared in the 
left ventricle and was changed into arterial blood, combined with 
pneuma, was not a strong point of the theory. Hidden pores in the 
heart’s interventricular septum or the wall separating the right and 
left ventricles were described by Galen, but anatomists (until Vesa-
lius) had to thoroughly convince themselves that they could see 
them—because they were not there! Galen’s explanation for how air 
got to the left ventricle, via the pulmonary vein, was also a bit prob-
lematic. Once in the left ventricle, the venous blood, oozing through 
the ventricular septum, would combine with pneuma, producing a 
by-product—“sooty vapours” (6). These vapors traveled back to the 
lungs via the same pulmonary vein where they were exhaled. This 
two-way street of the pulmonary vein was, at best, a clumsy expla-
nation, but the theory held until Harvey.

Harvey did not set out to discover the nature of human circu-
lation but came at the discovery through a series of events and his 
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inquisitive nature. Harvey grew up with an interest in anatomy and 
science. He attended Cambridge University. In 1600, he studied at 
Padua, working under Hieronymus Fabricius ab Aquapendente (or 
Fabricius), one of the greatest comparative anatomists of the time. 
Fabricius became Anatomy Chair at Padua after succeeding Gabriele 
Falloppia, who had learned anatomy directly from Vesalius. Fabricius 
was also interested in function of the body, rather than just Vesalian 
structure or architecture, a concept that Harvey incorporated from 
his time in Padua. Fabricius dissected various animals but carefully 
related his findings to observations of human dissections. Fabricius 
discovered venous valves, i.e., small structures in veins that prevent 
backflow of blood. This discovery would prove crucial for Harvey. It 
suggested that blood flowed only one way, not as a tidal ebb and flow 
as Galen had suggested. Fabricius showed Harvey that by temporar-
ily occluding a surface vein of blood, one could determine the direc-
tion from which the segment filled. Harvey learned to observe the 
function of this new anatomic finding.

With his newly found anatomic training from Padua, Harvey 
headed back to England convinced that new ideas were needed. 
He, like Vesalius and Fabricius, believed that there were no holes 
in the septum of the heart to allow blood flow from the right side to 
the left. Additionally, the discovery of the venous valves left Har-
vey to consider the anatomic finding in physiological terms—blood 
flowed only one way. How could Galen be right? In Padua, Harvey 
had been introduced to a new kind of medical investigation—ex-
perimentation. Observation was not enough. Harvey combined keen 
observation with computation and experimentation. Harvey was in-
spired by Galileo’s motto,

Measure all that is measurable, and make things measurable which 
have hitherto not been measured. (7)

But Harvey would forge a path with little guidance from others. 
Shortly after his return to England, Harvey was granted member-
ship in the College of Physicians in 1604. In the same year, he mar-
ried Elizabeth Browne, daughter of Lancelot Browne, the physician 
to King James I. His wife’s connection to royalty proved essential in 
Harvey’s work and influence. In 1607 Harvey became Assistant Phy-
sician to St. Bartholomew’s Hospital. He had a flourishing practice, 
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which included members of the aristocracy, eventually to include 
King Charles I. Such a practice provided a sufficient source of income 
that Harvey could maintain an independent interest in investigation 
in anatomy and physiology. He vivisected countless animals to deter-
mine the nature of the heartbeat and its relationship to the pulse, even-
tually theorizing that it was the heart’s contraction that was the source 
of the arteries’ pulsation. But in 1616, Harvey landed at the crux of his 
argument on circulation of blood. First, he measured the total amount 
of blood that could be drained from an animal such as a sheep or pig. 
Then, Harvey measured the amount of blood that could fill the left 
ventricle of each animal. Using this measured quantity of blood in the 
heart, about 2 oz, Harvey calculated the amount of blood, beating at 
72 times per minute, that the body would need to consume if the Ga-
lenic ebb-and-flow model of circulation was accurate. This amount, 
8,640 oz or 540 lbs, was far in excess of the animal’s blood volume. It 
was even in excess of the entire body weight of each animal! The use 
of this quantitative evidence was compelling and new. The scientific 
method and introduction of quantitative evidence into physiological 
problems were Harvey’s greatest contribution to medicine. Such in-
vestigations eventually led to the 1628 publication of one of the great 
books in Western medicine, Exercitatio Anatomica de Motu Cordis et San-
guinis in Animalibus, or Anatomical Studies on the Motion of the Heart and 
Blood in Animals—often referred to simply as De Motu Cordis. The first 
half of this relatively short book details the relationship between the 
heart and the pulse. For the second half of the book, Harvey took on 
the more complex explanation of the circulation of blood. Harvey had 
observed that the atria, the upper chambers of the heart, contract just 
prior to the ventricles, the thick-walled lower chambers. He demon-
strated that blood passes through the atria into the ventricles. The next 
step was to show that the blood in the right ventricle passes out to the 
lungs and the blood in the left ventricle passes to the rest of the body. 
Using his quantitative measurements, Harvey effectively showed that 
Galen’s tidal, ebb-and-flow theory of circulation was wrong, but he 
realized he needed an alternative explanation for circulation. Harvey 
observed that blood came to the heart by the largest of veins, the vena 
cava. Blood passed through the right atria into the right ventricle. 
Blood would then pass through the lungs as he clearly observed and 
described in De Motu Cordis. Upon returning to the left side of the 
heart, blood passed through the left atrium, then the left ventricle, and 
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out to the tissues via the arteries. So how did blood complete a circuit 
to get back to the heart? If tissues did not consume blood, how did it 
go through tissues and return to the veins, eventually to the great vena 
cava? To answer this question, Harvey returned to the finding and the 
physiological approach to anatomy from his former teacher, Fabricius, 
the man who discovered the venous valves. The unidirectional flow 
of blood suggested by the venous valves, a finding that can easily be 
confirmed by any observer, said to Harvey that there was a sort of 
motion as in a circle. Harvey’s words seem simple, but their power 
cannot be denied:

It has been shown by reason and experiment that blood by the beat of 
the ventricles flows through the lungs and heart and is pumped to the 
whole body. There it passes through pores in the flesh into the veins 
through which it returns from the periphery everywhere to the center, 
from the smaller veins into larger ones, finally coming to the vena ca-
vae and right atrium . . . It must therefore be concluded that the blood 
in the animal body moves around in a circle continuously, and that the 
action of the heart is to accomplish this by pumping. (1)

There is a hint of irony in the last element to complete the theory. 
What was the pathway by which the blood passed through tissues 
from the smallest of arteries to the smallest of veins? Harvey postu-
lated “pores” in the tissues. We know them as capillaries. He fully 
anticipated that someone would find these pores. Still, such postu-
lation must have bothered Harvey. These pores were all too remi-
niscent of the invisible interventricular holes that Galen proclaimed 
existed but Harvey and others did not believe did exist. Harvey even 
stated in the introduction to De Motu Cordis, “Damn it, no such pores 
exist, nor can they be demonstrated” (1). But within 40 years, Mar-
cello Malpighi of Bologna proved the existence of capillaries using a 
microscope. Harvey’s circuit was complete.

As compelling as the reasoning was, De Motu Cordis was greeted 
with some angry opposition for disagreeing with Galen. The book 
initially generated little effect on medical practice. This lack of ef-
fect was probably because Harvey’s ideas could not be translated 
into cures or treatments for patients’ symptoms any better than the 
long-accepted Galenic ebb-and-flow theory. The bleeding, cupping, 
emetics, or other treatments dictated by the long-held humoral the-
ory were still used on patients, even by Harvey himself. Harvey had 
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helped explain how the body worked but not how disease occurred. 
Better understanding of disease processes was needed before physi-
cians’ daily practice could change. That would take the better part of 
a century. But medicine had taken a large step forward into experi-
mental medicine. Despite the initial dissent, Harvey lived to see his 
doctrine on the circulation of blood accepted by the scientific and 
medical community. Later in his life, he was honored and applaud-
ed. In the next hundred years, others would discover the medical 
utilities associated with the knowledge of the circulation of blood, 
but Harvey’s words stand out: reason and experiment. With these 
words, Harvey forever changed medicine, introducing the scientific 
method into the field.

For doctors to completely discard the humoral theory with its 
attention to humors, innate heat, or pneuma, some viable alternative 
was needed to not just reject Galenic anatomy and physiology but 
to explain disease processes or, more specifically, the seat or start-
ing place for disease. The Galenic approach to medicine had serious 
flaws. Surely others besides Vesalius and Harvey had been capable 
of pointing them out. So, what took so long for medical science to 
discard such a problematic theory? For centuries, Galen’s status as a 
demigod held back any doubters. By the 17th century, Vesalius, Har-
vey, and others had chipped away at Galen’s authoritative status. 
But that was not sufficient to take down the humoral theory. Accord-
ing to Thomas Kuhn,

The decision to reject one paradigm is always simultaneously the de-
cision to accept another, and the judgment leading to that decision 
involves the comparison of both paradigms with nature and with each 
other. (2)

The 18th-century experimental approach to anatomy and physiol-
ogy did not offer many clinical successes to take to the bedside. A 
gulf seemed to develop between research and clinical practice. The 
bedside physician in the 18th century had little new knowledge to 
which to turn until a new paradigm emerged in Italy that allowed 
medical science to fully reject the humoral theory. Rejection was not 
the result of a single breakthrough but materialized from the me-
ticulous, lifelong efforts of one man. His efforts resulted in a new 
concept that disease began not as a disruption of humors but be-
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cause of anatomic changes in the very organs that Vesalius and other 
anatomists had so carefully described.

Morgagni and the Anatomic Basis of Disease

For hundreds of years, doctors knew that organs at death would 
vary in their appearance from one person to another. But no one 
had correlated the symptoms of a person before death with the find-
ings at autopsy in any systematic way. The first attempt to do so 
was by Theophil Bonet, a Swiss-born physician who wrote a book 
in 1679 relating findings at autopsy to discrete diseases. However, 
the book was too inaccurate and disorganized to have much influ-
ence on the practice of medicine. It did influence the man who was 
to develop the so-called anatomic concept of disease: Giovanni Bat-
tista Morgagni. Developing the concept would require most of his 
professional life to produce a publication that would finally dispel 
the humoral theory once and for all.

Morgagni was born in 1660. As he completed his studies, he 
became Chair of Anatomy at the University of Padua, but Morgag-
ni also treated patients at the famous university. There, he carefully 
catalogued patients’ symptoms prior to death and correlated them 
with morbid anatomy at autopsy. His discoveries described corre-
lations that to us seem so obvious and commonplace that physi-
cians and the general public are shocked that the connections had 
not always been known and were made by Morgagni. These find-
ings included chest pain known as angina pectoris and the findings 
of heart muscle degeneration and clots in coronary arteries after 
death; symptoms of stroke due to alterations in cerebral blood ves-
sels with atherosclerosis, or so-called hardening of arteries; breath-
ing difficulties and lung findings of emphysema; and symptoms 
of abdominal upsets and the pathological findings in gastric ul-
cers and appendicitis. Morgagni showed that disease, producing 
symptoms in a patient, could be located in certain organs. More 
succinctly stated by Morgagni himself, “Symptoms are the cries of 
suffering organs (3).” Morgagni patiently collected over 700 case 
histories and autopsy findings until he believed he had amassed 
enough evidence to convince fellow physicians. He did. In 1761, 
Morgagni published De Sedibus et Causis Morborum per Anatomen 
Indagatis, or The Seats and Causes of Disease Investigated by Anatomy. 
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Unlike Harvey, Morgagni did not have to wait or suffer through 
criticism for his book to find favor. His book was an instant success. 
The anatomic concept of disease sent the humoral theory pack-
ing. With this new concept that disease could be located in specific 
organs at death, doctors began the hunt for clues to pathological 
anatomy before a patient’s death. At first, doctors performed this 
search by listening to a patient’s symptoms. Symptoms were of 
little use to the humoral theory of medicine. The nature or charac-
ter of a patient’s abdominal pain did not help a physician under-
stand a disruption in the balance of humors. But the localization 
of symptoms to a diseased organ required careful correlation. The 
more specific the lead, i.e., the nature of the symptom, the better the 
correlation. Doctors began to examine more than a patient’s pulse. 
They examined the organs, as well as they could, before the patient 
died. The late 18th and early 19th centuries saw the beginning of 
the physical examination—touching, percussing, and listening—
all done in an attempt to predict the anatomic findings at autopsy. 
Such predictions were often inexact. Even today, with all the tech-
nology such as computerized axial tomography scans, magnetic 
resonance imaging, and various laboratory-based tests, autopsies 
regularly yield surprises. But after Morgagni’s theory, medicine’s 
framework evolved further. Others, notably Marie Francois Xavier 
Bichat (1771 to 1802), refined Morgagni’s work. Bichat’s advance 
was the concept of tissues, such as connective tissue and muscle 
and nerve tissues, being the building blocks of organs. Diseases af-
fected specific tissues, not simply organs. Bichat’s focus on tissues 
and their properties began to move medicine towards the cellular 
basis of disease, although elucidation of cellular pathology would 
have to wait until the mid-19th century. Bichat’s view of the vi-
tal properties of tissues formed the basis of a new physiology in 
medicine. He believed that the tissues forming structures exhibit-
ing animal life, such as voluntary muscle and sensory organs, were 
distinguished from those of organic life, such as the tissues com-
prising lungs and the circulatory system. This distinction led to a 
new understanding of the workings of the body in health (physiol-
ogy) and disease (pathophysiology), separate from what could be 
discovered at autopsy. Doctors had always known that there were 
deaths that could not be readily explained by changes in organs at 
autopsy. Could some physiological or pathophysiological change 
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be responsible for illness, change that could be discovered before 
death? This notion produced interest in examining the living. The 
physical examination was improved, especially by the introduction 
of the stethoscope by René Laënnec in the early 19th century. Doc-
tors began to accurately predict pathological and anatomic causes 
of a patient’s demise and prove themselves correct by postmortem 
examination.

The Rise of Modern Hospitals in Western Medicine

With the demise of the humoral theory, medicine moved towards a 
more modern age in the late 18th century. Careful documentation of 
a patient’s symptoms, a physical examination, and correlation with 
changes in organs and tissues at autopsy to define the seat of dis-
ease are the foundation of modern medicine. No longer were doctors 
searching for disruptions of humors, pneuma, or miasma. However, 
therapeutics had little advancement through the 18th century. In fact, 
certain innovations proved enormously detrimental. The explosive 
development of the urban hospital occurred during the 18th century. 
Many of the European hospitals that are still operating today were 
founded in the 1700s. These institutions provided ample diseased 
patients and, eventually, cadavers for study. But the clustering of 
patients, often with infectious illnesses, gave disease transmission 
a place to happen. Increased mortality was most evident in the new 
lying-in hospitals for childbirth. Mortality rates of 10 to 30%, usually 
from puerperal sepsis or childbed fever, were evident in delivering 
women. Puerperal sepsis was rarely seen before the 18th-century 
hospitals. The disease and its transmission were poorly understood 
until the mid-19th century, when that changed largely through the 
work of Ignaz Semmelweis, as we shall see in chapter 8.

Contagion and 18th-Century Medicine

As the 18th century drew to a close, the concept of contagion was still 
not widely accepted. Even more alien to medical theory was a role 
for microorganisms in disease. The demise of the humoral theory 
was not enough to bring about change in physicians’ notions that 
these little animalcules, discovered in the mid-17th century, played 
any role at all in human disease. In addition, since autopsies were 
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performed with the naked eye in the 18th and early 19th centuries, 
physicians had no reason to consider the microbiological causation 
of disease when examining diseased organs. Indeed, the role of mi-
croorganisms was hotly debated in processes unrelated to human 
disease such as the causes of putrefaction, or the means by which 
substances such as meat go bad. Were microorganisms to blame? If 
so, how did they get there? Many scientists held to the theory of 
spontaneous generation. If microorganisms could spontaneously 
appear, say, inside the human, how could a cogent theory of con-
tagion even be considered? Dispelling the concept of spontaneous 
generation would be crucial for the development and acceptance of 
the germ theory of disease. Since spontaneous generation breached 
the church doctrine that God alone could create life, the debate even 
entered the metaphysical. Experiments to prove or disprove spon-
taneous generation during the 17th and 18th centuries remained 
controversial, both experimentally and philosophically. Until this 
debate was settled, the idea that a microorganism could be the cause 
of human disease, let alone take down a human, was not seriously 
considered. Even with the establishment of modern medical ap-
proach to the patient, the invention of the microscope, and the dis-
covery of microorganisms, the germ theory of disease would have to 
wait. But before the debate over spontaneous generation was settled 
and a theory encompassing the role of microorganisms in human 
infection was developed, the early 19th century saw two of the most 
momentous advances in the history of medicine: vaccination and the 
successful prevention of childbed fever. But once again, innovators 
paid a powerful price.
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7
Edward Jenner and the 
Discovery of Vaccination

Medicine has made a few extraordinary contributions that have 
dramatically improved human existence, but vaccination remains 
its greatest contribution. What other discovery has eradicated a dis-
ease from the face of the earth? Not just any disease but one of the 
most devastating illnesses in human history—smallpox. As mag-
nificent an accomplishment as global eradication of smallpox was, 
the achievement that made it all possible began in the 18th century, 
even before the germ theory of disease was an accepted medical 
theory. One of the greatest achievements in medicine, smallpox 
vaccination, is worth scrutinizing. In order to understand the gen-
esis and the impact of this discovery, one must first study the hor-
rifying history of smallpox, especially in the 18th century, when the 
disease was at its peak of devastation in Europe. The 18th-century 
theories that attempted to explain the disease are emblematic of 
the hodgepodge of medical thought that occurred with the closing 
stages of the humoral theory of medicine but preceded the germ 
theory of disease, which was developed in the 19th century. Under-
standing these theories about smallpox in the 18th century helps to 
explain what Edward Jenner and others were up against in order to 
hypothesize, test, and prove the theory of vaccination to a skeptical 
and critical medical world.

doi:10.1128/9781555817220.ch7
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The Disease of Smallpox

Smallpox was a disease (I use the past tense for the malady since 
the last natural, non-laboratory-acquired case occurred in 1977 
and in spite of the danger of smallpox as a bioterrorism threat) 
caused by the variola virus, which affected only human hosts. The 
virus entered the human by the respiratory tract in most cases. 
After an incubation period of about 12 days, the virus produced 
an acute febrile illness. While there are two variants, variola major 
and variola minor, the former produced the more severe disease 
and was more common. The initial symptoms were fever, malaise, 
muscle aches, and headache and extreme prostration. By the third 
day or so, spots began to appear in the mouth, nasal passages, 
tongue, and throat. Large amounts of virus were present in sa-
liva during this time. One or two days later, a skin rash appeared, 
first as spots but then as vesicles, or fluid-filled, raised skin le-
sions. These lesions tended to occur over the face, the distal parts 
of the extremities, and less on the trunk. These vesicles were filled 
with cellular debris and by 7 to 10 days after onset of the illness 
appeared to be pustules, although they were not actually filled 
with pus. Characteristically, these firm pustules appeared simul-
taneously and were of equal size, usually about 1⁄2 cm, around the 
body. Death was due to circulatory collapse most commonly and 
occurred between the 10th and 16th days of illness. By 2 weeks 
into the illness, pustules began to regress and scab. By day 21, the 
lesions scabbed over, flaked off, and left permanent scars, assum-
ing that the person survived. Since the face was affected, the scars 
permanently disfigured many, if not most, people in areas where 
smallpox was endemic. About 2 to 5% of victims were left blind 
due to scarring over the cornea.

The overall smallpox mortality rate was 30%, but there were 
variations that affected that number. Children less than 1 year of age 
had a higher mortality rate, about 45%. For those persons whose pus-
tules became confluent or joined together, the mortality rate could be 
as high as 50 to 75%. One form of smallpox where the pustules never 
formed as raised skin lesions but remained flat, so-called malignant 
smallpox, carried 90% mortality rates. And if there was severe bleed-
ing from the skin or internal lesions, known as hemorrhagic smallpox, 
death was a certainty.
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A Short History of Smallpox

Smallpox has been traced back with some certainty to about 1200 
BCE. It appeared to result in the death of the Egyptian Pharaoh 
Ramses V. The disease may have been the cause of the Athenian 
plague described by Thucydides. Smallpox was likely present 
during Roman times and may have contributed to the decline of 
the empire around 180 CE (1). The Chinese described smallpox in 
300 CE. The first clear clinical description was by a predecessor of 
Avicenna, Rhazes, who first described and differentiated smallpox 
from measles in the 10th century in the Middle East. The expansion 
of Arabs and the Crusades contributed to the spread of smallpox 
in medieval Europe. But it was unknown in the New World until 
the Spanish and Portuguese introduced smallpox in the 1500s. To 
say that this disease had a devastating effect on the Aztecs is an ab-
surd understatement. In 1518, when the Spanish arrived in Mexico, 
an estimated 25 million Aztecs lived there. By 1620, only 1.6 mil-
lion survived (10). Similar wreckage of the Native North American 
population occurred in the 1600s, although not quite as rapidly as 
in Mexico.

The rich and poor were equally affected by smallpox. All ages 
and social classes were susceptible. Smallpox killed an impressive 
array of monarchs and political leaders, including Marcus Aurelius 
in 180 CE, the Aztec emperor Cuitláhuac in 1520, Emperor Ferdi-
nand IV of Austria in 1654, Queen Mary II of England in 1694, Tsar 
Peter II of Russia in 1730, and King Louis XV of France in 1774, to 
name but a few. In the 18th century, four reigning European mon-
archs died of smallpox. During the same period, the line of succes-
sion to the Habsburg Empire changed four times because of the 
disease. The high-profile deaths among nobility led to a percep-
tion that the upper social class was more at risk. Many believed 
lifestyles rich in luxury led to smallpox. It wasn’t true. In Europe 
alone, smallpox claimed over 400,000 deaths per year in the 18th 
century, an estimated 10% of all deaths. That’s 40 million deaths 
during the 1700s in Europe alone. Those individuals who survived 
were left disfigured and sometimes blind. Because so many people 
were affected by smallpox in the 18th century, it was the leading 
cause of blindness in Europe.
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Smallpox in the 18th Century

The manner in which the populace viewed smallpox depended, 
in large part, on where one lived in the 18th century. For those in 
large cities such as London, smallpox was endemic, generally affect-
ing the young and those who migrated to the city. The disease was 
viewed as an unfortunate fact of life. Many authorities believed that 
everyone would eventually develop smallpox. Many Londoners 
considered themselves fortunate to have had a mild case in child-
hood since it was recognized that afterwards, one no longer had to 
fear the devastating nature of the disease. Smallpox was so common 
among the young in London’s 18th century that parents did not even 
count their children until they had survived the illness (11). In the 
countryside, however, the view was quite different. Smallpox was 
not always present in rural villages. Periodic flares of the malady in 
large cities like London, producing staggering death tolls there, led 
to epidemics in the countryside in that or the following year. Once 
introduced, the disease could lead to explosive outbreaks of illness 
and death in a village, resulting in terror among the inhabitants and 
desperate attempts to put a stop to it. Epidemics of smallpox across 
England were recorded in 1710, 1714, 1716, and 1719, producing a 
growing alarm over their increasing frequency.

With our modern eye, it is difficult to imagine that 18th-century 
scientists could view smallpox as anything but a contagious disease 
as they observed the various epidemics every few years. But at the 
beginning of the 18th century, the humoral theory still held. Despite 
the efforts of Fracastoro, the microscopic discoveries of van Leeuwen-
hoek, and the downfall of Galenic anatomy and physiology, the con-
cept of contagion was still not widely accepted. However, during the 
18th century, theories about smallpox evolved from a disease whose 
origin was inside the human body to one whose origin was outside 
the body. Rhazes described classical, humoral explanations for small-
pox in the 10th century. These remained the views of most until the 
18th century. Rhazes’ view was that the seat of the disease was in the 
blood. In each individual something came from the mother that was 
responsible for smallpox. The mother’s blood seeded the fetus with 
some factor that required blood to go through a process similar to the 
fermentation of grape juice into wine. The blood had to be purified 
of some innate seed via the pores of the skin. The innate seed from 
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the mother offered a satisfactory explanation for the nearly univer-
sal affliction of smallpox. The theory held that sooner or later some-
thing in the air or in the diet of the individual caused this fermentation 
to occur, disengaging the innate factor from the blood. Since initial 
symptoms of smallpox often involved nausea and vomiting, these 
symptoms explained the body’s attempt to begin the expulsion of 
the innate factor. But the onset of fever served as the explanation that 
all the remaining factor or humor was disengaged from blood. The 
sweating that occurred was the body’s way of trying to rid itself of the 
factor. When the rash began, the explanation was that the excretory 
ducts were blocked. Eventually, if the person survived, the humors 
that were caught up in the pustules fermented and dried up, and the 
poisonous factor was discharged from the body. Adults, as the theory 
held, had built up more of the humor than children, so their disease 
tended to be more severe. While this theory explained much about 
smallpox, 18th-century physicians observed two facts that conflicted 
with the theory. First, records showed that smallpox first appeared in 
Europe in the Middle Ages. How could something innate from the 
mother be the explanation? Second, during the 18th century, there was 
a shift from smallpox’s appearance as an early, often minor, childhood 
illness to one that was a serious threat to the entire populace. What 
explained the increasing virulence? Some authorities suggested that 
the change in diet or perhaps other habits of people explained both 
the appearance of smallpox during European medieval times and the 
change in virulence.

The concept changed where smallpox was thought to occur as a re-
sult of an external agent or influence that activated an innate propensity 
to the disease. Fracastoro discussed smallpox in his book on contagion, 
but he considered smallpox a minor disease of childhood, suggesting 
a contagious substance in the atmosphere but being quite general as to 
its nature. The discoveries of the properties of air in the 17th century by 
Robert Boyle and others tended to popularize air or changes in the at-
mosphere in the causative theory. Others believed the cause was some-
thing in the diet and/or some facet of immoderate living.

Contagion and Smallpox in the 18th Century

By the early years of the 18th century, the repeated epidemics of 
smallpox could not be ignored, and physicians began to seriously 
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consider a contagious agent for smallpox. At first, some poison or 
“noxious atom” was considered (13). To be certain that the noxious 
atom was not animate, attempts were made to observe these parti-
cles with a microscope by members of the Royal Society in 1723, but 
to no avail. There were other suggestions offered by animalculists, 
but the inability to find anything microscopically limited the appeal 
of such explanations. More appealing to the 18th-century theorists 
was the idea of venomous corpuscles. The origin of such corpuscles 
was never well explained, but these particles could cause similar dis-
ease in anyone who was unfortunate enough to come in contact with 
them. If poisonous substances were responsible, wouldn’t the body 
react to the poison each time it came in contact with it? What was 
the explanation for the fact that people seemed to only suffer from 
smallpox once? In 1730, Thomas Fuller combined the idea of an in-
nate seed, which explained why nearly everyone got smallpox, with 
the contagious particle. His hypothesis was that smallpox, like any 
contagious disease, was caused by the fertilization of specific ovula 
in the blood by an “afflatus genitalis” which was introduced from 
outside the body (11). These ovula lay dormant until the right poi-
sonous particle came along. When it did, the fertilized ovula caused 
the disease and eventually was expelled from the body, never to 
cause trouble again, even if the person came in contact with the poi-
son. All these theories of smallpox were a combination of the old and 
the new medical explanations that attempted to describe observed 
phenomena. But these theories would be put to the test when a new 
method to control this dreaded disease was introduced to Europe: 
inoculation, also called variolation.

Variolation and the “Control” of Smallpox

In the 18th century, Europeans began to hear of practices in Asia and 
the Near East of preventing smallpox by means of variolation, an 
outmoded term that I use to avoid further confusion with inocula-
tion, a term still used today but one that was also used interchange-
ably with variolation. Variolation is rooted in the term variola, a 
word also used for smallpox. It is derived from the Latin, varus, 
meaning “mark on the skin.” Smallpox came to common parlance 
from small pox (meaning sacs), first used in the 15th century to dis-
tinguish the disease from syphilis, then known as the Great pox. The 
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process of variolation was to take a lancet with fresh material from a 
pustule on a person with a mild form of smallpox. The probe would 
be introduced into a healthy person, often above the thumb, in the 
forearm. The practice did indeed produce smallpox in the recipient, 
but the case was often mild, perhaps because of the portal of entry 
(the subcutaneous skin versus the respiratory tract), the inoculum 
(i.e., the numbers of virus introduced), or the lower virulence of the 
chosen virus introduced via variolation. However, variolation was 
not without its problems. Deaths still occurred following variolation, 
albeit at a lower rate, estimated to be between a 5 and 12% case fa-
tality rate, compared with an average of 30% for naturally acquired 
smallpox. Other problems were evident, too. Some recipients got se-
vere cases of smallpox, which did not enhance the reputation of the 
process. Lancets were not cleaned and carried other organisms, in-
cluding syphilis bacteria and bacteria that caused wound infections. 
Even though the variolation recipients may have had mild cases of 
smallpox, they could still transmit virus to others; the practice could 
have been responsible for smallpox outbreaks.

The origin of variolation is a bit murky. The Chinese tried to in-
duce immunity by drying material from ripe smallpox pustules and 
putting it up the noses of susceptible persons in the 10th century (7). 
This practice was not always consistent in its effect. A process was de-
scribed in India in the 17th century in which blankets from a smallpox 
sufferer with mild illness were wrapped around children with the in-
tention of transmitting mild disease. The actual practice of variolation 
described above appeared nearly simultaneously in Africa, India, and 
China prior to the 17th century. In the 17th century the Ottoman Turks 
frequently used variolation. Circassian traders introduced the process 
to the Ottoman Empire around 1670. They learned the practice from 
women in the Caucasus, who used it not just to lower mortality rates 
from the disease but as a means to circumvent the disfiguring scars 
left by smallpox. The women of the Caucasus were legendary for their 
beauty and in demand in the Turkish sultan’s harem, in large part 
because of the success of this practice. Consider that most European 
women portrayed in portraits from the 18th century had facial scars 
from smallpox which were not depicted in paintings. Portrait paint-
ers were the airbrush artists of their day. Any practice that allowed a 
person to get through the illness without disfiguring scars would be 
eagerly considered. Variolation came to Europe in the 18th century 
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from travelers returning from Istanbul. The Royal Society in London 
received several communications about the process in 1714 and 1716, 
both published in the Society’s Philosophical Transactions. There is little 
doubt that the English medical community was aware of the proce-
dure in the early part of the 18th century, but the conservative society 
did not respond. Physicians were careful not to risk their reputations 
on a new technique. There were fundamental theoretical concerns that 
prevented variolation from being introduced in England. There was a 
belief that the practice may work in the Middle East but that differenc-
es in diet, notably more wine consumption among the British, would 
affect the British view of the utility of variolation in England. Climate 
was also a particularly crucial consideration. The climatic conditions 
in England differed so significantly from those in Turkey that Eng-
lish physicians considered the environmental conditions in the cool, 
wet English climate to be very treacherous in trying variolation. Recall 
that the evolving theory about the cause of smallpox at the time owed 
much to the environmental influences external to the body.

Lady Mary Wortley Montagu

Variolation was eventually popularized in England, not by a phy-
sician but by the wife of a British diplomat, Lady Mary Wortley 
Montagu. Lady Mary has been incorrectly credited with introduc-
ing the practice to England. She did not, as the cursory delibera-
tions of the Royal Society in 1714 and 1716 demonstrate. But she 
did increase the appeal of variolation to the British and helped 
to remove the hesitation that the medical society had for it. How 
she came to have this influence becomes evident by reviewing her 
background. Lady Mary had married at age 23. Her husband was 
elected to Parliament 2 years after the marriage. Upon their move 
to London, Lady Montagu won great favor in British society cir-
cles with her charm and beauty. But at age 26 she contracted small-
pox. She survived, but the disease scarred her great beauty. She 
lost a brother to the disease, too. About a year later, her husband 
was appointed British Ambassador to Turkey. The family moved 
to Istanbul, where she became acquainted with the technique of 
variolation. She became determined to keep her children from suf-
fering from smallpox as her brother or even as she had. In letters 
back to England, she describes the technique:
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The small-pox so fatal and so general amongst us is here entirely 
harmless by the invention of ingrafting (which is the term they give 
it). There is a set of old women who make it their business to perform 
the operation. Every autumn in the month of September, when the 
great heat is abated, people send to one another to know if any of 
their family has a mind to have the smallpox. They make parties for 
this purpose, and when they are met (commonly fifteen or sixteen to-
gether) the old woman comes with a nutshell full of the matter of the 
best sort of smallpox and asks what veins you please to have opened. 
She immediately rips open that you offer to her with a large needle 
(which gives you no more pain than a common scratch) and puts into 
the vein as much venom as can lye upon the head of her needle, and 
after binds up the little wound with a hollow bit of shell, and in this 
manner opens four or five veins. . . The children or young patients 
play together all the rest of the day and are in perfect health till the 
eighth. Then the fever begins to seize them and they keep their beds 
two days, very seldom three. They have very rarely above twenty or 
thirty in their faces, which never mark, and in eight days time they are 
as well as before the illness. . . . There is no example of any one that has 
died in it, and you may believe I am very well satisfied of the safety 
of the experiment since I intend to try it on my dear little son. I am 
patriot enough to take pains to bring this useful invention into fashion 
in England, and I should not fail to write to some of our doctors very 
particularly about it if I knew any one of them that I thought had vir-
tue enough to destroy such a considerable branch of their revenue for 
the good of mankind, but that distemper is too beneficial to them not 
to expose to all their resentment the hardy weight that should under-
take to put an end to it. Perhaps if I live to return I may, however, have 
courage to war with them. (16)

The procedure was performed on her son, aged 5, in Turkey. He 
recovered without incident. In 1718, Lady Montagu and her fam-
ily returned to England. Three years later, in 1721, a smallpox epi-
demic struck London. At that point, she allowed friends to witness 
her daughter, then age 4, having the procedure. She also recovered 
uneventfully. The King’s physician, Sir Hans Sloan, witnessed the 
process. Suitably impressed, he suggested to the Royal Family that 
it be considered in the midst of an epidemic. Rather than proceed 
straight ahead, the decision was made to test the procedure on six 
prisoners who were scheduled to be hanged in Newgate prison. In 
exchange for their freedom, variolation was performed on the six 
individuals in full witness of a number of prominent physicians. All 
six prisoners survived. Would this procedure be enough to protect 
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the recipients from smallpox? To answer the question, one of the 
prisoners, a 19-year-old woman, was sent to a village with a severe 
smallpox epidemic to care for victims of the disease. She was ex-
posed to the illness for 6 weeks and did not come down with any fur-
ther illness herself. Newspapers carried accounts of the experiment. 
The Princess of Wales became so interested in the procedure that she 
instructed that a list of all orphaned children in St. James Parish who 
had not had smallpox be made so that they could have the variola-
tion procedure at her expense. In 1722, sufficient confidence existed 
in variolation that it was performed on two daughters of the Prince 
and Princess of Wales. They recovered, to the great relief of the Royal 
physicians and with much fanfare from the newspapers. Slowly, the 
practice spread throughout England. Nearly a year after variolation 
was tried successfully on the Royals, a high-profile death, that of the 
son of the Earl of Sunderland, precipitated years of controversy over 
the procedure. One of the chief antagonists was William Wagstaffe, 
who argued in 1722 that variolation would not always produce 
smallpox, since the procedure was unreliable. This belief was sup-
ported by the notion that the state of the recipient, i.e., his or her diet 
and the state of that person’s blood at the time of variolation, would 
help determine the outcome. Accordingly, a preparation of a special 
low-calorie diet and bleeding became the rule before variolation to 
bring the body to the “optimal” condition. The controversy did not 
go away despite attempts to show that mortality rates appeared to be 
somewhat improved using the procedure. There was at first a gen-
eral acceptance in the mid-1720s, and then the controversy caused a 
decline in variolation use in the 1730s, a period of relative quiet for 
smallpox. But as the debate continued, so did epidemics of smallpox 
in England. By 1743, variolation was made compulsory for all chil-
dren in the Foundling Hospital in London. In 1746 an epidemic of 
smallpox returned in full force to London. In the midst of this crisis, 
an entire hospital, appropriately called the Smallpox and Inoculation 
Hospital, was established for the procedure. Other countries, partic-
ularly France, were not keen on variolation. But in England, variola-
tion became an accepted medical practice by 1750. The advent of the 
Smallpox and Inoculation Hospital did little to help the lower-class 
population (12). Some resistance to the procedure remained, largely 
among the clergy. However, a raging epidemic of smallpox in all of 
England in 1752, the worst year for the disease in England during the 
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18th century, removed all resistance to the procedure and ensured 
that variolation would be the accepted medical practice. Increased 
attention to preparation for variolation came during this period in 
England, including strict regulation of diet for at least 2 weeks before 
the procedure, bleeding, emetics, and purging. It is hard to imagine 
that this approach was considered the foundation for an improved 
constitution prior to deliberate infection with smallpox. But it was. 
Gradually, the practice spread across England, with the supreme 
“stamp of approval” coming in 1755 when the Royal College of Phy-
sicians unanimously approved this supporting statement:

The College  .  .  . judge it [variolation] to be a Practice of the utmost 
benefit to mankind. (12)

This statement effectively ended any controversy over the use of 
variolation in England. We might be horrified at the idea that after 
2 weeks of ghastly preparation, physicians began to make a sizable 
income from deliberately giving smallpox to someone. But an im-
portant positive came from variolation. This was the first procedure 
in medical history to introduce the idea that a contagious substance 
that was specific for smallpox produced a disease.

Edward Jenner: Early Influences

Amidst all of England’s struggles with smallpox, Edward Jenner 
was born in Berkeley, Gloucestershire, near Bristol, on 17 May 1749. 
Many aspects of his childhood had a profound effect on him and on 
his discovery of vaccination. His father, Stephan, was a clergyman; 
his mother, Sarah, was the daughter of a clergyman. Edward was 
one of nine children, two of whom did not survive to adulthood. 
He was the eighth child in the family. His mother died in childbirth 
on delivery of the ninth child. Two months later, Edward’s father 
died, leaving him an orphan at the tender age of 5 years. His older 
siblings struggled to raise the boy. When Edward was 8 years old, 
he was sent to a free boarding school in England, where events oc-
curred that would shape his life. The school suffered an epidemic 
of smallpox. All children, including Edward, who had not had the 
disease, were pulled from the school and prepared for variolation. 
Jenner was bled until his blood was “thin,” purged repeatedly till his 
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body was wasted to a skeleton, and kept on a low-vegetable diet in 
a stable (2). After preparations, each boy had the inoculation. Amaz-
ingly, none of the 12 students died from the procedure. Edward, of 
course, survived but was badly damaged as a result of the incident, 
suffering anxiety and insomnia. As a result, his family moved him 
to a small private school, where Edward recovered. His poor aca-
demics in certain areas prevented him from following in his father’s 
footsteps: going to Oxford and becoming a clergyman. With his apti-
tude in science and his keen interest in nature, medicine became his 
chosen field.

Milkmaids, Cowpox, and Smallpox

Eventually, Jenner became an apprentice to a country surgeon, a po-
sition he retained for 6 years. One account of Jenner’s life suggests 
that during this period, he overheard a dairymaid say,

I shall never have smallpox for I have had cowpox. I shall never have 
an ugly pockmarked face. (15)

Indeed, there was widespread belief in rural England that dairy-
maids were, in some manner, shielded from smallpox and its deadly 
and disfiguring effects. This notion led to the 18th-century impres-
sion that the image of the purest complexion was one of a dairy-
maid. But the prevailing theories of smallpox did not provide a 
clear explanation for any protection from cowpox. Still, Jenner made 
careful note of the dairymaid’s comment. Upon completion of his 
apprenticeship, Jenner headed for London at the age of 21. He had 
the remarkable good fortune to become a student of John Hunter, 
one of the most famous surgeons in England, actually, in history. 
Hunter’s stature came from a lifetime of sound discoveries, includ-
ing the manner in which tendons and wounds heal and the first seri-
ous study of the process of inflammation (8). Hunter was responsible 
nearly single-handedly for upgrading British attitudes towards the 
surgeon as a medical professional rather than a slipshod technician. 
The Royal College of Surgeons each year on Hunter’s birthday, 14 
February, invites a renowned speaker to deliver the Hunterian Ora-
tion. But Hunter was a doer, not a thinker. He experimented con-
stantly, on various animals and, famously, himself, referring to the 
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experiment in which Hunter gave himself syphilis in order to study 
it. Even with his growing fame, Hunter was not an easy man with 
whom to get along. He was quick to anger, combative, and outspo-
ken. Still, there is ample evidence in his correspondence with Jenner 
that he had a genuine affection for Edward. Hunter imparted his 
insatiable curiosity and experimental methodology to Jenner. Jenner 
spent only 2 years with Hunter, but the two remained friends and 
corresponded for years. Hunter’s influence on Jenner was immense. 
It was Hunter who helped Jenner’s proposed election to the Royal 
Society in 1787, not for a medical discovery but for Jenner’s discov-
ery of the nesting habits of cuckoo birds.

Following the 2 years in London with John Hunter, Jenner headed 
back to the countryside of England. This decision profoundly affected 
Jenner’s career and life. Hunter had asked him take a position in Lon-
don at a school of anatomy and natural history, but Jenner refused. 
Jenner returned to Gloucestershire and set up practice while continu-
ing his naturalist investigations. In 1789 when he went to London to 
present his cuckoo paper to the Royal Society, he began to sound out 
his professional colleagues, including Hunter, on an idea he had been 
hearing in the countryside: cowpoxed milkers could not “take” small-
pox. This was rather common talk in the countryside where cowpox 
occurred when Jenner began to practice. But the association was not 
evident even among idle gossipers until the middle to late 1700s (5). 
Jenner had heard of the association even before working with Hunter, 
and the continued discussion among the locals had caught his atten-
tion. But Jenner had not made any personal observations on the topic. 
So, during his trip to the Royal Society, he decided to ask around. He 
got little help on whether the two diseases were linked, since cowpox 
was essentially unknown in London. But when Jenner told Hunter of 
his idea that cowpox could protect someone from smallpox, his men-
tor did offer one solid piece of advice:

I think your solution is just; but why think? Why not try the experi-
ment? (14)

Jenner returned to Gloucestershire to consider his next step. How-
ever, history shows that he was not the first in the area to test the 
idea. The best-documented test of this notion occurred in 1774, when 
a dairy farmer named Benjamin Jesty performed the same procedure 



106 Germ Theory: Medical Pioneers in Infectious Diseases

as variolation but administering material from a cow’s sore teats into 
the arms of his wife and two children. No one is exactly sure what 
happened next; a doctor (not Jenner) was called in to treat his family, 
but no one in Jesty’s family ever acquired smallpox. Area doctors 
who were more familiar with cowpox than Jenner assured him that 
they could produce case after case where a cowpox sufferer came 
down with smallpox. To Jenner, this legend about cowpox protecting 
against smallpox had to be proven one way or another. He saw the 
possibility of repeating the success of his cuckoo bird paper before 
the Royal Society. But how to make the association between cow-
pox and smallpox scientifically plausible? Jenner pondered, appar-
ently for a while. Jenner mentioned nothing more on the subject of 
experiment with cowpox until 1794 in some correspondence with 
other medical professionals. While recuperating from a bout of ty-
phoid fever in 1795, Jenner considered the idea of deliberately giving 
a perfectly healthy person cowpox and then exposing that person 
to smallpox to see if cowpox was protective. But cowpox outbreaks 
were intermittent. He would have to wait until the right moment.

The First Inoculation against Smallpox

In 1796, Jenner finally took action. Upon hearing of an outbreak of 
cowpox among local milkmaids at a farm near Berkeley, he took off 
some fluid from a milkmaid named Sarah Nelmes, who became in-
fected with coxpox after milking a cow named Blossom (that really 
was the cow’s name!). On 14 May 1796, he inoculated it on the arms 
of an 8-year-old boy named James Phipps. Eight days after being in-
jected with cowpox, the boy suffered a fever for 2 days but no great 
effects. Jenner then exposed the boy not once but twice to smallpox. 
Nothing happened to him. It had worked!

Today, if one were writing a protocol to test whether some micro-
organism, say, simian immunodeficiency virus, produced immunity 
in a human to another microorganism, e.g., human immunodefi-
ciency virus, any investigator who would propose taking material 
directly from an infected person without purifying the causative 
agent, directly injecting the material in an 8-year-old child as the 
first test subject, and then deliberately injecting the child with hu-
man immunodeficiency virus to see if the inoculation worked would 
be fortunate to avoid jail, besides rejection from an institutional 
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review board. Yet, this progression was precisely what Jenner did. 
How could he have done this? Why was there no ethical outcry? 
Ethics vary with the times and the circumstances. While we would 
view Jenner’s approach as highly unethical or even criminal, in its 
time and under the circumstances, it seems much less of a cause for 
an ethics violation. First, recall that the 18th century was one when 
smallpox was a nearly constant threat. Anything that saved some-
one from the smallpox threat would be viewed with favor. But I do 
not believe that it is an accident that the first subject was an 8-year-
old child. Jenner himself was subjected to variolation at nearly the 
same age and suffered greatly. He must have had a strong desire to 
save his neighbor’s son from his fate. But how could Jenner have 
deliberately injected the boy with smallpox? Actually, Jenner merely 
subjected the boy to variolation, an accepted technique, not once but 
twice in the summer following his “vaccination.” Phipps did not de-
velop smallpox with either attempt. Phipps lived to a ripe age and to 
demonstrate his immunity to smallpox, he had the variolation per-
formed some 20 times during his life. Phipps remained friendly with 
Jenner, even attending his funeral.

Jenner wrote about the experience with James Phipps and 12 
others in a paper to the Royal Society. To his surprise, it was rejected. 
The rejection remained a sore point for Jenner for years. The precise 
reasons for the rejection may never be known, especially since Jen-
ner was well acquainted with the reviewers and was a member of 
the society. The findings were described as “in variance with estab-
lished knowledge and incredible” (1). One of the greatest advances 
in medical history went unrecognized by the Royal Society! True, he 
had only presented 13 cases; 3 cases had not even been exposed to 
cowpox but a disease called grease of horses, which Jenner believed 
was the source of cowpox. Only one case in the paper, James Phipps, 
had been deliberately given cowpox by Jenner; the rest had casually 
acquired cowpox.

Publication of An Inquiry into the Causes 
and Effects of the Variolae Vaccinae

Jenner became determined to show that his experiment was not a 
fluke. Because of the intermittent nature of cowpox, Jenner once again 
had to wait. In 1798, when another outbreak of cowpox occurred in 
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the countryside, Jenner added more cases, including his son, Robert, 
to his “experiment” to show that cowpox protected against small-
pox. Jenner was not inclined to try publishing in the Royal Society’s 
publication again. Instead, encouraged by some friends, Jenner used 
his own money to publish An Inquiry into the Causes and Effects of the 
Variolae Vaccinae (9). Actually, the full title was An Inquiry into the 
Causes and Effects of the Variolae Vaccinae: a Disease Discovered in Some 
of the Western Counties of England, Particularly Gloucestershire, and 
Known by the Name of the Cow Pox. Jenner used this publication, only 
64 pages, to coin two new terms. The first, variolae vaccinae, literally 
means “smallpox of the cow” in Latin. Jenner invented the phrase 
variolae vaccinae to support his notion that the diseases smallpox and 
cowpox were related. However, cowpox was essentially unknown 
in most areas of England, so he took his chance with the name. The 
term didn’t stick. His other term, vaccination, became part of our 
medical lexicon. Jenner wanted to distinguish his procedure from 
variolation. He took the Latin root, vacca, meaning “cow,” and in-
vented the term for his process. The 1798 publication, An Inquiry, 
had three parts (2). The first part discussed what Jenner considered 
to be the origin of cowpox, a hypothesis that was quickly discred-
ited. Jenner came to believe that the only reliable vaccines to be used 
should be derived from cowpox-infected cows. The second part dis-
cussed the hypothesis that cowpox protects against smallpox. The 
third part of the publication includes a discussion of the findings 
when the hypothesis was tested along with a variety of issues related 
to smallpox, describing 23 cases. The first 16 cases were descriptions 
of people who had somehow acquired cowpox on their own and 
then were exposed to smallpox, mostly via variolation by Jenner. The 
remaining seven cases, including number 17, James Phipps, were 
case descriptions where he used cowpox to protect a healthy per-
son from smallpox and included his own son, Robert Jenner. Only 
four of these cases were subsequently challenged with variolation. 
Importantly, he used material from the deliberately induced cow-
pox infection in one person to vaccinate another case. He concluded 
“that the cow-pox protects the human constitution from the infection 
of the smallpox (9).” Jenner believed that vaccination was safer than 
variolation and that the protection imparted by cowpox vaccination 
would be lifelong.
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Reaction to An Inquiry into the Causes and 
Effects of the Variolae Vaccinae

Convinced of his own correctness, Jenner headed off to London to 
convince his more urbane colleagues. In 3 months, Jenner was un-
able to secure any volunteers for his vaccination in London. A skepti-
cal medical profession surprised and tested Jenner. A man who was 
described as kind and affable towards patients and colleagues in the 
English countryside became increasingly bad-tempered as he faced 
criticism over his beliefs. Some of the most vehement criticism was 
from physicians who had financial self-interests in variolation. Jen-
ner gave cowpox material to a surgeon in London, Henry Cline, who 
began to try vaccination, with success. Cline communicated the suc-
cess to other colleagues in London, an event that greatly helped pub-
licize vaccination. A few other physicians followed, including one 
from London’s Smallpox and Inoculation Hospital. Unfortunately, 
some patients at this hospital developed a generalized rash that dif-
fered substantially from what Jenner described. It is likely that the 
lancets that had been used for vaccination were also used for variola-
tion and had become contaminated with smallpox, serving to cloud 
the success of vaccination in 1799.

Controversy dogged Jenner and vaccination. Financial self-interest 
and contaminated material were only part of the impediments. Anoth-
er part of the problem of acceptance was that physicians who wished 
to perform vaccination had difficult access to the material. They had to 
get the material directly from Jenner since cowpox did not occur widely 
in England. There were those who challenged Jenner as the “Discoverer 
of Vaccination.” His critics tried to discredit him by inviting Benjamin 
Jesty to London. Unlike Jenner, Jesty had never fully documented or 
published his efforts. Still, this debate soured Jenner. There were also 
public concerns that people injected with cowpox would grow cow 
parts, depicted in editorial cartoons of the time (Fig. 1).

Many of Jenner’s opponents were simply jealous, but they were 
an impressive group. William Woodville, Director of the Smallpox 
and Inoculation Hospital, and George Pearson of St. George’s Hos-
pital used their own cow-derived vaccine, inoculating thousands of 
people, many more than Jenner could have. Ironically, they inadver-
tently confirmed Jenner’s claim. Pearson published in order to take 
credit for the discovery in 1798 even though he did not make any 
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original contributions, reporting on the results of others with a self-
promoting style and never acknowledging Jenner as the innovator of 
vaccination. In contrast to the selfishness of Pearson, Jenner refused 
to profit from his discovery. Instead, Jenner became obsessed with 
convincing his countrymen of the value of vaccination, so much so 
that his country practice suffered. He conducted a nationwide sur-
vey of all vaccination recipients or persons who had had cowpox and 
were exposed to smallpox. The results confirmed Jenner’s theory 
(13). By 1800, the technique of vaccination had reached other coun-
tries, including the United States. In July 1800, Benjamin Waterhouse, 
a professor at Harvard, obtained some material for vaccination from 
John Haygarth of Bath, England, who had gotten the vaccine mate-
rial from Jenner himself. Waterhouse introduced vaccination to the 
United States and persuaded Thomas Jefferson to consider it.

Thomas Jefferson’s Letter to Jenner

Thomas Jefferson was impressed by Jenner’s work, appointing Wa-
terhouse as Vaccine Agent in the National Vaccine Institute, designed 

Figure 1        The Cow Pock—or—the Wonderful Effects of the New Inocu-
lation! Drawing by James Gillray, 1756 to 1815. Courtesy of the National 
Library of Medicine. doi:10.1128/9781555817220.ch7.f1
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to implement a national vaccination program in the United States. 
Jefferson wrote Jenner in 1806:

To Dr. Edward Jenner
SIR, —I have received a copy of the evidence at large respecting 

the discovery of the vaccine inoculation which you have been pleased 
to send me, and for which I return you my thanks. Having been among 
the early converts, in this part of the globe, to its efficiency, I took an 
early part in recommending it to my countrymen.

I avail myself of this occasion of rendering you a portion of the 
tribute of gratitude due to you from the whole human family. Medi-
cine has never before produced any single improvement of such util-
ity. Harvey’s discovery of the circulation of the blood was a beautiful 
addition to our knowledge of the animal economy, but on a review of 
the practice of medicine before and since that epoch, I do not see any 
great amelioration which has been derived from that discovery.

You have erased from the calendar of human afflictions one of its 
greatest. Yours is the comfortable reflection that mankind can never 
forget that you have lived. Future nations will know by history only 
that the loathsome smallpox has existed and by you has been extir-
pated.

Accept my fervent wishes for your health and happiness and as-
surances of the greatest respect and consideration. Thomas Jefferson

The controversy over vaccination, despite large-scale successes, sim-
ply would not die, draining Jenner. His efforts in championing his 
vaccination cause cost him financially. He was neglecting his practice 
and his family, spending much of his time in London. He was in seri-
ous debt but always maintained that he should not be paid for his 
efforts to promote vaccination. His supporters tried to help by peti-
tioning the British Parliament for aid. In 1802, England finally afforded 
Jenner some recognition for his efforts when the British Parliament 
awarded him 10,000 pounds; 5 years later, he would be given 20,000 
more. Jenner received honors from Harvard, Cambridge, Oxford, and 
numerous societies. Despite the cool reception of variolation, France 
embraced vaccination. In 1805, Napoleon required his troops be vacci-
nated; a year later he ordered vaccination of French civilians. Jenner’s 
growing fame helped him negotiate the release of a number of British 
prisoners in England’s war with Napoleon, who was reported to have 
said, “Ah, Jenner, I can refuse him nothing.”

In 1803, in the wake of increasing financial burdens, Jenner re-
turned to his country home and family. Other countries, notably 
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India, sent Jenner monies to help. He built a clinic adjacent to his home 
where he gave free vaccination to anyone. Yet, the opposition to vac-
cination, in favor of variolation, continued. More English people had 
variolation than vaccination in the years after Jenner returned to his 
home. He continued his efforts for vaccination, responding to reports 
of failed vaccinations until 1809, when he “retired.” He continued his 
medical practice, but events in his family took their toll on Jenner. In 
1810, his son, Edward Jr., died of tuberculosis. In 1815, Jenner’s wife 
died from tuberculosis, too. In 1823, Jenner suffered a stroke and died 
at age 73. His home in Gloucestershire is now the Jenner Museum. 
A statue to Edward Jenner stands in Kensington Gardens, though it 
originally stood in Trafalgar Square. Jenner has become known as the 
Father of Immunology, although he had no knowledge of how the 
immune system worked.

Vaccination and the Eradication of Smallpox

Despite the clear success, opposition to vaccination over variolation 
continued until 1840, when the British Parliament outlawed further 
variolation. The technique that Jenner used, placing material from a 
cowpox pustule into cuts in the forearm, was discarded in 1858 in 
favor of the use of lancets, the technique still in use for smallpox vac-
cination. In 1801, Jenner predicted the eradication of smallpox using 
vaccination. He did so without knowledge of the microorganisms 
that caused cowpox or smallpox, how they were related, or how they 
spread. It required two centuries before Jenner’s prediction came 
true. But it did. Smallpox eradication came using essentially the same 
technique of a man who first experimented on an 8-year-old child. 
Through selfless perseverance and at great personal sacrifice, Jenner 
managed to convince a skeptical world that he was right. No more fit-
ting tribute can be made than that from the Jenner Museum website:

All that is known about disease prevention by vaccination, our under-
standing of allergy, autoimmune diseases (such as rheumatoid arthri-
tis), transplantation and AIDS follows from this fundamental work by 
Edward Jenner. (6)

In the last few years of his practice, Jenner used a strain of vaccine 
named for a patient, Ann Bumpus, who had over 300 eruptions 
following her vaccination in 1799. The material taken from her 
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eruptions lasted months and was distributed around the globe. Sub-
sequent vaccine material was taken from arm-to-arm transfer un-
til the middle of the 19th century. Occasionally, fresh material from 
cows was introduced. After the 1840s, propagation of the vaccine 
material occurred in cows. The addition of glycerol to the bovine 
material allowed for longer storage. In 1898, human arm-to-arm pas-
sage was outlawed in Britain.

Global Application of Vaccination

Within 10 years of its inception, vaccination had reached around the 
globe. Over the next century, smallpox prevalence declined steadily. 
By the early 20th century, smallpox, while not eliminated, was a less 
important cause of childhood mortality than measles. Outbreaks 
continued periodically. World War II hampered control efforts for 
smallpox, with increasing numbers of countries reporting cases in 
the year after the war ended (89 countries) and large outbreaks hit-
ting Africa and Asia. India, as one example, reported over 1 million 
cases in 1944. In 1948, the World Health Organization at its first meet-
ing took on smallpox prevention. Subsequent efforts led to world-
wide eradication of the disease, which has been detailed elsewhere 
(17). The vaccine’s virus used for eradication is called vaccinia virus. 
The vaccine remains available for use today. However, in its present 
form, the vaccine virus differs from the cowpox virus used by Jen-
ner and from the smallpox virus. Cowpox, found only in Britain and 
isolated areas of Western Europe, remains a rare disease.

Vaccinia Virus in the Contemporary Smallpox Inoculation

Vaccinia virus represents a hybrid virus whose precise origin is un-
clear but which likely arose from inadvertent mixing of cowpox and 
smallpox viruses in those early days of vaccination. Genetically, vac-
cinia virus is more closely related to smallpox than cowpox virus 
(4). Despite any genetic differences in virus and any modifications 
of the technique of vaccination, worldwide application of the basic 
technique from Jenner eliminated smallpox. Eradication was a bold 
goal when it was proposed in the 1950s. The global eradication pro-
gram even encountered areas in Asia and Africa where variolation 
was still practiced up through the early 1970s. But the global effort 
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achieved its goal through vaccination. Since smallpox only affects 
human hosts, eliminating the reservoir through vaccination eradi-
cated the disease.

Success of Vaccination

The global eradication of smallpox began with one physician, Ed-
ward Jenner, making note of folklore, boldly testing the hypothe-
sis, and, through perseverance at great personal cost, proving to a 
skeptical world that vaccination “protects the human constitution 
from the infection of the smallpox.” Jenner’s only major error was 
the assumption that lifetime immunity occurred after vaccination, 
a notion proven to be incorrect in the late 1800s, requiring vaccina-
tion every 5 years to maintain immunity to smallpox. Jenner laid 
the groundwork for the most important contribution to medical sci-
ence, even before the development of the germ theory of disease. 
Vaccination would be extended to dozens of additional diseases by 
others. In spite of some adverse effects of vaccination and the clatter 
of opponents, we should remind ourselves about the misery that 
has been prevented over the last century by application of Jenner’s 
innovation (Table 1). Of the 10 infectious diseases listed in Table 1, 
vaccination reduced by over 95% the disease mortality and morbid-
ity (another word for illness that does not produce death associated 
with the disease) in a century.

The advances made during Jenner’s lifetime are not limited to 
vaccination alone. Medicine had accepted the concept that a conta-
gious substance that was specific for smallpox produced the disease 
and that the disease could be prevented with a substance from anoth-
er disease. Moreover, the protective substance could be taken from 
one human and given to another and then another and produce the 
same protection. This was a far cry from the unbalanced humors and 
miasma dominating the medical theory of smallpox at the beginning 
of the 1700s. By the early 1800s, contagion was becoming an accepted 
notion within medicine but was by no means universally accepted or 
considered in all diseases that we now know as infectious diseases. 
The role of microorganisms in producing disease remained dubious 
in the minds of many physicians of the early 1800s, which was evi-
dent when a second, pre-germ theory contribution was made: the im-
portance of hand washing.
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8
Ignaz Semmelweis and the 
Control of Puerperal Sepsis

While few people delight at the prospect of going into a hospital, we 
know hospitals as institutions for healing, surgery, and other proce-
dures that cannot be offered in the home or a doctor’s office. But the 
hospital has not always been viewed as this therapeutic establish-
ment. People have viewed hospitals with sadness, despair, and, at 
times, sheer terror during their long history. The very institution that 
was designed, in part, to diagnose and treat infectious diseases be-
came a source of them. Understanding how one particular infectious 
disease, childbed fever, was determined to be acquired in hospitals 
during the 19th century is vital to the evolution of the germ theory 
but takes us to a dark chapter in medical history.

The Development of Hospitals in Western Medicine

Before considering the impact of childbed fever in hospitals, we must 
consider how the institution developed in Western medicine. Facili-
ties like Byzantine and medieval Islamic hospitals, already discussed 
in chapter 3, did not appear in Western Europe until after the Cru-
sades. Until then, monasteries in Europe played the role of hospitals 
but were little more than places to die. The emphasis was on saving 
the soul, not the body. With the first crusade, the mission of the hos-
pital in Western civilization took an abrupt shift. A Papal bull from 
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Pope Paschall II, issued in 1113, placed the new St. John Order of the 
Hospital in Jerusalem under papal protection. Like many monaster-
ies, the institution gave aid to Christian pilgrims and crusaders. With 
the security provided by the papal protection, St. John Order, in the 
1150s, shifted from a monastic hostel to  subordinating its staff to the 
wishes of the sick (10). To make tending to the sick, i.e., mending 
the body rather than the soul, a mission of the hospital required a 
specific, written charter at St. John’s  Order in the 1150s. Despite the 
end to Christian rule in Jerusalem in 1187, St. John’s Hospital was 
allowed to remain open to care for its sick. St. John’s  Hospital be-
came a model in design and in attitude towards the sick in Western 
 Europe. Hôtel-Dieu in Paris, the first hospital in Western Europe, was 
founded in 651, more as a hospice than as a hospital. Later, it was 
heavily influenced by the healing mission of St. John’s. The Parisian 
institution began offering surgical treatments, mostly wound care, in 
1221 and medical treatments in 1230.

Through the medieval and Renaissance periods, some hospitals 
played distinctive roles. The prevalence of leprosy in medieval times 
led institutions to confine and isolate sufferers. Prevailing humoral 
theory of leprosy contended that close contact with those already ill 
produced the disease through repeated breathing of corrupted air, 
or miasma, from the leper. Since plague was associated with similar 
miasma theories, hospitals, notably in Italy, were set up to keep the 
sick away from the healthy, usually locating them outside the city 
and downwind.

During the Renaissance, European hospitals began to fill a so-
cial role to care for the poor and sick, although spiritual salvation 
remained a primary objective. The Church generally financed hospi-
tals of the time. During the Enlightenment, the Edinburgh Infirmary 
for the Sick Poor in Scotland opened with a private and public fi-
nancial endowment, a notable deviation from primarily religious in-
stitutions. Another change for the hospital mission occurred during 
the Enlightenment. Hospitals became places of learning. Universi-
ties for medicine had affiliated with hospitals since the 16th century. 
But during the 1700s, the role of bedside teaching was expanded. 
Since the rich often received care in their homes, it was the poor that 
huddled in hospitals, providing the ideal training ground for bud-
ding physicians. As rural residents flocked to European cities in the 
18th century, new hospitals were constructed across the continent to 
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deal with the rising numbers of urban poor. In England, for exam-
ple, 32 facilities opened their doors between 1736 and the end of the 
century; 5 were in London alone, and most of the others were in 
urban settings.

The European hospital ideal was envisioned in Vienna, Austria, 
when Joseph I of Austria-Hungary centralized in one institution 
all hospital care in the area. In 1781, Vienna had some 20 hospitals 
scattered throughout the city, with about 1,000 beds. When Vienna’s 
Allgemeines Krankenhaus, or the University of Vienna Hospital, 
opened in 1784, it instantly became the largest hospital in the world, 
with 2,000 beds. But the immense size and complexity of the institu-
tion led to problems not previously encountered, including hospital-
associated diseases, an embarrassment to its founder but terrifying 
to its patients. And no group of people became more fearful of the 
hospital than women in childbirth.

The Tragedy of Puerperal Fever

The development of hospitals for women in childbirth was a phe-
nomenon that began in the 17th century, when there was sufficient 
interest among physicians in becoming obstetricians and wresting 
the occupation away from midwives, who delivered babies in the 
home. This change was largely the result of the discovery of forceps 
to aid in the delivery process. This innovation made obstetrics a dis-
tinct specialty in the 1600s. As so-called lying-in hospitals made their 
17th-century appearance, so did a disease that was previously rare, 
namely, childbed fever, or puerperal fever. The word puerperal is 
from the Latin, puerperal, meaning “woman in childbirth.” The dis-
ease, described since the time of Hippocrates, remained a dreaded 
and often deadly complication of childbirth but was relatively un-
common when women delivered at home. The first well-described 
epidemic of puerperal sepsis occurred at Hôtel-Dieu in 1746, with 20 
cases; all were fatal. The institutional clustering of women in child-
birth, usually poor women, in Europe during the 18th and 19th cen-
turies changed the frequency of puerperal sepsis. The misery was 
repeated in hospitals in all the great European cities. For example, 
between 1831 and 1843, in London’s General Lying-In Hospital the 
frequency of mortality from puerperal sepsis was 600 mothers per 
10,000. In contrast, the Royal Maternity Charity recorded a frequency 
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of only 10 per 10,000 when delivery occurred in the home (8). This 
extraordinary difference in frequency, evident elsewhere on the con-
tinent of Europe, should have signaled the concept of contagion to 
anyone considering the numbers. But it didn’t. Physicians had no 
notion that puerperal fever had an infectious cause, or even a cause 
external to the patient, at the end of the 18th century.

Theories about the Causes of Puerperal Fever  
in the 18th and 19th Centuries

Like with smallpox, the theories about the causes of puerperal fever 
that flourished during this period mirrored medicine’s disjointed 
evolution away from the humoral theory and towards the concept 
of contagion. Theories progressed during the 18th century from the 
belief that the disease had its origin inside the human body to one in 
which the origin was outside the body. In the late 1600s, the view was 
that puerperal sepsis had its beginnings not at the time of delivery 
but early in pregnancy, with tight stays that a woman might wear. 
The consequence of such a wardrobe was that fecal material might be 
retained in the intestines and the putrid parts absorbed into the blood 
and retained by the uterus. The concept of retention of material by the 
woman’s uterus was consistent with Hippocratic humoral theory and 
opposed any notion that an external agent might be involved.

Under normal circumstances of delivery, a blood-tinged fluid 
called lochia is discharged from a woman’s uterus for 4 to 6 weeks 
after birth of the infant. A popular early 18th-century theory of pu-
erperal fever was that the lochia was retained, stagnating to a putrid 
mess in the womb. At first, physicians reasoned that this retention 
was due to the retained humors that built up in early pregnancy due 
to tight clothing, but the reasons for retention evolved. One theory 
suggested that retention occurred when a woman’s blood became 
“too thick” or when the vessels of the uterus narrowed. A later con-
cept was that cold air inadvertently exposed to the uterus near the 
time of delivery could cause uterine constriction and the retention 
of fluid. Even drinking cold water or exposing one’s feet to the cold 
might begin the process. Nearly any shock to a woman’s system late 
in pregnancy was deemed a possible trigger to childbed fever.

Another theory of puerperal fever of the time was the milk 
metastasis theory. This hypothesis required some imagination. The 
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development of breast milk was thought to occur as a result of a 
transformation of menstrual fluid from the uterus to the breast fol-
lowing delivery. As strange as that sounds, physicians were con-
vinced that an anatomic connection existed between the top of the 
uterus and the breast. Leonardo da Vinci even depicted the duct in 
a drawing, even though he was never able to visualize it in his dis-
sections. When autopsies were performed on women who died of 
puerperal sepsis, the abdomens were filled with a fluid so similar in 
appearance to breast milk that it was assumed that the woman had 
pathologically retained the precursor to breast milk in the uterus. 
This conjecture explained why women suffering from childbed fe-
ver would stop lactating. According to the theory, eventually, the 
milky fluid would build up, obstructed from taking its normal path 
to the breast for unknown reasons, and spill over, or metastasize to 
other organs in the abdomen, pelvis, or elsewhere in the body via 
the bloodstream. This retained milky fluid seen throughout an af-
flicted woman’s body at autopsy was, in reality, pus—inflamed fluid 
with white blood cells, bacteria, and decayed tissue. This pus-filled 
fluid was evident all over a woman’s abdomen after a death from 
puerperal fever. Autopsies of women who died from puerperal sep-
sis were not for the faint of heart. The stench released from the af-
fected uterus was sufficient to cause fainting among those who had 
not previously experienced it.

Alexander Gordon and Puerperal Fever in England

Despite outbreaks of the disease in the 18th century, these prevail-
ing theories about the cause of puerperal fever did not alert physi-
cians to suspect agents outside the woman’s body, except for a few 
scattered writings, until a Scottish physician, Alexander Gordon, 
questioned the retained-lochia theory in 1795 (4). Gordon was wit-
ness to an outbreak of the disease beginning in 1789. Surprisingly, 
the outbreak was not in the lying-in hospital of Aberdeen but in-
volved a few midwives and the practice of a single obstetrician—
Gordon himself. Gordon carefully detailed all the cases that he saw 
over a 3-year period. In his treatise, Gordon argued that puerperal 
sepsis was an inflammatory disease, not one of putrid retention of 
lochia. His tabulation of all the cases allowed Gordon to trace any 
links between the cases. He made a remarkable leap, suggesting that 
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puerperal sepsis had a “specific contagion or infection,” citing exam-
ples of how the disease could be traced from one patient to another 
via a midwife or himself.

The midwife who delivered No. 1 in the table carried the infection to 
No. 2, the next woman she delivered. The physician, who attended 
Nos 1 and 2, carried the infection to Nos 5 and 6, who were deliv-
ered by him, and to many others. The midwife who delivered No. 3 
carried the infection to No. 4; from No. 24 to Nos 25, 26, and succes-
sively, to every woman she delivered. The same thing is true of many 
others, too tedious to be enumerated. (4)

Gordon extended the concept to explain why one area around Aber-
deen was left unaffected.

Now it may seem remarkable that the puerperal fever should prevail 
in the new town and not in the old town of Aberdeen, which is only 
a mile distant from the former. But the mystery is explained, when I 
inform the reader that the midwife, Mrs. Jeffries, who had all the prac-
tice of that town, was so very fortunate as not to fall in with the infec-
tion; otherwise the women whom she delivered would have shared 
the fate of others.

Most remarkably, Gordon tracked the midwives and ventured to ac-
curately predict who would be affected by puerperal sepsis:

upon hearing by what midwife they were to be delivered or by what 
nurse they were to be attended during their lying in [resting in bed for 
a period after delivery].

This noteworthy advance in epidemiology and theory of puerperal 
sepsis was published in a seven-chapter treatise (3). Given the risk 
of not only proposing a new theory but also suggesting that certain 
individuals, including himself, were responsible for the disease was a 
courageous act—one that cost Gordon his livelihood and reputation. 
Gordon took great criticism for his theory suggesting that he or oth-
ers, who he named, could have been responsible for puerperal fever. 
Within a year or so of publication of the treatise, Gordon left Scotland. 
Almost 80 years before the germ theory of infectious diseases became 
an accepted notion, Gordon had proposed an accurate and well-rea-
soned theory. But the world at the time took little notice—perhaps 
because Gordon was not a well-known academic, perhaps because his 
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communication style lacked sophistication, or perhaps because of the 
treatment he proposed. Gordon proposed bleeding and purging as 
treatment, holdovers from the humoral theory, for which he claimed 
success. Other physicians achieved no success ministering to puer-
peral fever with those treatments. Moreover, Gordon’s theory could 
not be connected to any known medical framework that considered 
an external, transmissible agent responsible for a febrile disease. Per-
haps Gordon was simply too far ahead of his time. Whatever the rea-
sons, Gordon’s treatise was largely forgotten. Unfortunately, within 4 
years of publication of his treatise, Alexander Gordon died of tubercu-
losis and was never able to further defend his assertion.

Puerperal fever raged on in the hospitals of Europe into the 
19th century. But other countries were affected, too. America had 
its problems with the disease, as well documented throughout the 
United States in the 1840s (9). To understand the prevalent concepts 
of the time, consider that physicians in both America and Europe 
used the terms contagion and infection in ways far different than 
we do today. In the pre-germ theory era, a contagious disease was 
suspected when a disease replicated itself in a predictable way, e.g., 
smallpox. An infectious disease was thought to occur when differ-
ent diseases occurred at the same time, e.g., puerperal fever and 
erysipelas. (Note: erysipelas, derived from the Greek meaning “red 
skin,” is an infection of the skin usually caused by Streptococcus 
pyogenes, the bacterium associated with puerperal fever.) How did 
doctors of the early 1800s explain the causes of a contagious ver-
sus an infectious disease? The answer went back to the remnants 
of the humoral theory. Some noxious influence in the air, miasma, 
was thought to be the cause of disease. There were two distinct 
forms—one form caused the contagious diseases, and another was 
responsible for so-called infectious diseases. The essential differ-
ence in the variant forms of miasma was that the form responsible 
for an infectious disease struck people at random and the form re-
sponsible for a contagious disease struck all, or nearly all, people in 
a predictable way. Smallpox threatened everyone, while puerperal 
fever affected only a few of the women congregated in a hospital, 
even during epidemics.

An example from an 1846 writing may help in demonstrat-
ing the distinction in the minds of pre-germ theory physicians be-
tween contagion and infection. Thomas Mitchell was a professor at 
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Transylvania University in Lexington, KY, who documented the ex-
perience of a merchant who traveled to Philadelphia in the midst of 
an epidemic of yellow fever, avoiding contact with anyone who had 
yellow fever during a brief visit. When he arrived home, he became 
sick with yellow fever, although not one of his relatives who cared 
for him became ill (9). Surely, Mitchell reasoned, yellow fever was 
an infectious disease but not a contagious disease. This seemingly 
absurd distinction between infectious and contagious diseases was 
described in a medical journal of the time:

In applying the word [contagion] it should be made to include all 
cases resulting from a poison derived from a patient, and commu-
nicated either by direct contact, or through the air and in making a 
division of the cases into contagious and infectious, we follow this 
unconsciously. (8)

In the thinking of the time, infectious diseases, which seem to strike 
randomly, often had personal and environmental influences that de-
termined individual susceptibility to disease.

Contagion versus Infection in Early 19th-Century Medicine

While we might find the argument to hold little merit, understand-
ing the distinction between contagion and infection in the minds of 
19th-century physicians is essential to appreciate the controversy 
over the contagiousness of puerperal fever. Within the controversy 
is the evolving concept that some form of contagion was now ac-
cepted by physicians of this era, unlike 100 years earlier, when a 
change in the balance of humors was the explanation for all disease. 
The theoretical ground was maturing for the germ theory, but all 
the parts had not been put into place. The parts including Fracas-
toro’s seeds of contagion and van Leeuwenhoek’s animalcules could 
not be fit together until miasma, the humoral-theory remnant, was 
disproven and replaced with a specific role for microorganisms in 
human disease.

More than 20 years before the time when the role of microorgan-
isms in human disease was seriously considered, two nearly simul-
taneous explanations of puerperal fever in the 1840s purported the 
contagiousness of the disease—one in America and one in Europe. 
Each bore the hallmarks of the men who proposed the theory, which 
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produced important differences in their accounts. The American de-
vised his comments largely from reading other accounts. The Eu-
ropean used a novel numerical analysis (2). More importantly, the 
American did not propose and test the correct means to control the 
disease; the European did. The American was Oliver Wendell Hol-
mes. The European was Ignaz Semmelweis.

Oliver Wendell Holmes and Puerperal Fever in America

Oliver Wendell Holmes graduated from Harvard Medical School in 
1836. In 1843, Holmes published an article in the short-lived New 
England Quarterly Journal of Medicine and Surgery after an extensive 
examination into the causes of puerperal fever (5). Holmes collected 
a mountain of evidence that proved to his satisfaction that puerperal 
fever was, indeed, contagious. The evidence included accounts of 
physicians who had performed autopsies of patients who died of 
puerperal fever. Through some mishap during the autopsy, a physi-
cian became ill and died of a condition that Holmes believed was 
identical to the one that killed the autopsied patient. Holmes had 
read Gordon’s report, too. He became utterly convinced of his cor-
rectness, writing,

The disease known as Puerperal Fever is so far contagious as to be frequently 
carried from patient to patient by physicians and nurses. (5)

The italics are Holmes’s. Holmes did not attempt to explain the 
mechanism or precise nature of the contagion, although he sug-
gested that some sort of particle or poison was responsible.

Holmes did, however, have very strong recommendations for 
control of puerperal fever. He wrote that physicians should avoid 
autopsies of women dying of puerperal fever. If an autopsy was ab-
solutely necessary, any physician present should change all cloth-
ing, which should be burned. The physician should wait 24 h before 
delivering any other baby. If a patient under a physician’s care is 
discovered to have puerperal fever, the physician is under moral ob-
ligation to consider his next patient in danger and take appropriate 
precautions. If two cases occurred within a short time frame, the 
physician was to suspend his practice for at least a month. He ad-
vised physicians to ensure that nurses or other assistants were not 



126 Germ Theory: Medical Pioneers in Infectious Diseases

transmitting the disease. He recommended thorough washing. Hol-
mes was crystal clear in his belief and did not mince words:

Whatever indulgence may be granted to those who have hereto-
fore been the ignorant causes of so much misery, the time has come 
when the existence of a private pestilence in the sphere of a single 
physician should be looked upon, not as a misfortune, but a crime; 
and in the knowledge of such occurrences the duties of the practitio-
ner to his profession should give way to his paramount obligations 
to society. (2)

The reaction to Holmes’s eloquently written article was muted, ini-
tially. Many physicians agreed with Holmes, but he was only 34 
years old when he wrote the piece. Holmes was not an obstetrician, 
either. He came up against powerful and vocal opponents. The most 
noteworthy was the 60-year-old Charles Meigs, a professor of obstet-
rics at Jefferson Medical College. Meigs was the recognized author-
ity in obstetrics in the United States and criticized Holmes’s paper. 
Meigs had no axe to grind with Holmes personally. Nor was Meigs 
an uncaring physician. Consider what Meigs wrote about the trag-
edy of puerperal fever.

. . . there is almost no acute disease that is more terrible than this. . . . 
There is something so touching in the death of a woman who has re-
cently given birth to her child; something so mournful in the disap-
pointment of cherished hopes; something so pitiful in the deserted 
condition of the newborn helpless creature, for ever deprived of those 
tender cares and caresses that are necessary for it—that the hardest 
heart is sensible to the catastrophe. (8)

Meigs was simply convinced that the theories of contagion in this 
case were incorrect.

But while the opinion of childbed fever contagion ought, in my view 
of it, to find no supporters among truly educated medical men, I am 
well aware that you are to be left to the operations of your own judg-
ment in adopting or rejecting it; nor have I the least desire to persuade 
you to think, because I think. (6)

Yet, his opposition to the idea of contagion, given his stature, did 
exactly that. Physicians in the United States tended to discount Hol-
mes’s article simply because an authority like Meigs did.
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Ignaz Semmelweis: Early Influences

On the other side of the Atlantic Ocean, Ignaz Semmelweis, unaware 
of Holmes’s writings, considered the contagiousness of puerperal 
sepsis from an entirely different viewpoint than Holmes. More than 
any other person profiled in this book, the life and personality of 
Ignaz Semmelweis, his passions and his considerable shortcomings, 
color his contribution to infectious diseases and its acceptance by 
his contemporaries. Semmelweis was born in 1818 in the Hungarian 
city of Budapest. He was the fifth of nine children. His father was a 
successful merchant. His mother, a daughter of a wealthy Bavarian-
born merchant, spoke German at home, although his father spoke a 
Germanic dialect called Buda-Swabian. Despite his Hungarian birth, 
Ignaz did not learn to speak Hungarian until he reached secondary 
school. His own dialect would expose Ignaz Semmelweis’s country 
of origin for his entire life. As he proceeded through his education, 
he was an able student and achieved excellent examination grades. 
However, his skills in writing were not strong. Decades later he 
would point out that he had “an innate aversion to everything which 
can be called writing.” These seemingly inconsequential features of 
Semmelweis, his dialect and his aversion to writing, would play a 
profound role in his professional life.

In 1837, Semmelweis enrolled in law school at the University 
of Vienna at the age of 19. Although the study of law met with his 
father’s approval, it had little appeal to the young Semmelweis. His 
attendance at an anatomy lecture with a medical student friend was 
to change the course of Semmelweis’s career. The compelling lecture 
by Joseph Berres caused Semmelweis to enroll in the university’s 
medical school the following year. After one year at the University 
of Vienna’s Medical School, Semmelweis returned to Hungary to 
continue his medical training at the University of Pest. After 2 years, 
he returned to complete his medical degree training in Vienna, the 
most prestigious school in the entire Austria-Hungary Empire. Sem-
melweis hoped that the prestige would ensure a post anywhere he 
wished. He was wrong. Semmelweis wanted to work under Jakob 
Kelletschka in the Pathology Department but was rejected. He then 
applied to be an assistant to Joseph Skoda, the leading physician at 
the University of Vienna. Again, he was rejected. Intensely fearful 
of another rejection, he went with his third choice: obstetrics. This 
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department did not occupy as eminent a position as the others, so it 
was an easier position to obtain. Ignaz Semmelweis began his posi-
tion in obstetrics on 1 July 1846.

The University of Vienna Hospital: a Short History

Before one can fully understand Semmelweis’s contribution to in-
fectious disease, the control of puerperal sepsis, one has to have an 
appreciation of the history of the University of Vienna Hospital at 
the time Semmelweis began working there. During the first half of 
the 19th century, Paris was the center of medicine. Following Mor-
gagni’s publication in 1761, physicians placed great emphasis on the 
correlation between a patient’s symptoms and pathological findings 
at autopsy. Following the French Revolution, physicians of the Pari-
sian school became increasingly expert at the physical examination, 
especially after the discovery of auscultation using René Laënnec’s 
stethoscope in 1816. In Paris, the clinician did the autopsy on the pa-
tient for which they were caring. In the German-speaking countries 
of Europe, a new trend developed. The so-called German School of 
Medicine embraced the laboratory. The German School performed 
more detailed autopsies than the French and studied pathological 
physiology in the laboratory, setting the stage for the invention of 
new fields of biochemistry and cellular pathology.

By the 1840s, the German School had wrested the title of “The 
Center of Medicine” away from Paris. With the largest hospital in the 
world and the most prominent professor of pathological anatomy, 
Karl von Rokitansky, the University of Vienna Medical School and 
Hospital laid claim to the title itself. von Rokitansky meticulously 
performed or supervised every autopsy at the University of Vienna 
Hospital. He categorized thousands of observations on diseases, 
yielding distinct disease entities, later earning him the title, “the 
Linnaeus of pathological anatomy.” His Handbuch der pathologiisch-
en Anatomie became the field’s preeminent publication. For the first 
time ever, in 1844, pathological anatomy became a compulsory sub-
ject, not an elective, at a medical school—the University of Vienna 
Medical School.

von Rokitansky performed over 30,000 autopsies during his ca-
reer, but dissection never revealed much in the cases of childbed fe-
ver. While every detail of the pathological anatomy was known, the 
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cause was not. von Rokitansky convinced himself and his colleagues 
that the solution was more autopsies. Thanks to the large number 
of outbreaks at the University of Vienna Hospital, there remained 
plenty of opportunities to do them.

When Semmelweis began his work on the obstetrics ward at the 
University of Vienna Hospital, he fell into the midst of a brewing 
revolution between the conservative senior professors and a young-
er generation of physicians with new ideas. Semmelweis was a 
conformist and did little to stand out. There was nothing in his back-
ground to suggest that he would do anything that would help create 
upheaval. He was well liked, of average height and stocky build. 
He only smiled, as his colleagues ridiculed his accent. The smiles 
hid a deep insecurity—feeling inferior to the Viennese elite, some-
thing that his two recent rejections for posts did not help. For now, 
Semmelweis would repress his insecurity and feelings of being the 
outsider. But later in his career, these feelings would resurface and 
reveal an ugly side of Semmelweis’s personality when they would 
be expressed as volatile indignation and contempt. At the beginning 
of his post, Semmelweis would obediently accept his duties.

The turmoil at the University of Vienna had its origins some 
23 years earlier, when Johann Klein assumed the position of Pro-
fessor and Director of Obstetrics. The previous Professor and Di-
rector, Lucas Boer, had been trained in England and believed that 
puerperal fever was a contagious disease. Boer did not believe in 
medical student instruction on the women who died of puerperal 
sepsis, respecting the humanity of women who died so tragically. 
Great Britain, where Boer trained, and Ireland were exceptions to the 
European practice of performing autopsies on all women who died 
in lying-in hospitals. Boer believed in the gentleness of technique 
that he learned in England, restricting the number of internal ex-
aminations during labor and limiting instrumentation with forceps. 
During Boer’s tenure, the incidence of puerperal sepsis was gener-
ally low, around 1% maternal mortality (Note: nearly all maternal 
mortality of the time was due to puerperal sepsis.)

In 1823, when Johann Klein took over as professor, the tone of the 
obstetric wards took a striking change. In a school dominated by the 
preeminent pathological anatomist of the day, Klein required students 
to learn in the morgue, observing autopsies and performing internal 
examinations on mothers who had died. Government regulations 
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started to require autopsies on every mother who died in hospital. 
Klein also relaxed the restraints on internal examinations during la-
bor. The use of forceps during delivery became more common. These 
changes coincided with an immediate increase in maternal mortality 
to about 7.5%. In 1834 a second maternity division at the University 
of Vienna was established. By 1839, two entirely separate Divisions 
existed. The First Division was operated exclusively by doctors and 
medical students; the Second Division was staffed solely by mid-
wives. After only a short time, the mortality rates showed differences 
between the Divisions. Although fluctuations regularly occurred, the 
First Division generally had a threefold-higher maternal mortality 
rate than the Second Division. Klein was not a believer in the conta-
giousness of puerperal fever and insisted that epidemic infection was 
responsible for the elevated mortality rate (8). The conservative Klein 
was not searching for novel ideas about puerperal sepsis or anything 
else for that matter. Klein was well connected politically, an important 
attribute at the University of Vienna, where posts were appointed by 
the government. Everything was designed to maintain the status quo. 
In the German School, Professors/Directors ruled with an iron fist. 
Opposition was soundly discouraged. Klein had been Director for 
20 years and had become increasingly resistant to any change when 
Semmelweis came on the scene.

Semmelweis and Childbed Fever: a Tale of Two Divisions

Once Semmelweis began his work on the obstetrics ward, he com-
mitted all his efforts towards his work. He enjoyed a good relation-
ship with von Rokitansky, who helped Semmelweis dissect the 
bodies of women who died on the obstetric service. The sheer num-
ber of deaths from puerperal sepsis on the First Division service had 
a profound effect on Semmelweis after only a few months. The First 
Division generally had a 10%, sometimes as high as 30%, monthly 
mortality rate from puerperal sepsis, while the Second Division gen-
erally had a 1 to 3% mortality rate. This difference in mortality rates 
between the two Divisions was not lost on the public. Since admis-
sion to one or the other service changed every day at 4 p.m., there 
were many stories of women, in active labor, waiting to go to the 
University of Vienna Hospital after 4 p.m. so they might be admit-
ted to the Second (midwives’) Division. The weekends changed this 
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alternation in admission. Sometimes the women, particularly new 
mothers who were unfamiliar with the routine, would miscalculate. 
Semmelweis wrote about it,

Many heart-rendering scenes occurred when patients found out that 
they had entered the First Division by mistake. They knelt down, 
wrung their hands and begged that they might be discharged. [See-
ing] Lying-in patients [with childbed fever] with uncountable pulse, 
meteoric (swollen) abdomen, and dry tongue, only a few hours 
 before their death, [they] would protest that they were really quite 
well, in order to avoid medical treatment, for they believed that the 
doctor’s interference was always the precursor of death. (8)

Semmelweis set out to determine why the First Division was so 
deadly and, more importantly, to find a way to end the fatalities. He 
worked tirelessly on the wards and continued his relationships with 
von Rokitansky and others in the Pathology Department, including 
his friend Jakob Kolletschka. Semmelweis kept trying small altera-
tions on the First Division when he spotted differences in practice 
on the Second Division. For example, midwives usually delivered 
women on their sides. Semmelweis tried it, without success. He be-
came increasingly frustrated at his own failures but also the appar-
ent apathy of his Director, Klein.

By the beginning of 1847, the situation with puerperal sepsis 
on the First Division had gotten so bad that even the conservative 
Klein could not ignore it. Klein was quick to look for the easy way 
out. He believed that the milk metastasis theory explained puerperal 
sepsis. One of the important implications for believers in this theory 
was that it meant that puerperal sepsis could only affect women. The 
key for Klein was to uncover the trigger that caused the retention 
of fluid (lochia) in the uterus. The trigger for the current increase in 
number of cases, he pronounced, was a general miasma that hung 
over Vienna. This elucidation did little to explain why the Second 
Division had one-third the number of cases as the First Division. 
Klein looked for other possible triggers. He believed, in part correct-
ly as it turned out, that the number of medical students examining 
women in labor was too high. Foreign medical students were flock-
ing to Vienna due to its stature. Klein reasoned that these students 
were the cause of the latest problems and restricted their access to 
the Division, with a temporary reduction in the mortality rate. The 
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willingness to consider that medical personnel were in any way re-
sponsible for puerperal sepsis suggests some evolution in thinking 
towards an external cause of puerperal fever, even among the most 
conservative. But Klein was not one to let this kind of thinking get 
too close to home. Klein would not consider any theory that left him 
or his colleagues culpable. Klein suggested at a committee meeting 
that the First Division’s walls, which were in poor condition, might 
be responsible for puerperal sepsis. Semmelweis had had enough. 
His volatility showed itself. Few junior physicians on the job for only 
a few months would rise against the Professor and Director of a ser-
vice in the German School. Semmelweis did. He pointed out that 
there were many lying-in hospitals whose walls were in far worse 
condition without similar mortality rates. His comment did little to 
endear Semmelweis to his Director. It was as though the first shot 
had been fired in a simmering tumult between the old guard and the 
young ones. But Semmelweis realized that his Director would not be 
the one to solve this problem.

In early 1847, Semmelweis took on an even more zealous ap-
proach to examining the causes of puerperal sepsis. He became fa-
miliar with the books and journal articles on puerperal sepsis. He 
read the English contagionists’ viewpoints and studied evidence 
both for and against contagion. He sifted through opinions and 
data until he began to clarify, in his own mind, essential truths. He 
was unerringly accurate in his critical analysis. Semmelweis had 
a natural ability with numbers and came up with the following 
observations.

• The numbers of deliveries on the First Division and the Second 
Division were nearly the same each year, about 3,000 to 3,500.

• The main difference between the services was that deliveries on 
the First Division were performed by male doctors and medical 
students and those on the Second Division were performed by 
female midwives.

• In 1841 through 1848, the mortality rate on the First Division was 
nearly threefold greater than on the Second Division (Fig. 1).

• No epidemic of puerperal fever was evident outside the walls of 
the University of Vienna Hospital, in home deliveries by either 
midwives or private doctors. Even street births rarely had puer-
peral fever following delivery.
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• Decades of record keeping showed no association between pu-
erperal fever and changes in weather or season of the year.

• Overcrowding was not associated with puerperal fever, since it 
was usually worse on the Second Division.

• Greater degrees of trauma to the mother during delivery ap-
peared to increase the chance of developing puerperal fever.

• Infants would more than occasionally die when their mothers 
died of puerperal sepsis. The infants had a fever similar in ap-
pearance to their mother’s. Autopsy findings were frequently 
similar to the mother’s findings as well.

None of these observations were open to debate, but taken together, 
they gave Semmelweis enough evidence to topple the established 
dogma of the day: that puerperal sepsis was a disease with mias-
matic causes and that it affected only women. The lack of associa-
tion with weather, season, and overcrowding was a strong argument 
against the general miasma in Vienna. But the low incidence outside 
the University Hospital and the differences between the two Divi-
sions were nearly definitive for Semmelweis to think that miasma 
had nothing to do with the disease he was studying. The young phy-
sician was also struck by the fact that infants, both male and female, 
seemed to acquire a febrile disease similar to their mothers’. How 

Figure 1        Maternal mortality, which was nearly all from puerperal sepsis, 
at the Vienna General Hospital, by division, 1841 to 1848.
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could the milk metastasis theory be correct? Semmelweis had, in his 
own mind, discarded the established dogmas.

The Tragic Clue to Childbed Fever

For Semmelweis, the convincing evidence for a new theory of pu-
erperal fever was an immensely tragic one. On 20 March 1847, his 
longtime friend, the man he originally wanted a post to assist, Jakob 
Kolletschka, died. Kolletschka’s death occurred following a scalpel 
wound that he obtained during the dissection of a woman who died 
from puerperal sepsis. The findings at Kolletschka’s autopsy seem 
to hold the answer for Semmelweis. Rarely in the course of a his-
torical appraisal is a reader able to see inside the mind of a person 
who makes a great discovery at the moment that he or she puts all 
the pieces together—the “aha” moment. Even though writing was 
not his great strength, Semmelweis recorded the most extraordinary 
passage on his breakthrough:

At once it became clear to me that childbed fever, the fatal sickness of 
the newborn and the disease of Professor Kolletschka were one and 
the same, because they all consist pathologically of the same anatom-
ical changes. If, therefore, in the case of Professor Kolletschka gen-
eral sepsis (infection in the bloodstream) arose from inoculation of 
cadaver particles, the puerperal fever must originate from the same 
source. Now it was only necessary to decide from where and by what 
means the putrid cadaver particles were introduced into the delivery 
cases. The fact of the matter is that the transmitting source of those 
cadaver particles was to be found in the hands of the students and 
attending physicians. (8)

Not only had Semmelweis determined the contagiousness of puer-
peral fever, but also this determination had suggested the way to pre-
vent puerperal fever: rid the students and physicians of these cadaver 
particles. The distinctive odor of the autopsy room remained on any-
one who participated in the autopsy of a woman who had died from 
puerperal fever. But how to eliminate the particles? Chloride solu-
tions, available at the time, had the ability to rid objects of vile odors. 
Chlorides’ capacity to snuff out odor, not its disinfectant properties, 
which were unknown at the time, drew Semmelweis to try using chlo-
rina liquida in a bowl. (Note: everything sounds more medicinal in 
Latin.) Semmelweis required all persons entering the First Division 
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to wash their hands in a bowl of this solution beginning in May 1847. 
Chloride of lime was soon substituted because of its lower cost.

Prevention of Childbed Fever: Hand Washing

Like the prevention of smallpox, the means to prevent puerperal 
sepsis, hand washing, was determined well before the germ theory 
of disease became an accepted premise in medicine. Semmelweis 
took this one step further, what he considered to be the final step. He 
showed that the intervention worked! He used the same numerical 
analysis (Fig. 1). In the last seven months of 1847, only 56 women 
died of the 1,841 delivered in the First Division. A mortality rate of 
3% was now achieved on the two divisions! In 1848, the death rate 
on the First Division fell below that of the Second Division for the 
first time, down to 1.2%. To Semmelweis, he had proven that he was 
correct. The hand washing was the only intervention that could ac-
count for the change, Semmelweis thought. Unfortunately for Sem-
melweis, Klein had recently installed a new ventilation system. 
Naturally, Klein was convinced that this change was responsible for 
the lower mortality rates on the First Division service. Klein simply 
could not give in to the new idea, especially one from Semmelweis.

Reaction to Hand Washing

Just as Jenner discovered with his means of prevention, physician 
acceptance of hand washing would prove astonishingly difficult, 
taking Ignaz Semmelweis to his breaking point. Winning physician 
acceptance of his method encountered two major obstacles. First, 
there was the growing rift between the old guard and young physi-
cians of the University of Vienna. Semmelweis’s notion got caught 
in this rift. Second, there was Semmelweis himself. At times, Sem-
melweis may have been his own worst enemy. Some historians have 
made it seem that the bureaucracy of the University of Vienna con-
spired against Semmelweis. Others have made it seem that Semmel-
weis alone blundered in his methods of gaining acceptance. To me, it 
seems that a combination of these two factors played important roles 
in the failure to gain acceptance of hand washing.

The climate around the University of Vienna was stifling to new 
ideas despite having some of the brightest researchers of the time. 
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The great German surgeon Theodor Billroth wrote in the 1870s about 
the atmosphere at the University of Vienna at the time,

A generation that had been reared in an intellectual strait-jacket with 
dark spectacles before their eyes and cotton wool in their ears. The 
young people turned somersaults in the grass, and the old men, whose 
bodies had been hindered in their natural development by the lifelong 
burden of state supervision, felt their world tumbling about their ears, 
and believed that the end of things was at hand. (1)

The two most influential professors in Semmelweis’s sphere epito-
mized this dichotomy: Klein, the Director of Obstetrics, and von 
Rokitansky in Pathology. Klein was in his sixties and owed his po-
sition to his political connections in the government. von Rokitan-
sky, on the other hand, was only 43 years old when he took over 
Pathology at the University of Vienna. Kind and understanding, 
he fostered research and helped young assistants. Since he busily 
published, creating a strong reputation for himself and the school, 
he owed virtually no political debt. There were other youthful 
physicians caught up in this continued old-versus-new seesaw. 
Joseph Skoda, the physician with whom Semmelweis had also 
wished to work, was an expert diagnostician. He had mastered the 
stethoscope and correlated clinical findings with lessons from the 
 autopsy. Skoda was able to quickly diagnose new clinical entities, 
earning considerable fame. Another physician of the time, Ferdi-
nand Hebra, was only 2 years older than Semmelweis. Hebra had 
systematically dealt with the ignored problems of skin diseases and 
had quickly made a scientific study of them. By 1845, Hebra ran the 
world’s first dermatology unit. He and Semmelweis had become 
good friends. Hebra saw the solid scientific value of Semmelweis’s 
discovery. He encouraged Semmelweis and was a source of great 
support.

By the end of 1847, Semmelweis had enough information to 
publish. He did not. Hebra, convinced that his friend had a discovery 
as important as Jenner’s vaccination, wrote a brief editorial in a lo-
cal journal in Vienna. von Rokitansky wrote a supporting statement. 
Skoda spoke out in favor of Semmelweis’s theory. The word was out, 
but not because of Semmelweis. He had done nothing. He had vo-
cal and influential friends, but that was not enough. His aversion to 
writing and his insecurity, his sense of being an outsider, crippled his 
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action. He felt unworthy to debate with the Viennese elite. Opposi-
tion to Semmelweis and his theory caught up with him. Klein, backed 
by members of the old guard, refused to renew his appointment on 
the Obstetric Service in 1849 despite repeated urging from von Roki-
tansky, Skoda, and Hebra. Even though unemployed, Semmelweis 
finally consented to publicly discuss his findings in 1850 at the Medi-
cal Society of Vienna. He handled it well. He had the support of the 
three young but influential academics and successfully presented his 
case to the physicians of the city that was at the center of medicine. 
Out of this apparent victory, Semmelweis managed to snatch defeat. 
Again, with his dislike of writing, he never published his presenta-
tion and the subsequent debate. The success of the presentation was 
sufficient for Semmelweis to be offered a limited clinical appoint-
ment. But for the man who felt that he had been continually treated 
as an outsider in Vienna, this was not enough. To Semmelweis, it 
was insulting. Within 5 days of the offer, Semmelweis fled the city. 
He left without telling his friends or supporters why he was leaving 
or what his future plans were. Historians have debated the reasons 
for Semmelweis’s hasty departure. Some say it was for financial or 
family reasons. Other historians believe that Semmelweis had a self-
destructive streak where he saw himself as unworthy to live among 
the Viennese medical elite but with an immense ego that was bruised 
because of the half-hearted offer.

Semmelweis’s Departure from Vienna

The result of Semmelweis’s departure is not in doubt. The support of 
his greatest allies evaporated. It was as though in the midst of this rev-
olution, the man with the most valuable ammunition abandoned his 
fellow insurgents. Skoda never forgave Semmelweis; von Rokitansky 
and Hebra eventually did. Without its discoverer, the theory suffered. 
The failure to publish was damaging, to be sure. But if Semmelweis 
had pressed on with his theory at the University of Vienna, there is a 
chance that its greatest weakness may have been overcome. There was 
no known medical framework on which to attach his new hypothesis 
about transmitted cadaver particles causing puerperal sepsis and its 
prevention by hand washing. What were these cadaver particles? The 
German School emphasized the laboratory, but Semmelweis did not 
utilize the one instrument that may have provided conclusive proof: 
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the microscope. Semmelweis cannot be entirely faulted for the failure 
to use the microscope, since it was not even used at the University 
Hospital by von Rokitansky, the last of the great naked-eye patholo-
gists. Only a few years later, Rudolf Virchow would utilize the micro-
scope using von Rokitansky’s methods to develop the new science of 
cellular pathology in Germany, further solidifying the German School 
as the center for medicine. But for Semmelweis, it did not happen. He 
may have been in the right place at the right time, but for Semmelweis 
there were ample missed opportunities.

The Return to Hungary

Semmelweis returned to Budapest after fleeing Vienna. His family 
was in financial trouble, so Semmelweis had to secure a position. As 
he started building a private practice, he requested a position as an 
unsalaried director of the lying-in ward of St. Rochus Hospital from 
the imperial commissioner of health. The desperate conditions of 
the obstetric ward of the hospital left the commissioner little choice. 
Semmelweis sought to mold the ward in his image with chlorine-
water prophylaxis. The opposition that he saw in Vienna among 
physicians and students did not exist in Hungary. He was in charge 
and saw that everyone complied. The rates of puerperal sepsis fell. 
However, the zeal with which Semmelweis policed the use of hand 
washing did little to win him supporters in Hungary. Semmelweis 
slowly built up a private practice to support himself and his family. 
Eventually, he was appointed to the post of Professor at the Univer-
sity of Pest in 1855. But despite the academic post and ample data, he 
still did not publish his theory.

Opposition to Semmelweis and His Theory

The opposition to the theory that Semmelweis proposed began to 
gain ground across Europe and was more powerful than ancient bu-
reaucrats reflexively rejecting a new idea. Semmelweis’s theory sug-
gested that physicians had been responsible for killing their patients. 
This idea would not sit well with even the most open-minded phy-
sician. Many obstetricians simply rejected the theory on that basis 
alone. The English contagionists began to weigh in. They believed in 
miasma and not cadaver particles. Simple cleanliness, as practiced 
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in Britain, was the answer, not hand washing with chlorina liquida in 
a bowl. Semmelweis would argue vociferously over whether puer-
peral sepsis was a contagious disease in later writings, pointing out 
that it was transmissible but not contagious. The subtleties of the dis-
tinction meant a great deal at the time but would have been quickly 
brought together if the nature of the cadaver particles had been dis-
covered. But the quarrel demonstrated an unattractive side of Sem-
melweis. He argued with an explosive nature, convinced of his own 
correctness, and greeted those who disagreed with contempt. He 
managed to garner support of friends in Hungary. They spoke Hun-
garian. Semmelweis had only learned it in secondary school. Just as 
his dialect in Vienna left him feeling like an outsider, Semmelweis’s 
discomfort with Hungarian left him wondering if he was accepted 
as a true countryman in his native country. His troubled experi-
ences turned the well-liked, smiling gentleman into an unpleasant, 
contemptuous, distressed man who had the strongest sense of self-
righteous certainty. Semmelweis would occasionally read a medical 
journal, only to find an attack on his theory. He would fire off let-
ters to some of the leading obstetricians of Europe, soliciting their 
opinions on his theory in hopes of reassuring himself. The responses 
rarely did. Finally, he realized that the time had come to explain his 
own theory in spite of his antipathy to writing. In 1860 he completed 
his book, The Etiology, the Concept and the Prophylaxis of Childbed Fe-
ver, which was published in 1861, some 13 years after Semmelweis’s 
initial work in Vienna. He sent copies to physicians throughout Eu-
rope but was never satisfied with the responses to his efforts. The 
book was long, overly complex, and rambling. Semmelweis believed 
that the book’s publication would be the ultimate vindication of his 
theory. However, there was no wholesale conversion to his way of 
thinking. Semmelweis often damaged his own cause. In one of his 
most vitriolic letters and an example of his writing style, he hurled 
these words at Friedrich Scanzoni, an influential professor of obstet-
rics at the University of Würzburg:

If, Sir, without having refuted my doctrine, you continue to teach the stu-
dents and midwives that you train that puerperal fever is an ordinary epi-
demic disease, I proclaim you before God and the world, to be an assassin 
and the history of puerperal fever would not do you an injustice were it, 
on opposition to my life-saving discovery, to immortalize you as a medical 
Nero.
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Semmelweis’s Last Years

By 1862, his friends began to notice Semmelweis’s increasingly er-
ratic behavior and utter disdain for those who dared to criticize 
this theory. By 1865, he was moody, irritable, forgetful, and argu-
mentative. In his last faculty meeting, when called upon to give a 
report, he pulled a piece of paper from his trousers and read the 
Midwives’ Oath without any understanding of where he was. His 
colleagues could no longer ignore the man’s difficulties. Something 
was dreadfully wrong with Semmelweis’s mind. With the help of his 
closest friends, his wife took Ignaz Semmelweis to an asylum in, of 
all places, Vienna. In Vienna, his old friend Hebra met Semmelweis 
and his wife on their arrival. The details of his commitment to this 
asylum in Vienna are not known. He was probably beaten, resulting 
in trauma and infection in the chest wall, evident on the records of 
the official autopsy report the year he died, 1865. Historians argue 
about what happened to Semmelweis to cause his decline, which 
was likely a presenile dementia or Alzheimer’s disease, although it 
may have been syphilis or some other neurologic disorder. We will 
never be certain. Semmelweis was only 47 years old at the time of 
his death.

Semmelweis had taken on a problem that had vexed physicians 
for decades, if not hundreds of years, and correctly concluded that a 
transmissible “cadaver particle” on the hands of personnel was re-
sponsible. He reasoned this theory 20 years before the germ theory 
was an accepted notion. He had used a technique no one else had 
used, a numerical analysis (2). He showed, for the first time, that 
three factors were required for puerperal sepsis: the source of putrid 
particles, the means of transmission from the source to the victim, 
and an injured host, such as one with postpartum uterus, particular-
ly one that had trauma, or an incised finger. Contagionists believed 
that only smallpox could produce another case of smallpox. Infec-
tious diseases in the 1840s were thought to strike people at random 
via miasma. Semmelweis was clear that there was no randomness 
or miasma involved. Still, Semmelweis tried to distinguish childbed 
fever from a contagious disease: “Childbed fever is a transmissible, 
but not a contagious disease” (11). While he took great pains to dis-
tinguish childbed fever from a contagious disease such as smallpox, 
Semmelweis had actually bridged the gulf in 19th-century thought 



Ignaz Semmelweis and the Control of Puerperal Sepsis 141

that distinguished between contagion and infection. Semmelweis 
provided an extraordinary contribution on the prevention of puer-
peral sepsis with hand washing using the numerical analysis. He 
had come so close to the germ theory, but his own foibles had gotten 
in the way of physician acceptance. In the next two decades, three 
individuals would finally establish the framework for the modern 
notion of the germ theory in medicine: Louis Pasteur, Robert Koch, 
and Joseph Lister.
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9
Louis Pasteur and the 
Germ Theory of Disease

van Leeuwenhoek had uncovered the microscopic world using a 
simple microscope, one with only one lens. He kept many secrets on 
the lens formation and use of his microscopes. Simple microscopes 
with sufficient power to see bacteria were difficult to make and use. 
For nearly 150 years, little progress was made in microscopes. The 
few discoveries were largely of academic interest and not considered 
by physicians, who made little use of the simple microscope. While 
compound microscopes, i.e., those with two lenses, were capable of 
magnifying sufficiently to see bacteria and had been available since 
the 17th century, there was one major difficulty that precluded their 
widespread use—chromatic aberration. This aberration distorted 
the spectrum of colors seen through a compound microscope and 
produced an image with strangely colored halos around objects that 
would make identification of items in an image all but impossible. 
The problem of chromatic aberration was not solved until the 1830s, 
when an Englishman named Joseph Jackson Lister devised a lens 
system that overcame the distortion using achromatic lenses. In the 
mid-19th century, the compound microscope suddenly became a 
tool for scientific discovery. But medicine was slow to include micro-
organisms discovered through the microscope until Louis Pasteur 
opened the world of the infinitely small.

doi:10.1128/9781555817220.ch9
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A chapter on Louis Pasteur presents a considerable challenge. 
Louis Pasteur is probably the most notable nonphysician in the his-
tory of medicine (Fig. 1). Volumes have been written about Pasteur, 
including a biography from his son-in-law (13). Even with all that 
has been already written, his importance in the development of the 
germ theory of disease is crucial to include and still can present a few 
surprises to the reader. Pasteur researched the structure of chemical 
crystals and described the biological basis of fermentation of wine 
and beer. He debunked the widely accepted concept of spontane-
ous generation. Pasteur solved the mysteries of silkworm diseases, 
chicken cholera, anthrax, and rabies, which contributed to the devel-
opment of the first vaccines with attenuated microorganisms. These 
seemingly unrelated topics can be strung together in a surprisingly 
logical sequence through Pasteur’s life. His work led to an aston-
ishingly important series of contributions to science, medicine, and 
human health. Pasteur’s personality, including his perseverance, 
tenacity, and thoughtful but forceful approach to problems and his 
critics, was responsible for much of his success and a few of the con-
flicts that occurred during his lifetime.

Louis Pasteur: Early Influences

Louis Pasteur was born in 1822 to Jean Joseph Pasteur and Jeanne 
Etiennette Roqui Pasteur. He was the only son in his family, which 
included three daughters. Most of Pasteur’s youth was spent in Ar-
bois, France. His parents had a profound influence on Louis, impart-
ing values that shaped his approach to science and his private life. 
His father ran a tannery and was described as hard working and 
frugal. Like most parents, he wished for his son to improve his posi-
tion beyond his own. His father stressed education and hard work, 
helping young Louis with his studies in the evening. His mother was 
described as kind hearted, imaginative, and enthusiastic, a marked 
contrast from her reserved, cautious husband. The marriage was a 
happy one that formed a confident base for young Louis. The senior 
Pasteur wanted his son to be a scholar. Louis was quiet and industri-
ous at home. His mind worked slowly but methodically. Some teach-
ers mistook the plodding approach that Louis followed as evidence 
of an inadequate mind. But the headmaster of his school in Arbois 
recognized Louis’s potential, recommending him to the great École 
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Figure 1        Louis Pasteur. Courtesy of the National Library of Medicine.
doi:10.1128/9781555817220.ch9.f1
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Normale in Paris. At the age of 16, Louis left home in 1838. Despite his 
strong will and passion for learning, Pasteur had an intense attack of 
homesickness. He wrote about his struggles in Paris. One day, Louis 
was told to head to a small café and found his father sitting at a table, 
waiting to take him back home. No explanation was needed. Such 
was the close relationship that they had. His father understood and 
brought Louis back to Arbois. Pasteur took up drawing and kept his 
mind occupied at the school in Arbois until it became clear that he 
needed to move on with his career and life. Fearing another attack 
of homesickness, Louis chose to attend a college in nearby Besançon, 
only 40 km away. He did well in his studies, though not exception-
ally well, in Besançon. Soon, Pasteur recognized within himself the 
desire, perhaps the need, to go back to Paris to attend École Normale. 
After graduation from the college in Besançon, he took the required 
examinations for the Parisian school. His response to placing 15th 
among 22 candidates was indicative of Pasteur’s demanding and 
exacting personality. Not content with his performance, he elected 
to give himself another year and retake the examination. His subse-
quent placement was 4th among the list of entrants.

In 1842, Pasteur, now more confident, returned to Paris to fulfill 
his father’s and his ambition to become a teacher. During his first 
time in Paris, Pasteur came under the spell of the celebrated chem-
ist Jean Dumas, who was noted for his chemical discoveries and his 
numerous books in the field. Pasteur, profoundly influenced by Du-
mas, had vowed to become a chemist and plunged headfirst into 
his studies now that he was back in Paris, performing well. Again, 
his examination achievements were merely good, not exceptional. 
Pasteur loved learning, but while attending the school, he found a 
previously unidentified zeal—a passion for discovery.

Pasteur the Chemist and the Discovery of Crystals

One of Pasteur’s chemistry teachers recognized his potential and 
made him a laboratory assistant. During this time, Pasteur learned to 
use the microscope in the study of crystallography. At that time, there 
were two forms of tartaric acid. One, the true tartaric acid, was a com-
ponent of tartar in wine fermentation vats. The other form occurred as 
needlelike tufts and was called paratartaric acid or racemic acid from 
its origin from the grape (racemus). The two forms were chemically 
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identical and had the same overall crystal shape. The difference was 
in the way the two rotated the plane of light when placed in solution, 
as measured by a device called a polarimeter. At the time Pasteur be-
came interested, scientists observed that a solution of tartrate could 
rotate the plane of light while the paratartrate was optically inactive. 
Pasteur was dissatisfied that two chemically identical compounds 
could rotate light differently. He felt that there must be a chemical 
difference between the two. He began a systematic evaluation of the 
tartrate crystals under the microscope. He quickly noticed small facets 
of the crystals that had escaped the attention of others studying the 
phenomenon. All the tartrate crystals had the small facets on one side 
of the crystal; a tartrate solution rotated polarized light to the right. 
When Pasteur examined the paratartratic acid crystals, he found that 
some of the crystals had facets turned to the right, similar to tartrates, 
but some of the crystals had facets turned to the left. Paratartratic acid 
was an equal mixture of right- and left-handed crystals, which ex-
plained why it was optically inert. In a painstakingly detailed effort, 
Pasteur separated the right-handed from the left-handed crystals and 
placed them into two different solutions. The right-handed crystals 
rotated light to the right, and the left-handed crystals rotated light to 
the left. This was the first scientific discovery for the young Pasteur, 
who became so excited that he rushed from the laboratory and ex-
claimed to a colleague in the hall,

I have just made a great discovery . . . I am so happy that I am shaking 
all over and am unable to set my eyes again to the polarimeter. (1)

This initial discovery lit a flame of interest in scientific discovery that 
lasted Pasteur’s entire life. He never tired of telling the story of his 
first discovery. Pasteur was fortunate that the tartrate crystal could 
be observed under the microscope and separated into right- and 
left-handed crystals. However, Pasteur had thoroughly studied his 
crystals and exhibited in this and in many subsequent studies an 
uncanny knack in selecting the best experimental material to solve a 
problem. This gift would lead to one of his most famous sayings: “In 
the field of experimentation, chance favors only the prepared mind.” 
For his doctorate degree in chemistry, Pasteur wrote two theses, one 
of which was entitled, “A Study of Phenomena Relative to the  Rotary 
Polarization of Liquids.”
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For the next 5 years, Pasteur was consumed with his chemistry 
experiments. Pasteur’s studies were interrupted by the Revolution 
of 1848 and shortly thereafter by the death of his mother. His ties 
to his family were strong. Louis spent weeks unable to carry on his 
work after she died. Eventually, Pasteur was matched with a teach-
ing position outside Paris, since the purpose of the École Normale 
was to produce teachers. In 1849 he left Paris, first for Dijon for a 
few months and then to Strasbourg, where he was made Professor of 
Chemistry at the University of Strasbourg. Shortly after his arrival in 
Strasbourg, Pasteur met Marie Laurent. After only 2 weeks, Pasteur 
proposed marriage. Ms. Laurent hesitated for a few weeks but even-
tually accepted. The two were married in May 1849.

Pasteur’s chemical discoveries with tartaric acid crystals led to 
some scientific acclaim, allowing him to travel in Europe and meet 
many distinguish scientists. He continued his work in stereochem-
istry, the branch of chemistry that involves the study of the relative 
spatial arrangement of atoms within molecules. He began to recog-
nize that one of the fundamental features of living organisms was that 
they nearly always were asymmetrical chemically; i.e., if there were 
compounds that could be right- or left-handed like his tartaric acid 
crystals, living beings nearly always had one or the other but rarely 
both the right- and left-handed varieties of the chemical. He wrote,

The universe is an asymmetrical whole. I am inclined to think that life, 
as manifested to us, is a function of the asymmetry of the universe and 
of the consequences it produces. (1)

From 1850 to 1854, Pasteur continuously worked and taught chem-
istry in Strasbourg. He was awarded the Prize of the Society of Phar-
macy in Paris and the Award of the Legion of Honor. During this 
period, two daughters and his son were born. In 1854, Pasteur and 
his family moved to Lille, France, when he was appointed Professor 
of Chemistry and Dean of the newly organized Faculty of Sciences of 
the University of Lille.

The “Diseases” of Fermentation

Shortly after Pasteur’s arrival in Lille, the father of one of his stu-
dents consulted with Pasteur on the difficulties that he was experi-
encing with the alcoholic fermentation of beet sugar in his distillery. 



Louis Pasteur and the Germ Theory of Disease 149

To understand Pasteur’s contribution to the field of fermentation, 
one needs to consider that in the 1850s, fermentation was viewed 
as an entirely chemical process. There was alcoholic fermentation, 
where organic solutions placed together in the correct way would be 
converted to wine, beer, or cider. There was acetic acid fermentation, 
with wine being converted to vinegar. The souring of milk, where 
milk sugars were converted to lactic acid, was called lactic acid fer-
mentation. It was also commonly known that natural materials such 
as eggs and meat could undergo a process called putrefaction. Scien-
tists believed that putrefaction was closely related to fermentation, 
differing only in the products that were formed. These processes 
were assumed to be entirely chemical in nature, requiring a catalyst 
to start or speed up the chemical reactions. The catalyst was not con-
sumed during the chemical reaction. The makeup of the catalyst was 
mysterious but thought to be chemical in nature and specific to the 
type of fermentation or putrefaction. The catalyst that was responsi-
ble for alcoholic fermentation was known as yeast, which was also 
the name of the leaven needed for the rising of the dough in bread 
making. Surprisingly, the biological nature of yeast was not known 
at the time even though yeast had been used for making bread and 
wine for centuries. A scientific examination of fermentation was only 
carried out in the 18th and 19th centuries and gave the impression 
that the fundamental nature of the process was purely chemical and 
had been fully discovered. That view began to change in 1835 when 
two scientists, Cagniard de la Tour in France and Theodor Schwann 
in Germany, independently published experiments suggesting that 
yeasts were living cellular organisms. Some controversy followed 
these publications. Justus von Liebig, an eminent scientist of the 
time, tried to incorporate de la Tour’s and Schwann’s work. von 
 Liebig proposed that if yeasts contributed to alcoholic fermentation, 
it was not as living beings, though they might be, but because they 
were dying in the fermentation process and released the material 
that caused the reaction to proceed. But von Liebig had no experi-
ment to back up his claim.

Pasteur was still contemplating the fermentation problem that 
the father of one of his students had presented to him. Pasteur real-
ized that he had to reexamine the nature of fermentation. As famous 
as he was, von Liebig proved no match for Pasteur. Pasteur took on 
von Liebig’s chemical theory of fermentation with an experiment 
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where he obtained fermentation in a synthetic medium inoculated 
with minute amounts of yeast. Pasteur showed that the amount of 
alcohol produced ran parallel to the multiplication of the yeasts. This 
simple yet superbly designed experiment proved, once and for all, 
that organic decomposition was not necessary to start alcoholic fer-
mentation. Indeed, Pasteur showed that yeasts grow, bud, and mul-
tiply in sugar fermentation.

Alcoholic fermentation is an act correlated with the life and with the 
organization of these globules [yeast], and not with their death or 
their putrefaction. (1)

Soon, Pasteur showed that other ferments, including lactic acid fer-
ments, were the result of living beings producing chemicals and 
that these beings could be cultivated in artificial media. He began 
to realize that each of these microscopic beings differed by their 
morphology, nutritional requirements, and susceptibilities to toxic 
substances. The field of microbiology was born! Through publica-
tions in 1860, Pasteur contended that his findings would permit a 
study of the fundamental chemical nature of life. By this time, the 
cellular theory, i.e., that all living beings were composed of cells, was 
accepted. Pasteur believed that single-celled organisms would be 
the starting point for understanding the cellular makeup of more 
complex beings. He believed that the chemical and physical proper-
ties of single-celled organisms could be more easily studied in the 
laboratory.

The problem that the father of his pupil presented to Pasteur was 
that putrefaction was occurring in the distillery rather than alcoholic 
fermentation. After studying the biological process of fermentation 
and realizing that different microorganisms could cause different 
types of fermentation, Pasteur began to view the problem as a “dis-
ease” of fermentation. He used the microscope, the instrument that 
had helped him with his crystal experiments, to examine the dis-
eases of fermentation. His pupil, the son of the man who presented 
Pasteur with the problem, described what Pasteur had discovered.

He [Pasteur] had noticed by microscopic examinations that the glob-
ules were round when fermentation was healthy, that they length-
ened when alteration began, and were quite long when fermentation 
became lactic. This very simple method allowed us to watch the 
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 process and to avoid the fermentation failures which were then so 
common. (2)

Pasteur realized that foreign organisms competing with the yeast in 
the ferment caused the “diseases” of fermentation.

The leaps that Pasteur had made in his work on fermentation in 
Lille radically changed thinking about a process that was considered 
to have been fully explained—the nature of fermentation. He care-
fully designed experiments to refute the long-held belief in the solely 
chemical nature of the process. Importantly, he had moved science to 
the biological rather than chemical basis of fermentation. He learned 
to cultivate and identify microorganisms in the laboratory. Pasteur 
related certain microorganisms to certain fermentation processes and 
determined that if competing microorganisms entered the picture, the 
desired fermentation process would be “diseased.” His logical think-
ing and, more importantly, his experiments had defined the germ 
theory of fermentation. It is no accident that Pasteur used “disease” 
to help define the problems encountered in the fermentation process. 
Unencumbered by any attachment to the humoral theory of disease 
as a nonphysician, his logical mind quickly saw the appearance of 
unwanted, competing microorganisms in the fermentation process as 
harbingers of disease. The time for a broader application of the germ 
theory to human disease would soon be at hand. Finally, Pasteur had 
correctly speculated that his laboratory efforts might even unlock the 
biochemical secrets of life. At 42 years of age, Pasteur, who had already 
made significant contributions to chemistry, gave birth to an entirely 
new field, microbiology. Amazingly, his contributions to medical sci-
ence had not even begun. In 1857, Pasteur moved back to Paris when 
he was appointed Director of Scientific Studies at Ecole Normale.

Pasteur’s discoveries in fermentation and its diseases revealed 
an immensely practical aspect to his work. Later, in a publication 
from 1877, he described similar alterations in microfloras when he 
studied beer production. Pasteur uncovered the biological basis of 
vinegar production, helping the French vinegar industry adjust the 
production of vinegar to the demands of the market. In these efforts, 
Pasteur had taken scientific discoveries in the laboratory and con-
verted them into discoveries for society. From early in his time at 
Lille, Pasteur became more than a laboratory scientist and oriented 
nearly all his efforts to practical problems of his world.
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Pasteurization

Since the introduction of an undesired microorganism can damage 
the fermentation process, some method for preventing their introduc-
tion or killing them once they have been introduced would have im-
mediate benefit to the industry. Although meticulous controls of the 
technological side of the industry had been made, elimination of all 
undesired microorganisms could not be achieved. Pasteur set out to 
find a way to remove these microorganisms by adding a variety of 
compounds, such as bisulfites, aimed at destroying them. Unfortu-
nately, all his attempts to find antimicrobial compounds were inef-
fective. Pasteur then turned to heat. Pasteur was familiar with and 
intensely interested in the process of making wine. He knew, for 
example, that wine was slightly acidic. He also knew that the anti-
microbial effects of heat on microorganisms were more successful in 
an acidic environment. He experimented to find a temperature that 
would kill the unwanted microorganisms (bacteria) and still leave the 
process and the taste of wine unaffected. He further discovered that 
the heat would not affect the wine making process if applied after all 
the oxygen originally present in the bottle had become exhausted. We 
know this process as pasteurization. Pasteurization was successfully 
applied to wine, beer, cider, vinegar, and, of course, milk. Not content 
with a theoretical laboratory discovery, Pasteur took an active role in 
determining the effectiveness of this process in the various industries 
to which pasteurization was applied. Pasteur wrote,

There are no such things as pure and applied science—there are only 
science, and the applications of science. (2)

Pasteur’s success in putting forward his theory on the biological ba-
sis of fermentation and taking on formidable opponents and critics 
such as von Liebig occurred by expert experimental design, careful 
interpretation of the results, and the force of his own personality. 
Perhaps just as important, pasteurization provided a practical solu-
tion that von Liebig and other critics could not offer or deny.

Spontaneous Generation and Louis Pasteur

The role of microorganisms in fermentation brought Pasteur into an 
ongoing debate: what was the origin of these microorganisms? The 
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19th-century arguments over spontaneous generation of life were 
often philosophical and religious, since the idea of creation, the ul-
timate beginnings of life, can lie beneath the belief in spontaneous 
generation. Pasteur, however, would never be drawn into a philo-
sophical or religious discussion of spontaneous generation, even 
though he was a devout Catholic. Pasteur acknowledged that some-
where in the universe or perhaps back in Earth’s early history, life 
sprung from organic matter. Pasteur, instead, devoted great energy 
to evaluating claims that experimenters had discovered conditions 
where spontaneous generation was possible.

Resolution of the debate over spontaneous generation of micro-
organisms was an essential step in the development of the germ 
theory of human disease. Consider the implications if spontaneous 
generation of bacteria could actually occur. Contagion would become 
irrelevant, and sterile techniques in the operating room and the labo-
ratory would be immaterial. The spontaneous formation of life could 
occur anywhere, even inside the human body, given the proper condi-
tions. To Pasteur, spontaneous generation invited anarchy to what he 
was beginning to perceive as a fairly specific role that microorganisms 
played in nature. Pasteur believed that the theory demanded challeng-
ing, even though some of his mentors from the Ecole Normale urged 
him to stay out of the fray, fearing that the time spent on the contro-
versy would take too much valuable time outside of scientific inquiry. 
But Pasteur would challenge spontaneous generation with scientific 
inquiry and use his determined nature to convincingly disprove it.

Before considering Pasteur’s role in the controversy of spontane-
ous generation in the mid-19th century, we must consider the con-
fused state of affairs in the debate. Scientists had ceased to believe that 
higher forms of life such as flies, maggots, or mice would spontane-
ously generate from a few grains of wheat or a piece of cheese based 
upon experiments from, among others, Francesco Redi, published in 
1668. Microorganisms were another matter, however. Scientists recog-
nized that broth or milk that had been boiled to destroy all life could 
be observed to quickly acquire numerous bacteria upon cooling, usu-
ally within 1 to 2 days. Since these organisms were so small, it was 
not a stretch of the imagination to believe that the simplest agents 
of life could form from the organic matter in solution. The question 
remained without definitive conclusions, since critics on both sides 
were capable of finding fault in experiments supporting or refuting 
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the theory. No one had been able to find an experiment that put an 
end to the matter. The confused situation came to a crisis when Felix 
Pouchet, an esteemed scientist and Director of the Museum of Natural 
History in Rouen, read a paper before the Paris Academy of Science 
in 1858. Pouchet performed an experiment in which he took a flask of 
boiling water that he hermetically sealed and plunged it upside down 
into a tub of mercury. He then introduced a half-liter of oxygen and 
a small quantity of hay infusion that had previously been exposed 
to very high temperatures for a significant period of time. Pouchet 
believed that he had taken sufficient precautions to preclude the intro-
duction of living organisms into the flask. After a few days, microbial 
growth occurred in the flask. Pouchet presented his findings to the 
Paris Academy of Sciences and published them a year later. Due to 
his reputation, his experiment achieved great acclaim. Pouchet’s mo-
ment in the sun was short-lived. Pasteur took aim at Pouchet’s work. 
Pasteur was not the kind of individual one wanted as an opponent. 
Pasteur worked with feverish energy and masterfully designed his 
experiments to counter any potential criticism.

The first task for Pasteur was to consider the possible flaws in 
Pouchet’s experiment. Organic solutions, even if subjected to pro-
longed heat, would eventually support microbial growth when natu-
ral air was admitted. Pasteur set out to determine whether air was 
an essential factor for the spontaneous generation of microorganisms 
or whether merely the admitted air contained viable microorganisms. 
He examined every detail of Pouchet’s experiment and the countless 
experiments that he considered to deal with the question at hand. 
Pasteur noticed that the mercury used in Pouchet’s work always con-
tained dust that could be determined to contain living microorgan-
isms. Pasteur eliminated the mercury from the experiment since he 
could demonstrate that it could contaminate the fluids and the air in 
the flask. Next, Pasteur had to deal with the presence of air that might 
represent some vital component for spontaneous generation or simply 
contaminate a previously heated organic solution when the air is in-
troduced. In the now-famous experiment, Pasteur used a swan-neck 
flask with an organic solution that had been previously heated to de-
stroy microbial life. After it was cooled, he demonstrated that microbi-
al life did not spontaneously generate in the organic solution that was 
left open to natural air. The swan neck design prevented the entry of 
the particles suspended in air that contained microorganisms. Pasteur 
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convincingly demonstrated that there was no vital force in exposure 
to air that allowed microorganisms to spontaneously generate in the 
organic solution. Pasteur extended this simple yet elegant experiment 
by boiling organic fluid in a flask to destroy any life and drawing out 
the neck in a flame so that it could be easily sealed. The solutions in 
the sealed flask would remain sterile indefinitely. Pasteur could then 
break the seal under exacting conditions to avoid contamination. The 
admitted air could be obtained in a variety of settings and the flasks 
resealed and incubated. Testing with these flasks revealed that micro-
organisms were not in the same abundance everywhere. More micro-
organisms were obtained in air from low-lying places, near the earth. 
The numbers of microorganisms were lower when the air was still or 
at higher elevations. Some flasks remained sterile when the air was 
introduced in the atmosphere of Swiss glaciers.

Pasteur’s experiments produced a sensation within the scientif-
ic community and the public. In 1862, the Paris Academy gave Pas-
teur the Prix Alhumbert for “Mémoire sur les corpuscules organisés 
qui existent dans l’atmosphère.” Critics remained, however, largely 
due to philosophical or prejudiced beliefs. Pouchet reported that he 
had attempted to duplicate Pasteur’s findings, but without success. 
Pasteur, convinced of his own work, threw down the gauntlet. He 
demanded that a commission from the Paris Academy of Sciences 
duplicate his experiments. The experiments were repeated. The of-
ficial report published in 1864 in the Academy’s records essentially 
closed the debate with Pasteur’s triumph. Pasteur wrote,

There is no known circumstance in which it can be affirmed that mi-
croscopic beings came into the world without germs, without parents 
similar to themselves. Those who affirm it have been duped by illu-
sions, by ill-conducted experiments, by errors that they either did not 
perceive or did not know how to avoid. (13)

Diseases of Silkworms and Their Role 
in the Germ Theory of Disease

The next phase of Pasteur’s career and in the development of the 
germ theory of disease takes us to the study of silkworms. The story 
of Pasteur’s involvement with the economically vital silk industry 
in southern France played a central role in our understanding of the 
germ theory. In the middle of the 19th century, a strange and deadly 
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disease began to strike the French silkworm nurseries. I never thought 
I would need to explain the life cycle of the silkworm to understand 
the germ theory of human disease. However, before one can under-
stand the silkworm disease and how it aided in development of the 
germ theory of human disease, it is necessary to describe the life cycle 
of the silkworm. The worm begins as an egg that so closely resembles 
a plant seed that the eggs are often referred to as seeds. There are four 
molts where the worm changes its skin. The worm remains essentially 
motionless until the fourth molt, when, after 2 to 3 days, it begins to 
voraciously eat and rapidly increases its size. This stage is called the 
grande gorge. The worm then settles down on a sprig of heather and 
spins its cocoon. The silk cocoon is where the worm transforms into 
a chrysalis and then emerges as a moth. The moth does not eat and 
exists solely for reproduction. After mating, which takes place nearly 
immediately upon the moth’s exit from the cocoon, the female lays 
generally between 600 and 800 eggs. The entire process takes about 
2 months, although the eggs do not hatch until the following year 
in the spring, when the cycle begins again. The silk industry utilized 
the cocoon before the moth emerged since the silk after the moth has 
emerged was unfit for spinning. The cocoons were placed in a steam 
bath to kill the chrysalids by heat. Naturally, some cocoons were al-
lowed to remain for the entire life cycle to be complete.

The disease that began affecting the silkworms, devastating the 
industry, was characterized by small black spots resembling bits of 
black pepper and was referred to as pébrine. The worms with pé-
brine could be affected at any stage. Most importantly, diseased 
worms would not enter the grande gorge stage but arrest and die be-
fore spinning the cocoon. Peculiar tiny structures designated corpus-
cles often were noted in diseased moths, but these corpuscles also 
appeared in what were thought to be perfectly healthy moths. Some 
investigators noted that diseased moths that mated produced dis-
eased worms, suggesting to some that the disease might be heredi-
tary. The relationship between the black spots on the worms and the 
corpuscles of the moth was unclear, but many considered them to be 
correlated. One of Pasteur’s oldest mentors, Jean Dumas, was from 
one of the affected regions and convinced the Minister of Agricul-
ture in France to appoint a commission to study the disease. It was 
Dumas that convinced Pasteur to take the lead. Since Pasteur knew 
nothing about silkworms, it was surprising that he agreed. We may 
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never be certain about his reasons, but he was devoted to his mentor 
and found it hard to refuse any of his requests. However, Pasteur’s 
work on fermentation and spontaneous generation appeared to have 
whetted his appetite for the study of the role of microbes in disease. 
Since he was not a physician, this opportunity afforded Pasteur a 
chance to study pathology in the field.

This study took Pasteur down another unusual path, at least 
for him. Because this work was government funded, Pasteur was 
obliged to periodically report his findings well before he was satis-
fied with the results. Pasteur rarely shared his views from his experi-
ments, even with his assistants, until he felt that solid conclusions 
had been reached. However, the study on silkworm disease affords 
us an opportunity to see how Pasteur worked, how he thought, and 
the blind paths or erroneous attempts at solutions that he rarely al-
lowed others to see.

Pasteur arrived at Alais, France, in early June 1865. He did not 
know it at the time, but Pasteur would spend the next 5 years of his 
life working on silkworms. Always aware of the practical impact of 
his work, Pasteur noted the devastating impact that the disease had 
on the area:

Today the plantations are entirely abandoned; the tree of gold no lon-
ger enriches the country, and the faces of formerly happy are now 
downcast and sad. Where abundance once reigned, there is now pov-
erty and distress. (8)

He immediately familiarized himself with the black spots of pé-
brine and the corpuscles of the moth. By careful observation, he de-
termined that the disease could be found in worms that had been 
feeding on leaves on which diseased worms had been crawling. Pas-
teur tried pricking a healthy worm with a needle that had merely 
scratched a diseased worm. The pricked needle induced the disease. 
He also noted that eggs containing the black spots gave rise to dis-
eased worms. To Pasteur, these observations clearly suggested con-
tagion. Pasteur used these facts to develop a method to examine the 
moths that produced the eggs:

After mating, the female, set apart will lay her eggs; then one will 
open her, as well as the male, in order to search for the corpuscles. If 
they are absent from both the male and female, he [the investigator] 
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will number their laying which shall be preserved as eggs absolutely 
pure, and bred the following year with particular care. (8)

This approach to egg selection, using his trusty microscope to identify 
corpuscles in moths, proved practical and immensely helpful. The 
method was not infallible, however. Pasteur found diseased progeny 
from moths that exhibited no corpuscles. The worms sickened and 
died without showing the typical black spots or corpuscles. He also 
tried to cultivate the corpuscles to produce bacteria or yeasts with 
techniques that he developed during his fermentation studies, but 
to no avail. While Pasteur had developed a method of egg selection 
that had shown good success, he was dissatisfied and frustrated. His 
correspondence showed that he was more and more disturbed until 
he realized why there were diseased worms from moths that had not 
exhibited corpuscles. One day Pasteur finally collapsed in a chair, 
nearly in tears, and exclaimed,

Nothing has been accomplished. There are two diseases.

The disease that Pasteur recognized as distinct from pébrine was 
known as flacherie. Like pébrine, flacherie was a contagious disease 
that was fatal to the worms. Unlike pébrine, it was primarily an in-
testinal infection, with enormous numbers of the disease-causing 
bacteria forming in the gastrointestinal canal of the worm, and did 
not produce any black spots on the surface of the insect. Pasteur’s 
disappointment was short-lived. The discovery of two diseases re-
solved the failures and frustrations that Pasteur had experienced in 
the method of egg selection for pébrine. Pasteur eventually devel-
oped a method for determining the presence in the silkworms of not 
only pébrine but also flacherie. He examined the adult moths for 
both the corpuscles (ultimately determined to be produced due to 
a protozoan) and for the bacteria in the alimentary tracts for flach-
erie. From his methods, he accurately predicted lots of eggs to the 
immense satisfaction of the commission and the silkworm industry.

Pasteur had succeeded where others had failed because he had 
identified the causes of the two infections affecting the silkworms. 
From there, he found a practical method for selection of eggs that 
saved the industry. He published his findings in a paper, “The Diseases 
of Silk Worms.” But the years that Pasteur had spent in Alais, France, 
were some of the most personally distressing of his life. In 1865, he lost 
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his father and one of his daughters, Camille, only 2 years old. In May 
1866, another daughter, Cécile, died from typhoid fever. Pasteur tried 
to console himself from these tragedies through work. But the intense 
effort he made brought on a stroke in 1868. Pasteur slowly recovered, 
but his left side remained somewhat paralyzed for the rest of his life.

Unlike his controlled laboratory experimentations, Pasteur had 
entered the unpredictable world of biological life. He was initiated 
into problems of infectious diseases. He witnessed the variable sus-
ceptibilities of individual organisms of the same species to an out-
come of an infectious disease. In particular, Pasteur appreciated that 
these variations could be from an assortment of environmental fac-
tors, such as excessive heat or humidity or inadequate ventilation. 
His work on fermentation, spontaneous generation, and now the 
diseases of silkworms had been like an apprenticeship for the study 
of pathological processes of microorganisms. Pasteur was keenly 
aware of the direction that his career was taking. He would tell those 
who came to work with him, as he later wrote,

Read the studies on the silkworms; it will be, I believe, a good pre-
paration for the investigations that we are about to undertake. (3)

When Pasteur returned to Paris after his work on silkworms, the 
country was rife with rumors of an approaching war with Prussia. 
When war broke out in 1870, many individuals at the École Normale 
volunteered for military service. Because of his stroke, Pasteur was 
rejected for service. Pasteur remained forever bitter towards the Ger-
mans after shells bombarded École Normale. In 1868, the University 
of Bonn had awarded Pasteur an honorary doctorate to acknowledge 
his work in the role of microorganisms. During the Franco-Prussian 
war, Pasteur sent back the degree with an acerbic letter explaining 
his reasons. His dislike of Germany would play a role in a profes-
sional dispute with Robert Koch some years later.

The Germ Theory of Disease, Pasteur, 
and Medicine in the 19th Century

Between 1857 and 1878, Pasteur contemplated and sought further 
evidence for the germ theory of disease, but the concept had not 
sprung from his mind alone. There were others in the 19th century 
who had come before Pasteur and deserve some consideration for 
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their efforts. Agostino Bassi, sometimes called de Lodi, was an ento-
mologist who had discovered a disease of silkworms in Italy caused 
by a fungus that now bears his name, Beauveria bassiana. In 1844, he 
theorized that microorganisms caused human diseases. Perhaps the 
most prominent 19th-century individual whose work preceded Pas-
teur was a pathologist named Jacob Henle. Henle wrote in his Pa-
thologische Untersuchungen that:

material of contagion is not only organic but living, endowed with in-
dividual life and standing to the diseased body in relation of a parasite 
organism. (4)

The difficulty that scientists had in proving this theory of disease 
to a skeptical physician audience was that there was little means to 
differentiate one microorganism from another despite the extraor-
dinary differences in symptoms and signs of various infectious 
diseases. Henle even predicted that specific microscopic agents 
would be consistently found to cause certain diseases but did not 
have the methods at his disposal to prove his assertion. Curiously, 
Henle taught Robert Koch, who, along with Pasteur, would provide 
the scientific evidence for the germ theory. One other name worth 
considering for his pre-Pasteur work is John Snow. In 1846, a chol-
era epidemic spread through the cities of Europe. The cause of the 
disease continued to be in question. Even midway through the 19th 
century remnants of the humoral theory remained. Many scientists 
postulated miasma from vegetable decomposition or elements in the 
air as the cause of cholera. Snow believed that cholera was an in-
fection of the gastrointestinal tract and that water was the vehicle 
for transmission. Few paid attention to Snow’s theory until his spec-
tacular demonstration of a cholera outbreak that he traced to a water 
pump on Broad Street in London. While Snow did little to determine 
the microorganism causing the disease, his groundbreaking use of 
epidemiological methods convincingly showed that the agent of 
cholera was waterborne and could survive outside the human body.

As the concept of the germ theory of human disease was taking 
hold among many academic scientists, physicians had a difficult time 
believing that a living being so small could cause profound pathologi-
cal damage to a human. The theory received a hostile reaction from 
a surprising source within the medical field. In the mid-19th century, 
Rudolf Virchow had revolutionized medicine with the cellular basis of 
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disease. He was a staunch opponent of spontaneous generation, put-
ting forth the concept that every cell comes from another cell. His con-
cept of cellular pathology took Morgagni’s anatomic basis of disease a 
step further—to the level of the cell that he identified as the functional 
seat of human disease. For example, Virchow was able to show that 
cancer cells originated from normal cells within specific tissues. This 
theory of cellular pathology forever put to rest any notion of humors 
or miasma. But Rudolf Virchow stated in his later years,

If I could live my life over again, I would devote it to proving that 
germs seek their natural habitat—diseased tissues—rather than caus-
ing disease.

Virchow viewed Semmelweis’s work unfavorably. For a pathologist 
who essentially invented cellular pathology, his opposition to view-
ing microbes as the cause of human disease was a formidable ob-
stacle to the acceptance of the germ theory in medical circles.

In 1873, Pasteur was elected as an Associate Member of the Aca-
démie de Médecine in France as a nonphysician. However, associate 
membership was not sufficient to give Pasteur standing in the medi-
cal community. Two physicians would soon step into the debate on 
Pasteur’s side, Joseph Lister in Great Britain and Robert Koch in 
Germany. Each provided key elements that fostered support for the 
theory that will be detailed in the next two chapters.

Pasteur’s Work on Anthrax

Pasteur took the medical community head on in his studies on an-
thrax. Anthrax was a disease largely of sheep that had an enormous 
economic impact on French agriculture. In 1850 Casmir Davaine had 
successfully isolated a small rod-shaped microorganism from the 
blood of diseased sheep. After the sheep died, however, the bacterium 
was often difficult to isolate, leading some investigators to question 
whether something else was required to produce anthrax. Despite 
Davaine’s discovery, the significance of these organisms was unclear. 
Nor was it clear how the disease was transmitted. For example, the 
anthrax affected animals that grazed on certain fields years after the 
diseased animals had died from anthrax. How could this difficult-to-
isolate bacterium be responsible so many years later? As we shall see 
in the next chapter, Robert Koch, early in his career, determined that 
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the organism responsible for anthrax had various life stages, including 
a spore-forming stage that would allow the bacterium to resist drying 
in the environment and remain viable for years. Doubters remained, 
suggesting that the bacterium, which could not be uniformly isolated 
from deceased animals, might not be the cause of anthrax. The source 
of this doubt was an experiment by fellow Frenchmen, Claude Leplat 
and Pierre-Francois Jaillard, who obtained blood from a rabbit that 
unquestionably died of anthrax and injected the blood into other rab-
bits. The inoculated rabbits died, but the rods that Davaine had pro-
posed as the cause of the disease could not be found. Still, blood from 
these rabbits, apparently without the microscopic rods, could be inoc-
ulated into other rabbits that died. Pasteur became intrigued with the 
dispute because of his earlier studies on spontaneous generation. He 
knew from those studies that blood from a healthy animal that was re-
moved with aseptic care and cultured with nutrient fluids would not 
spontaneous generate microorganisms. Pasteur reasoned that blood 
from an animal with anthrax could also be taken aseptically and could 
be added to nutrient broth. Using his experiences on the diseases of 
silkworms, Pasteur realized if any microorganisms appeared, the 
cultures would yield the causative organism of the disease. Pasteur 
proved to be correct. Pasteur saw rapid and abundant growth of the 
rods of anthrax by cultivating a small amount of blood from the dis-
eased animal in neutral urine. He could maintain the cultures through 
countless generations by transferring a small amount of the mate-
rial to sterile neutral urine. He kept diluting the original culture that 
contained about 50 ml of the animal’s blood (about 2 oz) so that after 
100 generations of culture, he calculated that hardly a molecule of the 
original animal’s blood was in the culture. Yet, if Pasteur injected the 
bacteria into rabbits, anthrax occurred. Pasteur reasoned that it was 
the bacteria that produced anthrax, not some other component in the 
animal’s blood. Proof of the germ theory of disease was at hand! Dur-
ing the next 20 years, numerous bacterial causes of infectious diseases 
were discovered. But it was the work of two men, Pasteur and Koch, 
on the disease of anthrax that broke the backs of the doubters.

The Discovery of Toxin Production from Anthrax Bacilli

One of Pasteur’s lesser-known discoveries also involved his work 
on anthrax. Pasteur passed blood from an anthrax-infected animal 
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through a series of plaster filters that removed the anthrax bacillus. 
He injected the filtered material into normal fresh blood. When blood 
cells in an animal are exposed to natural infection with anthrax, they 
immediately clump or agglutinate. The filtrate induced identical ag-
glutination of fresh red blood cells, suggesting that a soluble toxin 
from anthrax bacilli was capable of producing disease. Pasteur was 
the first to demonstrate the importance of toxin-producing bacteria 
in the production of disease and even death.

While Pasteur and Koch met on the same ground, namely, the 
proof that a bacterium, eventually determined to be Bacillus anthra-
cis, was the causative agent of anthrax, their views of infectious 
diseases began a remarkable divergence. Koch and his colleagues 
in Germany identified and described innumerable bacteriological 
causes of disease. Pasteur and the French became interested in the 
attenuation of pathogenic microbes and the role of this attenuation 
in the immunity to microorganisms.

Chicken Cholera and Attenuation of Microorganisms

In July 1878, Pasteur began to study chicken cholera, a disease that 
bears no relationship to human cholera but the name. The disease 
could wipe out an entire barnyard full of chickens in as little as 3 days. 
Rabbits are also susceptible, but adult guinea pigs are strangely resis-
tant to the illness. The guinea pigs may develop an abscess, but it re-
ally does not affect their general well-being. Pasteur became intrigued:

Chickens or rabbits living in contact with a guinea pig suffering from 
such abscesses might suddenly become sick without any apparent 
change in the health of the guinea pig itself. It would be sufficient 
that the abscesses open and spread some of their contents onto the 
food of the chickens or rabbits. Anyone observing these facts and 
ignorant of the relationship that I have just described would be as-
tounded to see the chickens and rabbits decimated without any ap-
parent cause and might conclude that the disease is spontaneous . . . 
How many mysteries pertaining to contagion might some day be 
 explained in such simple terms? (5)

Pasteur’s study on chicken cholera led to discoveries about the nature 
of infection, contagion, and immunity. One discovery was the concept 
that one species of animal could serve as a reservoir of infection for an-
other. Pasteur also noted that after recovering from the disease, chickens 
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could carry the causative organism and be the source of infection for 
other chickens—the so-called carrier state. To Pasteur, the observations 
meant that something happened to the microorganism or the host 
because the microorganism did not invariably produce infection. He 
considered his earlier work to determine if the microorganism might 
change. During his studies on fermentation, he observed a mold called 
Mucor mucedo that grew in a filamentous form when in the presence of 
air but was a round, yeast form under anaerobic conditions. Depend-
ing upon the conditions, a microorganism was capable of transforma-
tion, but no one had any proof that any change in a microorganism 
could produce immunity in an animal. Luck then intervened. But, as 
Pasteur was fond of saying, “Chance favors the prepared mind.”

In 1879, some cultures had to be set aside for several weeks. When 
Pasteur attempted to inoculate the bacteria from the old cultures onto 
new media, he found that growth of the microorganisms was unusu-
ally slow. He then inoculated them into fowl that were apparently un-
affected by the inoculation. No disease occurred. Many of us would 
simply have started over with fresh cultures and fresh chickens. Not 
Pasteur. He had already been thinking about possible changes to micro-
organisms from his earlier work on mold in fermentation studies. He 
inoculated the chickens that had been given this slow- growing micro-
organism, a facet that suggested some transformation of the micro-
organism, with a fresh culture of the chicken cholera bacterium. To his 
surprise, nearly all the chickens survived, whereas newly purchased 
fowl inoculated with the same fresh cultures perished. The observation 
immediately suggested that the first lot of chickens had been protected 
against chicken cholera because the causative microorganism had been 
attenuated. The determination that the virulence of a microorganism 
could be moderated and used to protect an animal from the disease-
causing form was one of Pasteur’s greatest discoveries. Jenner stum-
bled onto a virus that conferred immunity to smallpox, but Pasteur 
realized that the virulence of microorganisms was not fixed and could 
be modified to help produce immunity. The trick, of course, was deter-
mining the method of transformation that would produce attenuation 
suitable for vaccination (Pasteur used the term in deference to Jenner) 
that was both effective and safe. Pasteur determined the attenuation of 
the chicken cholera bacillus to be from the harmful effect of air, specifi-
cally oxygen, on an aging culture. He showed that cultures from vials 
that were sealed maintained their virulence to chickens for months, 
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whereas cultures from vials that had only cotton plugs lost their dis-
ease-producing activity rapidly. Within the astoundingly short period 
of 4 years, Pasteur developed vaccines for chicken cholera, swine ery-
sipelas, anthrax, and rabies.

Pasteur and the Anthrax Vaccine

Armed with the success of chicken cholera vaccination, Pasteur 
turned his attention to the production of a veterinary anthrax vac-
cine in the early 1880s. Some biological observations suggested to 
Pasteur that an attenuated anthrax vaccine might be possible to 
produce. He noticed that of a group of eight sheep that had been 
grazing in a pasture where an animal that died from anthrax had 
been buried, several animals survived after inoculation with viru-
lent anthrax bacilli. Unfortunately, efforts to attenuate the anthrax 
bacillus proved difficult because anthrax spores do not undergo any 
significant changes. Pasteur determined that he needed to prevent 
the formation of spores but keep the bacilli alive. He did this by add-
ing a certain compound, potassium dichromate, to the cultures and 
then keeping the cultures in a shallow layer at 42 to 43°C. After 8 
days, the bacilli were harmless to laboratory animals. But for large 
animals, Pasteur used a culture of very low virulence followed 12 
days later by a second, more virulent vaccine. Pasteur actually kept 
this method of attenuation secret (12).

Scientists, particularly physicians, were sometimes openly skep-
tical of and even hostile to Pasteur’s vaccines and his comparing 
them to Jenner’s vaccine. The editor of Veterinary Press, a surgeon 
named M. Rossignol, typified some of the medical community’s at-
titude toward Pasteur in a statement dripping with sarcasm:

Will you have some microbe? There is some everywhere. Microbiola-
try is the fashion, it reigns undisputed; it is a doctrine which must not 
even be discussed, especially when its Pontiff, the learned M. Pasteur, 
has pronounced the sacramental words, I have spoken. The microbe 
alone is and shall be the characteristic of a disease; that is understood 
and settled; henceforth the germ theory must have precedence of pure 
clinics; the Microbe alone is true and Pasteur is its prophet. (14)

Rossignol challenged Pasteur to perform a public experiment of his 
vaccine for anthrax. Pasteur tried hard but was often annoyed at the 
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medical community’s response to his work. He readily accepted the 
challenge to silence his critics. Pasteur conducted a very public exper-
iment of his anthrax vaccine at Pouilly-le-Fort, near Melun, in May 
1881. Since anthrax was responsible for the loss of many millions of 
animals every year in France during this period, the economic im-
pact of a preventative vaccine was enormous. Pasteur vaccinated 24 
sheep and a few other animals with his anthrax vaccine. He used 
24 other sheep and some other farm animals as controls. The sheep 
were then inoculated with a virulent culture of the anthrax organ-
ism. The results were amazing to all.

When the visitors arrived on June 2, they were astounded. The 
twenty-four sheep, the goat, and the six cows that had received the 
vaccinations of the attenuated anthrax, all appeared healthy. In con-
trast, twenty-one sheep and the goat which had not been vaccinated 
had already died of anthrax; two other unvaccinated sheep died in 
front of the viewers, and the one remaining sheep died at the end of 
the day. (12)

Pasteur concluded,

the development of a vaccination against anthrax constitutes signifi-
cant progress beyond the first vaccine developed by Jenner, since the 
latter had never been obtained experimentally. (12)

The economic impact of the vaccine was great enough to the agricul-
tural community that it helped France pay reparations to Germany 
from the treaty ending the Franco-Prussian War.

The Rabies Vaccine

One of the greatest achievements attributed to Pasteur was the discov-
ery of a vaccine against rabies. With the near disappearance of rabies in 
developed countries, we no longer recognize the fear that the disease 
produced, which was well described by a journalist in Pasteur’s day:

Every year at the same season, a terror strikes Paris. The sun burns 
ever and ever hotter. Rabies draws near, and gains force. Every dog 
becomes the object of suspicion—the poor dog, good as he is. (9)

In the 1880s, humans usually contracted rabies from the bite of ra-
bid dogs. Pasteur set out to find the causative agent. Since viruses 
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were not discovered until the very end of the 19th century, finding 
the agent proved impossible for Pasteur, even though he believed it 
to be a short twisted rod that he described from saliva of a child in-
fected with rabies using his microscope. He soon realized that saliva 
from uninfected children contained the same rod.

The study of rabies presented great difficulties for Pasteur and 
his colleagues. The agent remained undetectable through the avail-
able 19th-century techniques for cultivating microorganisms. Addi-
tionally, the bite of a rabid dog did not always give the bitten person 
rabies. If it did, rabies symptoms would occur after an extended in-
cubation period, often weeks. These features of rabies did not lend 
themselves to Pasteur’s previous laboratory studies. The symptoms 
of rabies suggested that the nervous system was involved in the dis-
ease. After much discussion, Pasteur devised an ingenious method 
for cultivating an invisible agent of disease in the laboratory. Using a 
surgical technique, called trephination, that involves making a circu-
lar hole in the skull of an animal, one of Pasteur’s colleagues, Émile 
Roux, inoculated dogs’ central nervous systems with saliva from ra-
bies-infected animals. It was not fear of contracting rabies that kept 
Pasteur from performing the trephination. Pasteur was courageous 
enough to extract saliva from a child suffering from rabies. Pasteur 
had repugnance toward vivisection, according to Roux. Once Roux 
perfected the technique, he could infect a dog and take the spinal 
cord from the deceased animal, which would be preserved in a flask. 
An emulsion of the infected cord would be used to infect other dogs. 
This cultivation did not yield the actual infectious agent, which re-
mained unidentified. The technique provided scientists with a new 
approach for cultivating unknown agents of infectious diseases, 
even though Koch’s postulates (detailed in the next chapter) were 
not satisfied. Work on rabies progressed and turned to a method of 
attenuation of the virulent virus. Pasteur saw Roux’s specimens of 
rabies-infected spinal cords in flasks. He came upon the idea of sus-
pending them in dry, sterile air. He used caustic potash to prevent 
putrefaction and allowed oxygen to attenuate the virus over a period 
of about 2 weeks. Into the dog, Pasteur inoculated emulsions from 
these spinal cords of progressively less attenuated virus. Dogs re-
ceived emulsions from cords dried for 14 days, then 13 days, and so 
on. Fresh cords were eventually used on these dogs, and immunity 
to rabies was established.
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Since a human bitten by a rabid animal may not show symptoms 
for weeks, even a month or more, Pasteur considered the possibility of 
vaccination after exposure. He experimented on dogs bitten by rabid 
animals. Using his rabies vaccine, he found encouraging results. But 
Pasteur and Roux were unsettled when it came to trying the vaccine 
on humans. Roux, in particular, felt that the vaccine had been insuf-
ficiently studied. Unfortunately, fate interfered. Joseph Meister, then 
age 9, was brought to Pasteur from Alsace 60 h after suffering bites 
from a rabid dog. Pasteur agonized over the possibility of treating 
the boy with his untested vaccine. Vaccines had only been used as 
preventatives, not treatment. Medical dogma of the day said that once 
an infectious agent had settled in the body, vaccines could not and 
should not be used. The medical community was largely antagonistic 
towards Pasteur using his vaccine. Even Roux refused to participate. 
But two trusted colleagues, one a physician, assured Pasteur that the 
nature and size of the bites which were over the boy’s hands, legs, and 
thighs made in quite likely that he would develop a fatal case of ra-
bies. On 7 July 1885, Meister was treated with the rabies vaccine. The 
physician that Pasteur consulted gave the boy injections with progres-
sively less attenuated cord emulsions until 16 July, when he received 
an inoculation of the virulent cord emulsion. Meister recovered and 
returned to Alsace. A second case, a 15-year-old boy bitten by a rabid 
dog, was treated and also survived. A flood of requests for the vaccine 
followed these successes. Fifteen months after Meister’s treatment, 
some 2,490 persons had received the vaccine.

Reaction to the Rabies Vaccine

The medical community viciously attacked Pasteur. His colleague, 
Roux, finally put aside his own objections when he saw how savage 
and personal the attacks became. In November 1885, a tragic fail-
ure of the rabies vaccine occurred when Pasteur attempted to treat 
a little girl who had been bitten by a rabid dog. Despite the vaccine, 
the girl died of rabies. Pasteur’s adversaries dramatically used the 
failure against him. But the father of the little girl wrote a letter that 
touchingly describes how history now remembers Louis Pasteur:

Among great men whose life I am acquainted with . . . I do not see any 
other capable of sacrificing, as in the case of our dear little girl, long 
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years of work, of endangering a great fame, and of accepting willingly, 
a painful failure, simply for humanity’s sake. (6)

Pasteur’s health suffered from the constant strain from his work 
on the rabies vaccine. He suffered from a cardiac condition and his 
previous stroke. He took some time away from his work in 1885 on 
the advice of a physician. Renewed with vigor, Pasteur returned to 
Paris and was warmly received at the Academies of Sciences and 
of Medicine. Perhaps his colleagues realized that their attacks had 
had an impact on a great scientist or what a great loss Pasteur’s 
absence would be. In July of 1887, an English Commission issued 
a report from a 14-month study of Pasteur’s rabies vaccine and 
its use in human treatment and fully supported Pasteur and his 
findings.

Pasteur’s Last Years

In 1887, the Academy of Sciences asked Pasteur to become its Life 
Secretary. He only maintained his duties for a short time, since his 
health began to slow him. He suffered another small stroke in Octo-
ber 1887 and resigned from the Academy in January 1888. During 
1888, Pasteur would watch the construction of the Pasteur Institute 
as it was erected in Paris. On 14 November 1888, many of Pasteur’s 
friends and colleagues assembled in the Institute’s library to honor 
the man and the Institute. Pasteur was overcome but was unable to 
read his own speech, asking his son to do this for him.

Keep your early enthusiasm, dear collaborators, but let it ever be reg-
ulated by rigorous examinations and tests. Never advance anything 
which cannot be proved in a simple and decisive fashion . . . But when, 
after so many efforts, you have at last arrived at a certainty, your joy is 
one of the greatest which can be felt by a human soul, and the thought 
that you will have contributed to the honour of your country renders 
that joy still deeper. (15)

In the last few years of his life, Pasteur was weak and ill. Some other 
tributes came his way, but Pasteur made no further contributions to 
science. He died on 28 September 1895. He was given the rare honor 
for a scientist of a state funeral. Thousands lined the streets of Paris 
to pay their respects. His remains were placed in a crypt in the Insti-
tute that bears his name. In a note of bitter irony, Joseph Meister, the 
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boy Pasteur first treated with his rabies vaccine and so grateful to 
Pasteur, eventually became the gatekeeper of the Institut de Pasteur. 
In 1940, during the Nazi occupation, Meister was about to be com-
pelled to open the crypt where Pasteur’s remains were kept so that 
the remains could be removed. He committed suicide rather than 
agree to do so. Today, Pasteur’s grave remains undisturbed below 
the Institute, where great work continues.

On the 100th anniversary of his death in 1995, tributes to a 
man whose body of scientific work has few rivals became clouded 
and, in some publications, decidedly negative. One book, by G. L. 
Geison, attacked Pasteur’s character and ethics, citing that he mis-
represented facts to marginalize opponents, lied about his research, 
and stole ideas (7). One account found Geison’s criticisms un-
founded or overdramatized (10). Like any successful man, he had 
(and has) detractors. But Pasteur’s body of work remains spectacu-
lar regardless of his faults. His influence on medical science, espe-
cially the germ theory of disease, is immense. There were pieces of 
a germ theory before Pasteur. But Pasteur provided a proven con-
text for the germ theory of disease. The impact of Louis Pasteur’s 
work goes beyond the germ theory of disease. Luc Montagnier, co-
winner of the 2008 Nobel Prize in Medicine and Physiology for his 
discovery of human immunodeficiency virus, wrote that Pasteur’s 
legacy provides three lessons for science. First, Pasteur introduced 
modern research methodology in science. Second, Pasteur linked 
basic research and applications in a multidisciplinary approach, 
what today might be called translational research. Third, Pasteur 
introduced the concept of global humanism in science:

He considered that his discoveries and those of his institute should be 
shared and used by all people in the world, regardless of borders, that 
knowledge is the patrimony of humanity. (11)

Pasteur continues to inspire. Françoise Barré-Sinoussi, co-winner 
of the 2008 Nobel Prize in Medicine and Physiology together with 
Montagnier, worked at the Institut Pasteur. She echoed her col-
league’s view:

It was his vision to encourage scientific collaboration among disci-
plines and countries for the benefit of humanity worldwide. He is 
what inspired me to work here [at the Institut Pasteur].
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10
Robert Koch and the 
Rise of Bacteriology

As Pasteur introduced the concept of the germ theory of disease, the 
medical community was slow to embrace it. Some doctors had trou-
ble believing that these invisible creatures could take down human 
beings millions of times their size. But even the most astute physi-
cians had difficulty recognizing how microscopic organisms could 
cause different clinical syndromes, since there was little means to 
distinguish one microorganism from another. But that changed with 
Robert Koch (Fig. 1).

Robert Koch’s life can be measured in extremes. Koch was a 
kind country doctor who did not perform formal medical research 
until he was 37 years old, but in the subsequent 9 years he made 
spectacular contributions that earned him an appointment as a pro-
fessor at the University of Berlin. To strangers he was suspicious and 
aloof, but to his friends he was described as warm and friendly. He 
appeared to many to be stereotypically German in character, mili-
taristically ordering many assistants who were at his bidding. But 
Koch regularly savored performing his own complex research tasks, 
even in old age. He was meticulous in his research, but after one of 
his most valuable discoveries, that of the tuberculosis bacillus, he 
released information suggesting that he had found the cure for tu-
berculosis before carefully seeing it through his usual rigor of test-
ing. Koch is noted for his postulates that still serve as a guide for 
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Figure 1        Robert Koch. Courtesy of the National Library of Medicine.
doi:10.1128/9781555817220.ch10.f1
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determining if a microorganism is the cause of a disease. But some 
of his most important contributions were in public health, where he 
receives little credit. Koch made one of the most important contribu-
tions in the history of immunology, the discovery of the tuberculin 
reaction, but never fully understood the significance of his discovery. 
For his work, Koch reached dazzling fame, yet a few years later, he 
was forced to resign his position in disgrace. Koch’s life and achieve-
ments are both inspirational and cautionary.

Robert Koch: Early Influences

Heinrich Herrmann Robert Koch was born on 11 December 1843 in 
Clausthal-Zellerfeld, a village in Germany. He was the third oldest of 
13 children born to Herrmann and Mathilde Koch. His father was a 
mining official who had an understandable problem supporting such 
a large family. Young Robert showed sharp intellect at an early age, 
astonishing his parents with his self-taught reading ability at age 5. 
His first toy, a magnifying glass, may have been a predictor of his fu-
ture path. As Robert grew, he began to show a strong interest in nature 
and biology. In school, he showed a strong aptitude for mathematics 
and sciences. He did not do as well in his study of languages, though 
he did better with English (he eventually became fluent) than French. 
Koch attended the University of Göttingen when he was 19 in 1862. 
The university had several well-known professors, but one of the most 
influential to Koch was Jakob Henle. Henle was a pathologist but 18 
years earlier had predicted that specific microscopic agents would be 
consistently found to cause certain diseases. Even though Henle did 
not have the methods at his disposal to prove his assertion, he influ-
enced the very individual who would provide these methods to medi-
cal science. While at university, Koch carried out an anatomical study 
of the nerves in the ganglia of the uterus for which he won a monetary 
prize. He used the money to travel to Hannover, Germany, to attend a 
conference where he had a chance to interact with Rudolf Virchow, at 
that point the most famous physician in Germany. Koch published an 
additional paper before he left the university. By age 23 he passed all 
of his examinations and graduated with his medical degree. He spent 
an extra 3 months of study in Berlin to attend lectures by Virchow. 
Despite his two publications, Koch’s road to research would have to 
wait an additional 14 years.
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In March 1866, Koch passed the state examinations and was 
“licensed” to practice medicine. His initial desire was to travel as 
a ship’s doctor, but this penchant for travel was curtailed when he 
became engaged to Emmy Fraatz. His first position was in Hamburg 
General Hospital as a medical assistant, where he carried out mi-
croscopic examinations of pathological tissues. In Hamburg, Koch 
first became acquainted with cholera patients during an outbreak of 
the disease in the city. However, his impending marriage to Emmy 
forced Koch to choose a position that would provide enough in-
come to support his wife and himself. In October 1866, Koch took 
a position in the tiny village of Langenhagen, near Hannover. Koch 
worked at an institute that educated and cared for retarded children 
but also opened his own private practice. He quickly became suc-
cessful and popular. Unfortunately, after 2 years of a comfortable 
position at the institution in Langenhagen, the budgetary problems 
at the institute forced Koch out of that job. Robert Koch and his wife, 
now pregnant, moved near her home in Clausthal, Germany. Koch 
had difficulties setting up a medical practice there. After his daugh-
ter, Gertrud, was born, Koch eventually found a village called Rak-
witz, in eastern Germany, for a private practice. With the outbreak of 
the Franco-Prussian War in 1870, Koch volunteered to be a physician 
in a battlefield hospital, where he became acquainted with wound 
infections and typhoid fever. The exposures to infectious diseases, 
patients with cholera in Hamburg, and typhoid fever and wound 
infections during the war fascinated Koch, enriching the mundane 
experience in his private practice.

After the war, Koch returned to Rakwitz. To supplement his in-
come from private practice he took an exam to be a district medical 
officer, passing it in 1872. Koch and his family moved to Wöllstein, 
Germany, when he was 29 years old. The village of Wöllstein had 
a population of 3,000 and was surrounded by forests and farms in 
what is now Poland. Koch’s research interests began to show them-
selves when, despite a meager income, he purchased a microscope 
and created a laboratory in his home. He became a popular doctor 
among the inhabitants of the town, with a flourishing practice, but 
he had responsibilities in his role as district medical officer, too. He 
administered smallpox vaccinations, gave public health advice, and 
oversaw the local hospital. The lure of research crept into Koch’s 
busy life during his years in Wöllstein.
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The Discovery of Anthrax Spores

Koch began to study anthrax, a public health problem among live-
stock in the area around Wöllstein, just as it was in France. As early as 
1873, Koch had made initial microscopic examinations of the blood 
of infected sheep. Anthrax bacteria are large and were relatively easy 
for Koch to see with his microscope. In 1874, Koch wrote his first ob-
servations that the anthrax bacteria might form spores:

The bacteria swell up, become thicker, and much longer. Slight bends 
develop. Gradually, a thick felt develops. Within the long cells, 
cross walls appear and small transparent points develop at regular 
 intervals. (7)

These are the first recorded words on endospores in history. After a 
trip to the research centers in Germany in 1875, Koch worked tire-
lessly, putting his practice, his work as district medical officer, and 
even his family behind efforts to cultivate the bacteria. On 23 Decem-
ber 1875, Koch was called to examine an animal that had died of an-
thrax. He removed some blood from the animal and inoculated it into 
a rabbit. The rabbit quickly exhibited illness and died on Christmas 
Eve. After quickly saving some tissue specimens from the rabbit, he 
returned to work without the interruption of patients on Christmas 
Day. He examined the tissues and found them teeming with bacteria. 
Koch took samples of the tissues and injected them into surgically 
made slits in the cornea of another rabbit. After several days, the 
rabbit died. Koch noted bacteria present in the rabbit’s blood, spleen, 
and the fluid behind the cornea, or aqueous humor. An idea popped 
into Koch’s mind—use the aqueous humor fluid from a rabbit’s eye 
to artificially culture anthrax bacteria outside the animal. It worked! 
Koch rapidly determined the best growing conditions for the bacte-
ria—a temperature of 30 to 35˚C and the requirement for oxygen. He 
began using slide cultures, which could be sealed with paraffin to 
keep them from drying. As Koch began examining his slide cultures 
using aqueous humor of the rabbit’s eye as a growth medium, he 
noted rows of long filaments containing spheres that refracted light. 
Even after drying when the filaments disappeared, Koch noted that 
the spheres remained in rows. In a matter of a few weeks, working 
in his house, Koch had (i) developed an artificial means to cultivate 
the anthrax bacterium; (ii) passed the bacterium through successive 
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cycles in vitro and in vivo, strongly suggesting that this was the 
causative organism of anthrax; (iii) determined the optimal growing 
conditions for the bacterium; and (iv) determined that it was capable 
of forming spores under more adverse conditions. The French re-
searcher Casmir Davaine had shown that animals could contract an-
thrax without contact with other diseased animals but from the soil. 
Koch had supplied the critical finding, spore formation, to explain 
the phenomenon. In Koch’s own words,

The bacteria form spores which possesses the property of growing 
into new bacteria after longer or shorting resting states. All my further 
experiments were directed to discovering this suspected developmen-
tal stage of the anthrax bacillus. After some fruitless experiments, it 
was possible finally to achieve this goal and therefore to determine the 
true etiology of anthrax. (1)

Koch’s first paper was entitled “The Etiology of Anthrax, Based on 
the Life Cycle of Bacillus Anthracis.” Note the use of the words etiol-
ogy and life cycle. Koch had done much to establish that the disease, 
anthrax, had a specific bacterial cause and showed that the life cycle 
of the bacteria had much to do with the observed phenomenon that 
animals could acquire the disease from the soil. Koch eventually de-
veloped an animal model for anthrax using mice. He injected them 
with the anthrax bacterium at the base of their tail. He found that 
their spleens would become markedly swollen with large numbers 
of the bacteria that were not sporeformers. The disease was repro-
ducible for multiple series of mice, and the pathological state and the 
bacteria never seemed to change. Koch was not the first to develop 
animal models for infectious diseases, but he was the first to use ani-
mal models to incorporate other experimental methodologies, as we 
shall see.

The remarkable findings on anthrax were obtained in nearly 
total isolation from the scientific community. Koch began to have 
doubt about his own findings. Fortunately for Koch, one of the pe-
riod’s leading researchers on bacteria, Ferdinand Cohn, was close by 
at the Institute of Plant Physiology at the University of Breslau. Koch 
wrote to Cohn, asking to demonstrate his findings at the university. 
Soon, Koch traveled to the university with his equipment and cul-
tures. He set up an experiment with a mouse that had died from 
anthrax and used his slide cultures to demonstrate the filamentous 
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bacilli and the formation of spores. Cohn had recently described 
spores for another bacillus, Bacillus subtilis, and was quite excited by 
Koch’s demonstration. Cohn recognized the medical significance of 
the work and called the director of the Institute of Pathology at the 
University of Breslau, Julius Cohnheim, a disciple of Virchow. Both 
Cohn and Cohnheim were most impressed with Koch and his work 
and were to become Koch’s ardent supporters as he and his work 
were introduced to the scientific community. Cohnheim later told 
his assistants,

He has done everything himself and with absolute completeness. 
There is nothing more to be done. I regard this as the greatest discov-
ery ever made with bacteria and I believe that this is not the last time 
that this young Robert Koch will surprise and shame us by the bril-
liance of his investigations. (21)

After Koch returned home, he continued his correspondence with 
Cohn, who invited Koch to publish in Cohn’s journal, Beiträge zur 
Biologie der Pflanzen. Koch excitedly agreed. Cohn even helped Koch 
with his figure for “The Etiology of Anthrax, Based on the Life Cycle 
of Bacillus Anthracis.” The paper was published in 1876 and brought 
Koch some acclaim, although it took a few years.

Improvements in Microscopy

A vexing problem for Koch when he worked in his meager laboratory 
involved visualization of bacteria. Anthrax bacteria were large and 
relatively easy to see. Koch wanted to obtain better clarity of his mi-
croscopic organisms and wanted to take photographs of the bacteria. 
Koch’s desire to view bacteria came at the beginning of a revolution 
in microscopy. From 1876 to 1879, Koch helped to adapt the light mi-
croscope for studying bacteria. The innovations included the use of 
the oil immersion lens and the Abbe condenser. Koch did not invent 
these advances, but his continual curiosity pushed him to seek out 
these improvements. The oil immersion lens increased the resolution 
of microscopic images. Ernst Abbe was a scientist and consultant to 
the Carl Zeiss Microscope Company. That company was instrumen-
tal in developing a condenser, known as the Abbe condenser, to pro-
vide optimal illumination of images such as those of bacteria. Koch 
obtained one of the first oil immersion lenses and an Abbe condenser 
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for his microscope. He also adapted his microscope to obtain photo-
graphs of bacteria. During this period, Koch perfected methods for 
preparing, staining, imaging, and photographing bacteria. He pub-
lished his methods in an 1877 paper in Cohn’s journal. The images 
from that article are remarkably clear and would be considered for 
publication by contemporary journals. Koch was moving to the fore-
front in a new field of science, bacteriology.

Scientists of the 1870s were still at odds as to whether microor-
ganisms seen under the microscope were one species or many spe-
cies. It is difficult for the modern-day scientist to fathom that notion, 
but Koch and Cohn were on one side of the controversy. Other sci-
entists, such as Carl von Nägeli, fell on the other side of the contro-
versy: von Nägeli, a Swiss botanist, published a claim that he had 
examined thousands of different organisms and was completely 
unable to distinguish one from another. Koch was infuriated by 
von Nägeli’s publication and vowed to set the story straight. Koch 
thoroughly examined blood and tissues of normal animals for the 
presence of bacteria and could not find them. But diseased tissues, 
particularly traumatized tissue from wounds such as those he saw 
from battlefields that carried pus, were different. Koch was familiar 
with Joseph Lister’s work that implicated bacteria in wound infec-
tions. But Lister had not tried to cultivate and determine the species 
of bacteria present. Koch examined diseased tissues for bacteria, but 
the methods that he used for anthrax were not appropriate for many 
bacteria. Koch’s connection to the University of Breslau proved valu-
able. Karl Weigert had discovered that bacteria could be seen with 
aniline dyes in the tissues of animals. Bacteria took up the dye where 
artifacts and normal animal tissue did not. Koch used that infor-
mation together with his improved microscope. In July 1878, Koch 
described what he saw:

[The oil-immersion lens] completely altered the pictures. In the same 
slides, which had previously shown nothing, the smallest bacteria are 
now visible with such clarity and definition that they are very easy to 
see and to distinguish from other colored objects . . . now we can see 
bacteria which can be differentiated by size and shape. (8)

Koch set up animal experiments with mice, injecting them with 
small doses of anthrax-diseased animal material. He made suc-
cessive passages from one animal to another, carefully noting that 
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death would come about 50 h after the injection, always with the 
same symptoms. Koch then turned to cultivating specific bacteria, 
attempting to prove that each pathogenic bacterium represented a 
distinct species. Koch had to rely on animals for bacterial cultivation, 
as he had not perfected any plate or slide cultures, but he was able to 
cultivate them using the animals. He also recognized an important 
aspect of animal cultivation—the “law” of increasing virulence. This 
law suggested that animal passage might select the more pathogenic 
bacteria with each passage and that the selected ones might be more 
virulent than the original.

Koch’s Move to Berlin

As time in Wöllstein passed, Koch realized that working as a lone 
researcher was not going to remain satisfying. Cohn had pressed 
the faculty at the University of Breslau to create a position for Koch. 
Koch briefly took a position at the University of Breslau, but the po-
sition did not materialize in a manner that suited Koch, and he re-
turned to Wöllstein. Following the unification of the German states 
by Otto von Bismark in 1871, the country needed a central office for 
public health. The Imperial Health Office was established in Berlin 
a few years later. The Office was under the guidance of an advisory 
council. Ferdinand Cohn, a council member, helped Koch with an 
appointment to the council while he was in Wöllstein. By March 
1880, the Director of the Imperial Health Office began to work for 
a position for Koch in Berlin. Finally, in July 1880, Koch had a sala-
ried position in the Imperial Health Office in Germany’s capital city. 
Koch was 37 years old. Koch’s title in the Imperial Health Office was 
essentially a Government Councilor. The Office had little room for 
Koch, but he set out to work in a small laboratory with two assis-
tants, Georg Gaffky and Friedrich Loeffler. Koch performed some of 
the most important research of his career in this laboratory, working 
tirelessly and inspiring his assistants and coworkers with his work 
ethic and enthusiasm.

Koch’s early work in Berlin may seem mundane and simple to 
us today, but Koch’s premise “the pure culture is the foundation of 
all research in infectious disease” remains true and was the basis of 
his famous postulates. This simple premise constitutes one of the 
greatest contributions of anyone in the history of infectious diseases. 
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As great as Pasteur’s innovative work was, his methods of cultiva-
tion of bacteria were in animals or in liquids and broths. The only 
method to determine if the broth was a pure culture was to examine 
a small portion under the microscope. Pasteur’s methods enriched 
the bacteria of interest but could not ensure that one was dealing 
with a pure culture. This uncertainty became a point of contention 
when Koch commented on Pasteur’s conclusions on anthrax.

The Development of Pure Bacterial Cultures

Koch developed the means to definitively cultivate pure cultures 
without animal hosts. The approach was another instance of seren-
dipity. One day, Koch entered the laboratory and found a portion 
of a boiled potato that someone had left in the lab. As he was about 
to throw it out, Koch noticed differently colored spots on the sur-
face of the potato. Curious about the nature of these spots, he exam-
ined them under a microscope. He found that the differently colored 
spots represented different types of bacteria but that each spot was 
entirely pure (21). Koch and his colleagues took the concept (not all 
bacteria will grow on a potato) and succeeded in developing a gela-
tin beef broth semisolid medium that could be used to grow all types 
of bacteria. One of his assistants, R. J. Petri, even lent his name to the 
petri dish, which is still used today. In 1882, another Koch assistant, 
Walther Hesse, introduced agar as a solidifying agent that would 
not melt at temperatures needed for incubation of bacteria. The 1881 
paper “Methods for the Study of Pathogenic Organisms,” published 
in Mittheilungen aus dem Kaiserlichen Gesundheitsamte, remains one of 
the most influential papers, if not the most influential, in the his-
tory of bacteriology (4). Koch’s approach was so simple, so repro-
ducible, and so effective in isolating pure cultures that over the next 
20 years, Koch and/or one of his colleagues isolated the causative 
microorganisms of most of the major bacterial diseases affecting hu-
mankind. Koch traveled to London in the summer of 1881 to dem-
onstrate his plate technique for obtaining pure cultures. Little record 
is left to us of a meeting that included Joseph Lister, Louis Pasteur at 
the height of his fame, and Robert Koch. Koch did not present a for-
mal paper but demonstrated the plate technique at King’s College in 
London, where Pasteur is said to have taken Koch’s hand and said, 
“C’est un grand progrès, Monsieur [This is great progress, sir]” (18). 
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This meeting would be the most civil of all the face-to-face meetings 
between these two great men. Within a year, the two men would be 
in open conflict. Koch was 38 years old and a relative unknown at 
the time, but his fame was about to skyrocket with the discovery of 
the tubercle bacillus.

The Discovery of the Tubercle Bacillus

The discovery of the causative agent of tuberculosis was, as the New 
York Times would later describe, “one of the great scientific discover-
ies of the age” (23). Tuberculosis was one of the greatest scourges of 
humankind. Evidence of its effects can be traced back to antiquity. 
During the mid-1800s, tuberculosis was the cause of one-seventh of 
all deaths and nearly one in three deaths among adults. Pulmonary 
tuberculosis, also called phthisis, was well described by the Hippo-
cratic physicians. Through the centuries, another form of tubercu-
losis, miliary tuberculosis, was recognized. Pulmonary tuberculosis 
affects the lungs, causing a chronic, productive cough and a wasting 
or consumptive picture of the affected person, whereas miliary tu-
berculosis is a condition where many organs of the body are affected, 
with small lesions the size of millet seeds. There was great contro-
versy over whether these two clinical conditions were part of the 
same spectrum of illness or two distinct diseases. Rudolf Virchow 
was convinced that these were two distinct diseases. René Laennec 
believed that these two clinical entities were part of the same disease 
process. The difficulty in settling the debate was that no one had 
demonstrated the causative organism, although many investigators 
had ardently tried. As Koch was about to discover, the causative or-
ganism, Mycobacterium tuberculosis, was (and still is) difficult to grow 
and stain, requiring demanding patience. Such patience, which must 
have required more faith from Koch rather than simply patience, 
made its discovery by Koch the crowning achievement of his life-
time. Here is how he did it.

About 2 weeks after returning from London in 1881, Koch be-
gan his work to isolate the causative organism of tuberculosis, but 
he was not starting from scratch. Jean Villemin, a French physician, 
had shown that tuberculosis could be transmitted to experimental 
animals in 1865, a finding confirmed by others. No one seemed to 
be able to isolate or even visualize a bacterium from tissues. Koch 
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began his search by inoculating guinea pigs with tuberculous ma-
terial from a number of different sources. Guinea pigs developed 
tuberculosis experimentally, permitting investigators to remove af-
fected tissues that had cheesy, so-called caseous, changes that were 
typical of tuberculosis in humans, in whom it was so often fatal. 
Koch took some of this material and streaked it on slides to look for 
microorganisms. He used various dyes, including methylene blue, 
which demonstrated very tiny thin rods. Koch found these rods only 
in tuberculous materials, not in control specimens. Koch remained 
unsure that these rods were responsible for the disease. He next 
tried counterstaining the tissues using a brown dye called vesuvin. 
Koch could now clearly see blue rods in the preparations where he 
used methylene blue staining followed by vesuvin counterstaining, 
where everything else was brown. Other bacteria did not hold the 
blue stain like the rods from tuberculosis-infected guinea pigs. Koch 
experimented with this procedure, eventually determining that the 
methylene blue dye was taken up more avidly when the solution 
was alkaline, either by adding sodium or potassium hydroxide or 
aniline. The definitive staining of this organism from tuberculous tis-
sues began to unlock the mystery of tuberculosis. Koch had quickly 
recognized the unusual properties of the bacilli that made them stain 
differently than other bacteria.

It seems likely that the tubercle bacillus is surrounded with a special 
wall of unusual properties, and that the penetration of a dye through 
this wall can only occur when alkali, aniline, or a similar substance is 
present. (9)

Koch also noted that while these bacteria stained differently than 
most other bacteria, the staining of the tubercle bacteria was similar 
to the staining of the bacteria that were associated with leprosy. Koch 
made extensive observations of both animal and human materials 
and was able to show that the tubercle bacillus was constantly pres-
ent in infected tissues, usually in large numbers. The presence of the 
tubercle bacillus was not enough for Koch to conclude that it was the 
causative agent.

In his 1882 paper “The Etiology of Tuberculosis,” Koch reasoned,

In order to prove that tuberculosis is brought about through the pen-
etration of the bacilli, and is a definite parasitic disease brought about 
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by the growth and reproduction of those same bacilli, the bacilli must 
be isolated from the body, and cultured so long in pure culture, that 
they are freed from any diseased production of the animal organism 
which may still be adhering to the bacilli. After this, the isolated ba-
cilli must bring about the transfer of the disease to other animals, and 
cause the same disease picture which can be brought about through 
the inoculation of healthy animals with naturally developing tubercle 
materials. (5)

This passage is Koch’s first presentation of what would become 
“Koch’s postulates.” The postulates would be published 2 years later 
as a formalization of Koch’s approach to determining the causative 
agent of a disease. The difficulties in working with the tubercle bacil-
lus forced Koch to be deliberate in his methods and conclusions. So, 
Koch’s next step was to culture the organism. Koch had developed 
the plate technique, but the tubercle bacillus was a fastidious organ-
ism. He tried a variety of media, eventually settling on coagulated 
blood serum. Instead of plates, he placed the nutrient material in 
test tubes placed on a slant to increase the surface area for growth of 
the bacilli. After removing tuberculous tissues from animals, Koch 
inoculated the slants. Koch must have been very certain that he was 
going to find the microscopic culprit, since he kept incubating and 
examining daily the slants even though nothing was seen follow-
ing 1 week of incubation. Finally, after 2 weeks, tiny colonies ap-
peared. He stained them, finding the characteristic blue bacilli using 
the staining technique he developed. Now for the test of virulence 
of these pure cultures. Were they going to produce disease? They 
did. Guinea pigs inoculated with these pure cultures of the tubercle 
bacilli developed the same symptoms and pathology as animals that 
had been inoculated with tissue from human cases. Koch also iso-
lated the tubercle bacillus from these guinea pigs.

After only 8 months of investigation, Koch was ready to present 
his findings to the world on the etiology of one of the most impor-
tant diseases of humankind, tuberculosis. He chose the Berlin Physi-
ological Society to give a lecture, vaguely titled “On Tuberculosis,” 
in March 1882. Koch had misgivings about the reception that he 
would receive, stating that he believed that it might take a year for 
the medical profession to accept his findings. He was wrong. After 
the lecture there was a stunned silence. Paul Ehrlich was quoted as 
saying, “I hold that evening to be the most important experience of 
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my scientific life” (9). The enthusiastic reception after his lecture gen-
erated excitement in both the public and the scientific community. 
News of Koch’s discovery quickly spread to England and then to the 
United States and the rest of the world. Within 2 months, not a year, 
the world knew the name Robert Koch.

Even Rudolf Virchow, who was skeptical of the germ theory 
in general, realized that Koch had found something of great sig-
nificance. With the staining technique that Koch described, a uni-
fied model for tuberculosis, including miliary tuberculosis, could 
be constructed, since the organism could now be seen in all of the 
affected tissues. Two German physicians, Franz Ziehl and Friedrich 
Neelsen, improved on the basic staining technique that Koch began. 
The Ziehl-Neelsen staining procedure, developed 1 year after Koch’s 
lecture, is still used to identify mycobacteria today. Within 3 months 
of its discovery, Koch began to receive recognition, first from Germa-
ny, including a salary increase and more research support, and then 
from the rest of world in the form of fame. Visitors traveled from all 
over the globe to his laboratory to learn and consult. In May 1883 the 
German Exposition of Hygiene and Public Health was held in Berlin. 
Koch presented his laboratory techniques for plating pure cultures, 
disinfection, and staining. The Exposition carried Koch’s name and, 
more importantly, his techniques across the globe. Koch’s techniques 
were a break with the past. His methods were simple and transpar-
ent. Importantly, they could be easily repeated in other laboratories, 
in marked contrast to those of Pasteur, who often kept his methods 
secret, even from his laboratory assistants.

Koch’s Postulates

An 1884 Koch publication entitled “The Etiology of Tuberculosis” 
contained a more expansive explanation of his work on isolating the 
tubercle bacillus but is best remembered as the formal presentation 
of what we now call Koch’s postulates (6). The postulates are known 
to most students who study microbiology as the guide to determina-
tion that a microorganism is the cause of a disease.

1.  The putative organism must be constantly present in dis-
eased tissue.

2.  The organism must be isolated in pure culture.
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3.  The pure culture must induce disease when injected into ex-
perimental animals.

4.  The same organism must be isolated from these diseased ani-
mals.

The postulates are credited to Koch, but history shows that he was 
not the first person to develop the concepts (17). Koch’s teacher, Ja-
kob Henle, first proposed the guiding hypothesis but never had the 
means to actually test them. Later, Edwin Klebs, in 1877 and again 
in 1878, lectured on the criteria for causality from microorganisms 
(15). Oddly, Koch did not rigorously adhere to the postulates in his 
anthrax work and could not adhere to them in his next triumph, hu-
man cholera, since humans are the only hosts and no experimental 
animal model exists.

The Discovery of the Causative Agent of Cholera

Fresh from his achievement on the etiology of tuberculosis and with 
an improved salary, laboratory, and prestige, Koch was eager to test 
his newfound success. The chance came quickly. In 1883, a cholera 
epidemic hit Egypt. Concern across the continent of Europe flared; 
the worry was that it might begin in European cities. Koch remem-
bered the Hamburg epidemic in 1866. He believed that he had de-
veloped the techniques to contain the devastating illness and, quite 
possibly, find the etiologic agent.

A small port city, Damiette, in Egypt became the first city to 
announce the outbreak in 1883, but soon cholera was spreading 
throughout the country. Egyptian officials contacted France and 
Germany for help. Both countries sent delegations. In a way it was a 
national competition. Pasteur directed the French delegation in ab-
sentia. His young but trusted assistant, Louis Thuillier, and Émile 
Roux were on the ground in Egypt 1 day earlier than the German 
delegation. Koch, Georg Gaffky, Bernhard Fischer, and Hermann 
Treskow formed the German Commission, as it was known. The 
German team came well equipped to study cholera. A number of in-
oculations to animals failed to produce an animal model. Cultures of 
patients’ blood, liver, spleen, or liver also failed to produce any bac-
terial colonies. Koch had dissected a number of victims of the disease 
and found a characteristic organism only in the intestines. As Koch 
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described the curious microorganism, it was not as a straight rod, 
but a little bent, like a comma. The bending could be so great that 
the organisms resembled half-circles. But Koch could not be certain 
that this strangely shaped bacterium was the cause of the horrible 
disease. There were masses of bacteria in the intestine. Although this 
comma-shaped bacillus was noted only in cholera victims, for Koch, 
the answer was still not clear. Unfortunately for Koch, the outbreak 
disappeared in Alexandria, Egypt, where the German Commission 
was working. Koch had no fresh material for culture. He did, how-
ever, track the disease through epidemiological studies to ascertain 
the effectiveness of quarantine measures. He correlated the disease 
incidence with the rise and fall of the Nile waters and made studies 
on the relationship of cholera to the water supply and with meteoro-
logical conditions.

While the German Commission had some success in Egypt, the 
French delegation met with disaster. About the time the epidemic 
died down, the French began to study another disease affecting cattle, 
rinderpest, which was ultimately determined to be caused by a virus. 
Two weeks into the investigation and away from any known cases of 
cholera, Louis Thuillier became ill and died from cholera. The French, 
including Pasteur, were devastated. Koch and his German colleagues 
went to the funeral. Koch even helped to carry the coffin. The French 
team, disillusioned and unsuccessful, returned to France.

The German Commission headed to India, where cholera was 
still present. Koch, Gaffky, and Fischer (Treskow had returned to Ber-
lin) arrived in Calcutta, India, on 11 December 1883—Robert Koch’s 
40th birthday. With the help of the British, the German Commission 
set up their laboratory in the Medical College Hospital. Because the 
German Commission was a government function, Koch had to write 
a number of reports to Berlin, so we have extensive documentation 
of the German Commission. Fresh samples from cholera victims 
were the key to Koch’s success in cultivating the curved bacteria he 
had seen in Egypt. In less than 2 months in India, Koch described his 
findings:

It can now be taken as conclusive that the bacillus found in the in-
testine of cholera patients is indeed the cholera pathogen. . . . In pure 
culture these bent rods may even be S-shaped . .  . They are very ac-
tively motile, a property which can best be seen when examining a 
drop of liquid culture attached to a cover slip. . . . Another important 
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characteristic is the behavior of the bacteria in nutrient gelatin. Colo-
nies are formed which at first appear compact but gradually spread 
out as the gelatin is liquefied. In gelatin cultures, colonies of the chol-
era bacillus can therefore be readily distinguished from colonies of 
other bacteria, making isolation into pure culture easy. (10)

Koch concluded that after finding only the comma-shaped bacil-
lus in the cholera victims, together with his Egyptian findings, he 
had found the pathogen responsible for cholera. The German Com-
mission did further epidemiological investigations that implicated 
drinking water as the vehicle for cholera. These findings had impor-
tant public health implications, even though Koch was unaware of 
a similar conclusion drawn by John Snow several decades earlier. 
While there was some skepticism about their findings, including 
from Pasteur, the vast majority of scientists accepted Koch’s find-
ings. After 8 months away, Koch, Gaffky, and Fischer returned to 
Germany in April 1884 to a heroes’ welcome. Koch received a medal 
from the Kaiser. Even Rudolf Virchow, who had been cool to Koch 
for most of his career up until the cholera expedition, accepted his 
findings, giving Koch full credit for the work.

The Rivalry between Koch and Pasteur

The efforts of Pasteur and Koch defined the germ theory of disease 
in medicine. But their relationship was not one simply of scientific 
colleagues, or even rivals. For about a decade, the word that can best 
describe the relationship between Pasteur and Koch is hate. For rea-
sons on every possible level, they detested each other. The two did 
not hide their contempt of each other. In fact, their conflict was car-
ried on in the open with letters and publications for all the world 
to read. After a cordial meeting in London in 1881, how did things 
turn so acrimonious? The bitterness began after Pasteur presented 
some of his work on vaccination with the anthrax bacillus. Pasteur 
even made a passing favorable comment on Koch’s discovery of the 
spore formation of the anthrax bacillus but generally ignored Koch’s 
work. No one knows for certain, but Koch may have been somewhat 
offended by Pasteur’s lack of comment on his work. In the issue that 
included Koch’s paper “Methods for the Study of Pathogenic Organ-
isms” in Mittheilungen aus dem Kaiserlichen Gesundheitsamte, Koch, 
Gaffky, and Loeffler had other papers that assailed Pasteur and his 
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methods. Koch was particularly ferocious, accusing Pasteur of mak-
ing errors and especially for having impure cultures, since Pasteur 
did not use Koch’s plating technique. Koch went on,

Of these conclusions of Pasteur on the etiology of anthrax there is little 
which is new, and that which is new is erroneous . . . Up to now, Pas-
teur’s work on anthrax has led to nothing (19)

There was some scientific basis for disagreeing with Pasteur’s 
method of attenuation of the anthrax bacilli. First, Koch argued that 
Pasteur had no way of knowing if he was dealing with a pure cul-
ture of anthrax. Second, Pasteur recognized that anthrax bacilli that 
formed spores would be deleterious to his attenuation since they 
not only would not attenuate with his methods but also, once intro-
duced into the animal, could actually produce the anthrax disease. 
Pasteur contended that with his method, growing the organism at 
43°C, spore formation did not occur. Koch found that spores were 
evident at that temperature. Since Pasteur did not use plate cultures, 
the significance of Koch’s findings is uncertain but surely did not 
warrant Koch’s tirade. Pasteur was 20 years older than Koch, who 
was just beginning his career. Pasteur could easily have ignored 
Koch, but he did not. Pasteur was used to forcefully silencing crit-
ics with his experiments. At first, he attempted to respond to Koch 
by sending his assistant, Louis Thuillier, to Germany to run some 
experiments. Thuillier wrote to Pasteur in 1882 before the cholera 
expedition, making it clear to his superior that Koch viewed the 
entire affair as a direct competition. Pasteur decided to respond to 
Koch’s paper at a meeting that was held in Geneva, Switzerland, 
in September 1882. Pasteur was scheduled to deliver a paper at the 
meeting, the IVth International Congress of Hygiene and Demog-
raphy. Pasteur spoke only French. Koch knew some French, but 
his language skills were less than perfect. Koch attended Pasteur’s 
speech. One should remember that Pasteur was near the height of 
his fame. All of Europe was listening to his every word. Koch, how-
ever, was fresh from his notoriety for the discovery of the tubercle 
bacilli. As Pasteur attempted to defend his experimental practices, 
Koch did the unthinkable. In the midst of Pasteur’s speech, Koch 
stood and attempted to interrupt him. Pasteur, who did not under-
stand and was incensed by the disturbance, angrily silenced Koch. 
A shocked audience buzzed. When Pasteur was finished, Koch was 



Robert Koch and the Rise of Bacteriology 191

asked to respond. The response became the subject of record in the 
proceedings of the conference.

Professor R. Koch, of Berlin, took the podium and made the following 
speech, in German, which was immediately translated into French by 
M. Haltenhoff:

“When I saw in the program of the Congress that M. Pasteur was 
to speak today on the attenuation of virus [note: the 19th-century use 
of the word virus was different than its contemporary meaning; it de-
noted any pathogenic microorganism], I attended the meeting eagerly, 
hoping to learn something new about this very interesting subject. I 
must confess that I have been disappointed, as there is nothing new in 
the speech, which M. Pasteur has just made. I do not believe it would 
be useful to respond here to the attacks which M. Pasteur has made on 
me, for two reasons: first, because the points of disagreement between 
Pasteur and myself relate only indirectly to the subject of hygiene, 
and second because I do not speak French well and M. Pasteur does 
not speak German at all, so that we are unable to engage in a fruitful 
discussion. I will reserve my response for the pages of the medical 
journals.” (Applause).

M. Pasteur responded to M. Koch that if he had been able to fol-
low the lecture he would have easily understood that new material was 
presented today. M. Pasteur awaits confidently the reply of M. Koch 
and will reserve the right to reply to him further at that time.” (22)

The Mistranslation of a Word

The proceedings politely recorded the exchange but hid the pro-
found animosity that both scientists felt and exhibited. Why did 
Koch behave, as Émile Roux, Pasteur’s colleague suggested, “like 
a fool”? The behavior was set off by a mistranslation, according to 
Mollaret (19). In 1925, Charles Ruel, an administrative assistant for 
the 1882 Congress, wrote a letter to Émile Roux, then Director of In-
stitut Pasteur. Ruel wrote,

In the course of the remarkable and conscientious presentation, when 
he [Pasteur] listed and commented on appropriately and properly to 
the work of Koch and his School, he referred several times to the Ger-
man collected works (Recueil allemand). Now Koch and his friend, Prof. 
Lichtheim, were sitting side by side: they knew French only imperfectly 
and both mistook the word pride (orgueil) for collection (recueil). They 
felt their self-respect profoundly wounded and interpreted the words 
German pride as a grave insult. Immediately, Doctor Koch at the instiga-
tion of his compatriot got up and tried to interrupt the orator in order 
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to protest the term which he regarded disrespectful. The assembly, ill at 
ease and amazed, witnessed this quarrel but without understanding. I 
have this explanation from Professor Lichtheim himself. (19)

The word orgueil is generously translated as “pride.” Actually, it is 
more closely translated as “arrogance,” which better explains Koch’s 
reaction to Pasteur’s words. Neither Koch nor Pasteur was aware of 
this miscue at the time. The exchanges set off a lengthy volley of pub-
lished insults from Koch to Pasteur and back again. Three months 
after the Congress, Koch published a vicious attack on Pasteur. Koch 
criticized Pasteur’s inclusion of what he thought to be irrelevant top-
ics in his speech at a congress on hygiene. Koch went on to write,

In particular, the less as Pasteur’s polemic was not directed to defeat 
me by real proof, but by general phrases and to a major part person-
ally direct against me in an angry tone . . . As a result of his poor meth-
ods, Pasteur drifted off course immediately the moment he started to 
answer a new question on the contagion of rabies. (19)

Koch became even more personal, chiding Pasteur for not being a 
physician. In his conclusion, he could not resist one final swipe:

When Pasteur was celebrated as the second Jenner at the Congress in 
Geneva, this occurred slightly prematurely. Obviously, in the desire to 
be enthusiastic, it was forgotten that Jenner’s beneficial discovery was 
not in sheep but in humans. (19)

Pasteur wasted little time responding in a tone just as acerbic as 
Koch’s. In January 1882, Pasteur published the following:

This is another mistake on your part .  .  . The day you would like to 
be informed on this point and on all the preceding points, I will be to 
your disposition during a congress or a commission where you can 
designate the members. If you accept . . .You may not be able to sus-
tain the tone of assurance reflected in your brochure . . . You, Sir, who 
entered in Science in 1876 only after all the famous names that I just 
mentioned, can recognize without derogation that you are a debtor 
of French Science . .  . There are in your brochure numerous sections 
where the impertinence or mistake, the way Pascal would say it, “is 
really too much.” (22)

The rancorous disagreement between these two giants can be under-
stood not only by considering the mistranslation of words but also 
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by their differences on nearly every level imaginable. The 19th cen-
tury was a time of intense nationalism. No two countries exhibited 
nationalism more passionately than France and Germany. For exam-
ple, the two countries disagreed over anthrax findings that actually 
extended back to a time before Koch and Pasteur were involved. In 
the 1850s, German scientists like Franz Pollender disputed French 
discoveries on anthrax by Davaine and Pierre Rayer. Pasteur de-
tested Germany, especially after the 1870 Franco-Prussian War. Pas-
teur returned his honorary degree from the University of Bonn in 
1871, describing the sight of it as “odious.” Koch was fiercely anti-
French going back to his days volunteering as a physician to help in 
the 1870 war with France. There were scientific differences between 
the men, too. The initial shot across the bow in the debate was over 
whether the anthrax bacillus could form spores at a certain tempera-
ture. On the subject of attenuation of the anthrax, the matter was 
of little scientific significance. But the French school and the Ger-
man school had serious and important differences with regard to the 
issue of attenuation. Koch’s postulates themselves demand a rigid 
conservation of bacterial form. If the bacterium or its virulence fac-
tor changes in the process, Koch’s postulates will not be satisfied. 
Pasteur’s continual attempts to find vaccines demanded that the in-
vestigator find some way for the microorganism to change to pro-
duce immunity in a host but not disease. We know today that both 
aspects of microbiology and immunology hold truth: bacteria tend 
to conserve their form but also can attenuate. When the field was 
at its birth, it is understandable how these scientists could believe 
that the two features of microorganisms could not simultaneously be 
present. On a personal level, both men seemed destined for dispute. 
Pasteur was harsh on his critics, with a need to be proven correct. 
He could be prone to fits of anger. Koch was authoritarian, aloof, 
and easily offended. Neither man could tolerate being told they were 
wrong, and each would go to great lengths to prove their positions. 
Finally, the language barrier may have added fuel to this burning 
fire. Neither man could understand the other’s publications, includ-
ing the nuances contained within the prose.

After Koch returned from the cholera expedition, where the 
German Commission returned in triumph and the French came back 
in disastrous failure, Koch visited France during a French outbreak 
of the disease around Toulon in 1884. Since Koch was afraid to bring 
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the cholera pathogen back from India in fear that it might cause dis-
ease in Europe, the isolation of cholera in France was the first time it 
had been cultivated in Europe. Pasteur rigidly opposed Koch’s pres-
ence in his country and discounted his efforts. It is likely that the 
feud between the two men caused a delay in French applications 
of Koch’s plate culture method. In Germany, Koch initially opposed 
the use of Pasteur’s rabies vaccine, although public opinion forced 
Koch’s hand. The dispute lessened over the years. Pasteur sent a 
telegram to Koch congratulating him for his discovery of tuberculin 
in 1890. But the ill will never entirely disappeared. On the celebra-
tion of Pasteur’s 70th birthday in 1892, Koch was noticeably absent 
from the esteemed collection of European scientists that attended the 
event. The feud may not have had any lasting effects on microbiolo-
gy and medicine, but the nationalistic, scientific, and personal views 
of these two pioneers give insight into the roles that personality and 
ego can play in science.

The Institute of Hygiene

In 1885, the University of Berlin established a new Institute of Hy-
giene, appointing Koch as its first director. Koch also received the 
title Professor of Hygiene. Together with a friend, Carl von Flügge of 
Göttingen, Koch helped to establish a new journal, Zeitschrift für Hy-
giene (Journal for Hygiene), where he and others could publish papers 
on the developing new science of bacteriology. Koch became fright-
fully busy with his professorial duties, teaching courses to the near 
exclusion of any research until around 1889. During this period, his 
daughter, to whom he was quite close, became engaged. Koch and 
his wife grew apart.

In mid-1889, Koch threw himself back into the laboratory and 
did not publicly emerge until August 1890 to make an announce-
ment at the Tenth International Congress of Medicine in Berlin that 
would stun the world but would bring disgrace to Koch.

The Tuberculin Fiasco

The months leading up to the Tenth International Congress of Medi-
cine showed a secretive side of Robert Koch. He worked in the lab-
oratory performing his own experiments, with only a laboratory 
helper to carry out dead guinea pigs. No one knew what he was 
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doing. He was invited to give a talk at the conference simply entitled 
“On Bacteriologic Research” that appeared to be intended to sum-
marize the achievements of the last decade or so. But in front of a 
crowd of 8,000 scientists in Berlin on 3 August 1890, Koch made the 
following statement:

I ultimately found substances that halted the growth of tuberculosis 
bacilli not only in test tubes but also in animal bodies. As everyone 
who experiments with tuberculosis finds, investigations of the dis-
ease are very slow; mine are no exception. Thus, although I have been 
occupied with these attempts for nearly one year, my study of these 
substances is not yet complete. I can only communicate that guinea pigs, 
which are known to be particularly susceptible to tuberculosis, if subjected to 
the operation of such substances, no longer eat when infected with tuberculo-
sis bacilli, and that in guinea pigs in which tuberculosis has already reached 
an advanced stage, the disease can be completely halted without otherwise 
harming the body. At this time I conclude that it is possible to render 
harmless the pathogenic bacteria that are found in a living body and 
to do this without disadvantage to the body. (14)

A cure for tuberculosis?! What was this substance? Koch was not 
saying. He stated that more work was needed, but that was not what 
was reported. The entire knowledge that the scientific community 
had for this “tuberculosis cure” was contained in the brief statement 
above. Koch’s prominence is the main reason that the announcement 
sent the scientific world, and soon the general public, into an uproar.

In the months following the uncharacteristically vague August 
1890 announcement, Koch began testing the substance on humans. 
The source of patients was the Charite Hospital in Berlin, but the 
“treatments” were hardly undertaken as part of any clinical trial. To-
day, any claims of “cure” would be highly suspect. What did occur 
during these secretive months in Berlin? Much later Koch revealed 
that the substance, which became known as tuberculin, was actu-
ally an extract of virulent tubercle bacilli that were kept in a glyc-
erin solution. Subcutaneous injection of tuberculin produced (and 
still produces) a type of immunologic reaction termed delayed-type 
hypersensitivity reaction. Contemporary immunologists know that 
delayed-type hypersensitivity reactions are among the most complex 
of all immune phenomena, elucidated only within the past 30 years. 
Koch had no idea what he was getting into but observed many reac-
tions that he fervently believed were cures.
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An injection of tuberculin (material from the tubercle bacillus) 
caused the host to exhibit a reaction after 24 to 48 hours. The re-
action could be local or systemic, depending upon the amount of 
material injected and the immune status of the host. If a person had 
never encountered the tubercle bacillus before the injection, virtu-
ally no reaction was seen. If the person had been infected with the 
bacillus previously, the tuberculin would cause the joint near the 
site of injection to swell and become red and tender. Fevers would 
also occur. If the reaction was strong enough, the skin at the site 
of injection would die and slough off. Some patients would even 
become prostrate for several days. This reaction, which became 
known as the Koch phenomenon, has important diagnostic value 
and is still used in skin testing of people to see if they have been 
previously exposed to the tubercle bacillus. However, several of 
Koch’s colleagues presented information that suggested that it was 
curative (25).

Koch remained silent until November 1890, when he published 
a three-page paper in Deutsche Medicinishe Wochenschrift, which was 
reprinted in the British Medical Journal (20). In the paper, Koch clearly 
stated that the remedy did not kill the tubercle bacteria but, instead, 
caused the death of the tissue in which the tubercle bacteria lived. He 
stated that the remedy could not be taken orally but required injec-
tion under the skin, i.e., subcutaneously. Koch detailed the effect of 
injections in healthy individuals and the diagnostic value of the ma-
terial. Koch described the dose for the commonly diagnosed tuber-
culous syndromes: tuberculosis of the bones and joints, pulmonary 
tuberculosis (also called phthisis), and advanced cases of phthisis. 
Koch described the human effects of tuberculin injection on patients 
who had a form of tuberculosis called lupus (not to be confused with 
the rheumatologic condition) in which a patient’s skin was disfig-
ured by tuberculosis, usually around the nose and ears:

The effect of the injection upon the lupus tissue is to destroy it more 
or less thoroughly, and cause it to disappear. In some parts, the dose 
may suffice to cause this directly, whereas in others the tissue rather 
melts or wastes away, requiring repeated injection of the remedy to 
complete the process. (20)

Koch did not include any information on the identity, source, or prep-
aration of the substance. He only described the physical character 
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of the remedy as a brownish transparent liquid. Despite detailing 
information on human use of tuberculin, strongly suggesting that 
it cured tuberculosis or at least melted away the tissues containing 
the bacteria, Koch refused to divulge how tuberculin was prepared. 
Koch received severe criticism for not divulging the nature of the 
remedy. There is little evidence that Koch planned to receive or re-
ceived monetary gain from tuberculin. Why was Koch so secretive? 
No one is sure, although Koch may simply have wanted to protect 
his remedy from fraudulent scientists or doctors. There was little 
control from government authorities on treatments in Germany or 
elsewhere. If the nature of the treatment were known, anyone could 
have made it. In the case of tuberculin, if it was unsuccessful, the 
blame would have fallen on Koch. Koch gave an interview with Sir 
Arthur Conan Doyle in which he claimed that his secrecy was out of 
a sense of duty and the “purest unselfishness” (16).

Public Reaction to Koch’s Announcement

Like all good intentions, announcement of Koch’s remedy had un-
anticipated effects. Patients and doctors flocked to Berlin in search of 
this treatment. As the British Medical Journal described,

Medical men are flocking to Berlin from all parts of Europe; at the 
present about 1,500 have arrived, and it will be easily believed that 
consumptive [tuberculosis] patients of all classes clamor for treatment. 
Dr. Cornet, one of Koch’s co-workers, has no fewer than eight tempo-
rary consulting rooms in various parts of the city, which are crowded 
night and day by patients, rich and poor, old and young, from such as 
have to be carried upstairs to those with only a slight cough. (3)

The pressures exerted on Koch were tremendous. He asked to be re-
lieved of his administrative duties at the Institute of Hygiene and re-
signed his post as professor at the University of Berlin. He requested 
that a new institute be created by the German government to admin-
ister and control the remedy, similar to the manner in which Institut 
Pasteur, established in 1886, handled requests for the rabies vaccine. 
Koch would head the new institute, which would have a clinical de-
partment and a scientific research department. Such was the origin 
of the Institut für Infektionskrankheiten (Institute for Infectious Dis-
eases). As the weeks went by, concern rose over the numbers of tu-
berculosis patients descending on Berlin. Emergency measures were 
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soon needed, including regulations for disinfection not only for hos-
pitals but also for hotels and boarding houses.

Enthusiasm for tuberculin was initially extreme. Notable phy-
sicians from around the world, including Joseph Lister, came back 
from Berlin thoroughly impressed. Even Pasteur sent a telegram of 
congratulations to Koch. The lay press heaped praise on the discov-
ery. The New York Herald even warned American consumptives (as 
those with tuberculosis were often called) about traveling to Berlin 
due to the crowds and limited availability of the remedy. Koch pro-
vided small amounts of tuberculin to respected physicians in Ger-
many and throughout the world. The amounts were not enough to 
carry out trials, at least outside Germany. Some critics contended 
that the distribution of tuberculin was more of a marketing ploy than 
a well-intentioned allocation of a precious treatment.

At the end of 1890 and into early 1891, reports began to circu-
late that tuberculin was not the panacea for tuberculosis. In January 
1891, Koch began to release information about the nature of tuber-
culin, “a solution of glycerin and extracts from tubercle bacilli cul-
tures” (14). The release of this information took the secrecy away 
from tuberculin but may have also taken away some of its allure. The 
breaking point came in early 1891 when a report in Klinisches Jahr-
buch summarized the clinical trials of tuberculin in Germany from 
September 1890 to January 1891. The publication included 55 clinical 
studies with 2,172 patients (1). Only 1,769 patients were evaluable 
with sufficient information to assess the effect of the treatment. The 
results are summarized in Table 1. Overall, more patients died than 
were cured. With no control group, i.e., tuberculosis patients who 
received a sham injection with no tuberculin, it is difficult to deter-
mine what was meant by “cured” or “substantially improved.” The 
concept of double-blinded clinical trials was years away in medi-
cine. Clearly, tuberculin was not a booming success; less than 20% 
of all patients treated were considered to be substantially improved. 
Not only was tuberculin not a cure for tuberculosis but also physi-
cians began to consider tuberculin use as dangerous. Patients with 
tuberculosis of the larynx and in the meninges were especially at 
risk for bad reactions to the treatment, with increased inflammation 
and even death (2). Koch conceded that he could not delineate the 
toxic from the therapeutic components of tuberculin. By mid-1891 
the furor over tuberculin died down. Koch continued to experiment 
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with the material for the remainder of his life. Tuberculin continued 
to be used in Europe and the United States well into the 20th cen-
tury as a treatment for tuberculosis until antituberculous antibiotics 
were introduced. Even as late as 1950, tuberculin was mentioned as 
a therapeutic alternative (24). Tuberculin is still used as a diagnostic 
for exposure to tuberculosis, but few contemporary physicians even 
realize that it was ever used as a treatment.

The Effects of Tuberculin Failure on Koch

The intense pressure from the tuberculin controversy took a toll on 
Koch. Some historians believe that the strain caused him to resign 
his posts as professor at the University of Berlin and as Director of 
the Institute for Hygiene in disgrace. But Koch had tired of his work 
in hygiene. He used the initial enthusiasm for tuberculin to leverage 
a promise from the German government to create the Institute for 
Infectious Diseases, which he was to head. At the end of 1890, he 
wrote his long-time colleague Georg Gaffky, who was then at the 
University of Giessen, to say that he was going on an extended vaca-
tion, returning to work when the Institute was ready. Koch headed 
off to Egypt with a friend in the winter of 1891.

Koch’s personal life unraveled during this period. After several 
years of estrangement from his wife, Koch became involved with a 
young art student, Hedwig Freiberg, who was 17 in 1889 when they 
met. By the time Koch left for Egypt he was romantically involved 
with her. When the press got wind of the relationship, it caused quite 
a scandal in Berlin society. Koch divorced his wife, Emmy, in 1893. 
Several months later, Koch, now 50 years old, married Hedwig, who 
was 20. Despite the gossip in the press, the marriage seemed to be 

Table 1        Results of treatment with tuberculina

Type of  
tuberculosis

No. of cases

Cured
Substantially 

improved
Improved Unimproved Died

Extrapulmonary 15 148 237 298  9

Pulmonary 13 171 194 586 46

aAdapted from reference 1.
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solid. As his wife, Hedwig accompanied Koch on most of his foreign 
travels through the remainder of his life.

The Institute for Infectious Diseases in Berlin

After a month or so in Egypt, Koch was refreshed and ready to come 
back to his main passion, the field of infectious diseases. Koch re-
turned to Berlin. In the spring of 1891, the Institute for Infectious Dis-
eases opened in a triangular building in Berlin and quickly became 
known as the Triangle. With Koch as Director, the Triangle became 
a beehive of activity, with a staff that included Emil von Behring, 
Bernhard Proskauer, Shibasaburo Kitasato, Richard Pfeiffer, August 
van Wassermann, and Paul Ehrlich. Each of these individuals con-
tributed greatly to the field. van Wassermann discovered the test 
for syphilis that bears his name; Pfeiffer discovered immune lysis, 
the “Pfeiffer phenomenon”; von Behring discovered an antitoxin for 
diphtheria; Kitasato isolated the causative agent for tetanus, Clos-
tridium tetani, and the agent of virulence, a tetanus toxin; Proskauer 
helped to develop the Voges-Proskauer test, one of the main diag-
nostic tests for enteric bacteria; and Ehrlich made a number of con-
tributions to infectious diseases that are detailed in chapter 12. Koch 
remained busy with work on tuberculin. In 1892 a cholera epidemic 
hit Hamburg, the first German city with the disease since Koch’s dis-
covery of the causative agent. Koch dropped everything and went to 
the Hamburg site.

Cholera in Germany: a Public Health Triumph for Koch

Despite the efforts of John Snow and earlier work by Koch, the trans-
mission of cholera when outbreaks occurred in cities was still the 
subject of controversy. The 1892 cholera outbreak proved to be an 
ideal “experiment” for Koch to prove that cholera was indeed wa-
terborne. Two cities, Hamburg and nearby Altona, obtained their 
drinking water from the Elbe River. Hamburg obtained its water 
upstream from the city, whereas Altona obtained its water farther 
downstream, below the city of Hamburg. Because of the possibility 
of sewage contamination from Hamburg, Altona had installed sand 
filtration for its municipal water supply. Hamburg officials deemed 
this precaution unnecessary. In Hamburg, 17,000 cases of cholera oc-
curred, with 8,000 deaths in several weeks. Altona was virtually free 
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of disease. Koch required little time to discern the reason for the ob-
served difference in disease.

For a bacteriologist, nothing is easier than to explain why cholera 
is restricted to Hamburg. The cholera bacteria are brought into the 
Hamburg water either from the Hamburg sewers, or from the de-
jecta of persons living on the boats anchored near where the water is 
taken . . . Altona takes its water from a source which is much worse 
than Hamburg’s, but careful filtration renders it completely, or nearly 
completely, free of cholera bacteria. (11)

Koch’s plating techniques provided definitive proof for the effec-
tiveness of the filtration of the water supply. Quantitative bacte-
rial counts of the water showed the presence of large numbers of 
cholera bacteria before filtration and virtually none after filtration. 
These efforts were utterly convincing to the German government 
and set the standards for regulations in Germany and throughout 
the increasingly urbanizing world. Koch’s careful efforts in isolat-
ing Vibrio organisms from the waters around Hamburg led to the 
observation that many vibrios are nonpathogenic, i.e., noncholera 
vibrios. Koch’s coworker Richard Pfeiffer used the phenomenon of 
immune lysis, where he showed rapid lysis of vibrios by specific 
antisera that provided a means to distinguish pathogenic from non-
pathogenic types.

Even though Koch had tired of his public health work, his work 
on the Hamburg cholera outbreak ranked as one of the most impor-
tant public health contributions of the last century. Not only did the 
installation of water filtration plants help control cholera but also 
typhoid fever was controlled with water filtration. Water filtration 
plants in cities throughout the world owe a great debt to Robert Koch.

The Robert Koch Institute

From 1892 until 1896, Koch worked on tuberculin and consulted 
with government officials on his findings from the cholera outbreak. 
During this period, the Charite Hospital expanded and needed the 
space occupied by the Institute for Infectious Diseases. The Robert 
Koch Institute, the fourth institute with which Koch was associated, 
was planned and still exists in Berlin. Koch, who always loved to 
travel, embarked on a trip to Africa. He studied a variety of tropical 
diseases, including some of veterinary interest. Koch’s work, while 
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important, served more to confirm previous findings. For example, 
in 1897, Ronald Ross carried out work in Calcutta proving that mos-
quitoes transmitted the malarial parasite, efforts that were to win 
him the 1902 Nobel Prize in Medicine. Koch confirmed these find-
ings in Africa and Italy. Koch made trips to India, New Guinea, and 
the Dutch East Indies during the period from 1896 to 1900.

In 1900, the new Robert Koch Institute opened in Berlin. Koch 
returned to Berlin and worked at the new institute. He became in-
volved in another controversy in 1901, when he switched a previ-
ously held belief, now stating that human and bovine tuberculosis 
were two distinct diseases (2). Koch also described the phenomenon 
of the carrier state for typhoid fever. He noted that water filtration, 
which nearly eliminated cholera in European cities, decreased the 
incidence of typhoid fever but did not eliminate it. Koch’s careful 
analysis of a village near Trier, Germany, led him to conclude that 
typhoid infections were not from contaminated water but from other 
people who were perfectly healthy but could be shown to be carriers 
of the organism.

The 1905 Nobel Prize in Medicine

In 1902, Koch returned to Africa to continue research efforts in tropi-
cal medicine, although he never made any further significant contri-
butions to science. In 1905 he was called back from Africa to receive 
the Nobel Prize for Medicine for his discovery of the tuberculosis 
bacterium. Koch had been passed over for the prize, which was first 
awarded in 1901 to Emil von Behring for his work on diphtheria 
antitoxin. In 1902 Ronald Ross received the Nobel Prize in Medicine 
for his efforts on malaria. The 1903 Prize went to Niels Finsen for his 
work on phototherapy in the treatment of skin diseases. In 1904 the 
Nobel Prize in Medicine went to Ivan Petrovich Pavlov for his fun-
damental work on condition reflexes. Robert Koch had been passed 
over four times! Koch’s nomination came from an unlikely source, 
Elie Metchnikoff, then Director of Institut Pasteur. He wrote the No-
bel Prize Committee in April 1905,

I have nominated Koch for the prize for years and as long as Koch has 
not received the Prize, I can on principle support no other candidate. 
It is my opinion that Robert Koch’s service to medicine has far sur-
passed that of all other possible candidates. (12)
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Koch’s controversies and enemies may have delayed his Nobel Prize, 
but his career and extraordinary discoveries could not be ignored. 
Koch returned to Africa briefly and retired in 1907. He toured the 
United States and Japan after his retirement. During his U.S. visit the 
German Medical Society of New York City held a festive dinner in 
Koch’s honor. William Henry Welch, the first dean of Johns Hopkins 
Medical School, described Koch’s career in detail and concluded 
with words of great tribute:

Is there a period in the history of medicine where such discoveries 
issued from one man, and from those working under his supervi-
sion; or, in the whole history of medicine, is there a like period where 
such discoveries are found as the laying of the foundations of mod-
ern bacteriology, forging the instruments with which we work today, 
exploring these newly discovered fields, demonstrating the specific 
microorganism of tuberculosis, the greatest discovery in the whole 
field of bacteriology, the entire field of which has not yet been fully 
reached? (13)

From 1876, when Koch published his first paper on anthrax, to 
1906, most of the main bacterial pathogens that affect humans were 
discovered. These pathogens included Bacillus anthracis (Koch dis-
covered), Staphylococcus (Koch discovered), Neisseria gonorrhoeae, 
Salmonella typhi, Streptococcus, Mycobacterium tuberculosis (Koch dis-
covered), Vibrio cholerae (Koch discovered), Corynebacterium diph-
theriae, Clostridium tetani, Escherichia coli, Streptococcus pneumoniae, 
Neisseria meningitidis, Salmonella enteritidis, Clostridium perfringens, 
Yersinia pestis, Clostridium botulinum, Shigella dysenteriae, Salmonella 
paratyphi, Treponema pallidum, and Bordetella pertussis. These patho-
gens were discovered not just in Koch’s lifetime but because the dis-
coverer had a direct connection with Robert Koch. Perhaps no other 
person profiled in this book witnessed and was largely responsible 
for the complete transformation of a field, in this case, bacteriology.

After traveling to Japan, Koch returned to Berlin in October 
1908. His health began to fail, though he continued to work. He gave 
his last paper on tuberculosis before the Prussian Academy of Sci-
ences on 7 April 1910, 2 days before having a heart attack. He trav-
eled to Baden-Baden to recover, but he died on 27 May 1910. His 
body was cremated. His remains are housed in a mausoleum at the 
Robert Koch Institute.
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During his lifetime, Koch had recognized that the burgeoning 
field of infectious disease still had a long way to go.

In many respects, and where we would not have expected it, bacteri-
ology has failed us. We have no knowledge of the causes of diseases 
like measles, scarlet fever, and smallpox. Of the germs of influenza, 
whooping cough, yellow fever, pleuro-pneumonia, and many other 
undoubtedly infectious diseases, we also know nothing, although 
skillful work and patient study have not been lacking. I am inclined to 
think that here the causal agents are not bacteria, but organisms of a 
far different character. (11)

Koch made this extraordinarily perceptive statement in 1890 at the 
congress where his statement on tuberculin caught everyone’s atten-
tion. Most of the pathogens noted above turned out to be viruses, a 
class of microorganisms for which even today there is limited ther-
apy. Koch’s major failing, the tuberculin debacle, demonstrated that 
despite the explosion in knowledge of causative agents, therapies 
for these agents and their diseases were largely unavailable during 
Koch’s lifetime. Like the Cnidian approach from ancient Greece, 
Koch’s efforts and those of his colleagues who discovered causative 
agents suffered since one could not have offered much after the effort 
in diagnosis was undertaken. As the Cnidian physicians discovered, 
diagnosis is of little use unless it can be followed by a specific treat-
ment. But the advent of therapy for infectious diseases was at hand.
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11
Joseph Lister, the Man 
Who Made Surgery Safe

Modern operating rooms are positioned at the center of contemporary 
medical centers. Their location drives the location of intensive care 
units, radiology suites, and emergency rooms. In the 18th and early 
19th centuries, this centralized location would have been unthinkable. 
The operating rooms in that era were set as far away from other pa-
tients as possible. First, there was the smell. This odor was the result of 
the unclean conditions where surgery was performed. Cleanliness was 
far from the mind of the early-19th-century surgeon. There were no 
surgical scrub suits or filtered air. Those surgeons never used a surgical 
scrub. Surgeons performed surgery either in their street clothes or in a 
surgical smock that had dried blood and pus caked on from years of 
work. Then, there was the screaming. For centuries, medicine searched 
for chemicals or medicines that would make surgery painless. Until 
the mid-19th century, opiates and alcohol were the best medicine had 
to offer. Neither worked well enough to deaden the pain from an am-
putation, the most common operation of the 18th century in Europe’s 
developing hospitals. Often, half a dozen assistants had to hold down 
the poor individual who was undergoing the procedure. Charles Dar-
win began his career in medicine but was forever troubled by the only 
two operations he attended, as he describes in his autobiography:

I attended on two occasions the operating theater in the hospital in 
Edinburgh, and saw two very bad operations, one on a child, but I 
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rushed away before they were completed. Nor did I ever attend again, 
for hardly any inducement would have been strong enough to make 
me do so; this being long before the blessed days of chloroform. The 
two cases fairly haunted me for many a long year. (5)

Not surprisingly, surgeons had to be quick. No human could with-
stand the pain from surgery for more than 4 minutes. An 18th-
century surgeon performed an amputation in less than 2 minutes; 
a talented surgeon took only 30 seconds. How the surgeon could 
become accustomed to the scene is difficult for us to comprehend.

The Discovery of Anesthesia

The first great American contribution to the field of medicine ended 
the pain of surgery. A dentist, not a physician, formally introduced 
surgical anesthesia. In 1846, William Morton coaxed a surgeon at 
Massachusetts General Hospital to allow him to use his anesthetic 
chemical on a patient who had a tumor at the angle of his jaw. The 
operation required careful, slow dissection. The surgeon, John Col-
lins Warren, allowed Morton to use his chemical, which he called 
letheron but which was later determined to be ether. It worked. 
Modern surgery was born. Or was it? Crawford Long in Georgia 
had used ether 4 years earlier to remove a tumor on a patient’s neck 
but did not publish his experience until 1849. An acrimonious con-
troversy over the discoverer of anesthesia ensued. More importantly, 
the discovery of anesthesia did not make surgery safe, only painless. 
In the 20 years between the introduction of anesthesia and Lister’s 
innovations, the problem of surgical infection and its associated 
mortality remained.

Surgery before Joseph Lister

To fully understand Joseph Lister’s contribution, one must consider 
the state of surgery immediately before his efforts. Infection was the 
anticipated result of surgery. You read that sentence correctly. When 
someone had surgery, an infection was the expected outcome. Cer-
tainly, there were patients who escaped infection entirely, but they 
were the exception. Postoperative infections of this era were not all 
the same. If a patient was lucky, golden, creamy pus would develop 
about 7 days following surgery but would remain largely confined 
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to the area of the wound but blowing open the incision. The drain-
age of this type of pus would leave a sizable scar, but its appearance 
usually ensured that the patient would survive. This postoperative 
mess was the most desirable result of mid-19th-century surgery and 
was termed “laudable pus.” Today, we would identify this outcome 
as an infection from Staphylococcus aureus and believe it was any-
thing but laudable. During the 19th century, just as now, patients 
with this type of result could easily succumb to such an infection, 
but it was never as nasty or fatal as other infectious outcomes of the 
time. Sir William Watson Cheyne was a student and then a colleague 
of Lister. He was honored to give the first Lister Memorial Lecture to 
the Royal College of Surgeons on 14 May 1925. He chose as his topic 
“Lister and His Achievement” to set the record straight on the man’s 
life and achievements. Cheyne described these more horrific postop-
erative outcomes before Lister’s accomplishments:

But a large proportion of cases, varying no doubt with the surround-
ings, the treatment, and the resisting power of the patient, the nature 
of the injury and other factors, instead of improving, developed after 
a few days, a number of very serious ailments, e.g., septicemia, py-
remia, erysipelas, various forms of gangrene, and tetanus, and ulti-
mately the patient died after much suffering. This series of events was 
so frequent in some hospitals that no operations were performed ex-
cept such as were immediately required to prevent otherwise certain 
death. (3)

These outcomes were described as syndromes that were observed 
in patients following surgery, since no methods of culturing bacte-
ria were yet available. For septicemia, we would now recognize the 
outcome as a severe infection of any kind that results in the pres-
ence of bacteria in the bloodstream; for pyremia, a patient would 
have fever (pyremia from the Greek, meaning “to have fever”) from 
any cause; for erysipelas (from the Greek, meaning “red skin”), we 
now know that streptococci cause this rapidly fatal infection, which 
spreads its effects by the toxins the bacteria produce. Among other 
effects, these toxins destroy the human body’s white cells, which are 
normally sent into a wound or an area of inflammation to protect us 
from microorganisms. This syndrome produces high fevers, teeth-
chattering chills, and a deep red color to the surrounding skin that 
rapidly spreads like a flame. Erysipelas was usually fatal. Even today, 
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a patient with erysipelas may die if the toxins have been produced 
in sufficient amounts, even if antibiotics are initiated. Fortunately, 
today, erysipelas is rare. Before Lister’s time, the syndrome was not 
unusual and inspired several colorful names: Ignis sacer, Holy fire, 
and St. Anthony’s fire. For gangrene, which could occur in various 
forms, this outcome was invariably and horribly fatal. Bacteria that 
we know as anaerobes caused the gangrenous infections following 
surgery. These organisms grow in the absence of oxygen. The tissues 
involved are devoid of a blood supply and develop, with the help of 
these bacteria, into a foul-smelling mess, the odor of which would 
permeate the clothes and wards of pre-Lister hospitals. This syn-
drome was the most terrifying form of postoperative infection. No 
one survived hospital gangrene. Tetanus was not unusual following 
surgery in the 19th century, a fact not well appreciated by physicians 
today. Taken together, this myriad of syndromes following surgery 
produced a staggering mortality rate, above 50% in nearly all hospi-
tals in Europe and the Americas in the mid-19th century.

History of the Treatment of Wounds

Prior to the time of Hippocrates, the cause of disease was so mys-
terious that divine involvement was assumed; treatment of disease 
was thought to require divine intervention. Treating wounds goes 
back further than treating disease; it was attempted thousands of 
years before the ancient Greeks tried treating disease. Advances in 
wound care improved, but haphazardly and by trial and error, often 
on a battlefield. The Hippocratic Corpus described the use of tar and 
wine in the wounds of patients. During Avicenna’s time, wine was 
also touted for surgical wounds, but cauterization of wounds, with 
either a red-hot iron or boiling oil, became more common, a prac-
tice that persisted until the Renaissance. One can only imagine the 
thoughts of a wounded soldier being carried back after a spear or 
sword had pierced his flesh, knowing that the military surgeon was 
about to pour boiling oil into his wound!

After the invention of gunpowder, wounds on the battlefield 
became even more severe. The great Renaissance surgeon Ambroise 
Paré found himself treating scores of severe wounds following a 
battle in 1537. Running out of oil, he had to abandon the standard 
practice of placing boiling oil in a wound and improvise. Using a 
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concoction of egg yolk, oil of rose, and turpentine, Paré found, to his 
surprise, that the wounds healed better than those treated with boil-
ing oil. He vowed never again to so cruelly burn poor men wounded 
with gunshot. The first scientific study of wound inflammation came 
in 1794 from John Hunter. Hunter, you will recall, was a surgeon 
and friend to Edward Jenner. Hunter’s greatest publication, A Trea-
tise on Blood, Inflammation, and Gunshot Wounds (10), was completed 
just before and published just after his death. In the treatise, Hunter 
asserted that inflammation was a “salutory” mechanism of the body, 
although it can sometimes become a damaging process, too. But 
Hunter was unaware of the role of microorganisms in setting off the 
process of inflammation in a wound. Until Lister, medicine lacked a 
complete understanding of how wound healing occurred.

Joseph Lister: Early Influences

Upbringing influences all of us. We may need to overcome its in-
fluences. More often, the experiences of early life shape us toward 
the adults that we become. We are often unaware of those early in-
fluences on our personality or even our career paths. In the case of 
 Joseph Lister, perhaps more so than anyone profiled in this book, his 
early influences exerted a most powerful and lasting effect on his life 
and career.

Joseph Lister was born in 1827 into the Quaker community in 
the countryside outside London, England. Lister owed much of his 
serene manner to the upbringing in this Society of Friends, as the 
Quakers were often called. The Quakers were founded in England 
around 1654. The term Quaker was originally a derisive term refer-
ring to the manner in which followers “trembled in the way of the 
Lord.” Since the official religion in England was the Church of Eng-
land, the first few decades of the sect saw widespread persecution 
and imprisonment of its leaders and followers. Thanks to the Tolera-
tion Act of 1689, Friends in Great Britain were no longer outlaws, but 
persecution continued. Quakers were not allowed to earn academic 
degrees for a time. Most Quakers became businessmen and manu-
facturers. A reputation for integrity served the Quakers well. People 
learned to trust them. The community was close-knit. The Friends 
lived a life without dance, song, or frolic. The Quakers maintained an 
intellectual direction and honesty in their life, devoting themselves 
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to business and education. Many became quite successful. Among 
them was Joseph Jackson Lister, the father of Joseph Lister.

Joseph Jackson Lister followed his own father into the wine im-
porting business. He achieved considerable success, allowing him to 
purchase a sizable Queen Anne-style mansion called Upton House 
outside London. His success allowed him to devote time to his fa-
vorite hobby—microscopy. This pastime became much more than 
a hobby. Joseph Jackson Lister learned to grind lenses and eventu-
ally solved the problem of chromatic aberration of compound mi-
croscopes. This problem had so bedeviled scientists that even the 
inquisitive John Hunter believed that microscopic descriptions of 
tissue or organisms before the achromatic microscope were so dis-
torted that they could not be trusted at all. Such a distrust of mi-
croscopy was widespread in Britain. But Joseph Jackson Lister’s 
discovery meant that his son would grow up in a house without 
such a prejudice. Joseph Jackson Lister was a man of high achieve-
ments. He was a self-made scientist whose achromatic microscope 
earned him the award of the Fellowship of the Royal Society in 1832. 
He was also an excellent artist and a good linguist—a skill imparted 
to his son, Joseph, who became fluent in French and German. Joseph 
was the fourth child and second son in a prosperous, loving family. 
His mother was described as loving and kind, but most biographers 
credit Lister’s father with the greater influence on the lad.

Joseph Lister attended the Quaker School at Tottenham. Before 
he left the school he had already made up his mind to become a sur-
geon. No one is quite certain why Joseph made such an announce-
ment, since no one in his family worked in the medical field. By age 
16, Joseph Lister was ready to attend university. For a Quaker, there 
was little choice. Despite his keen curiosity and intellect, Oxford and 
Cambridge were closed to him. Lister attended the University Col-
lege in London, popularly named “the godless college” because of 
its acceptance of all religious faiths. Lister struggled initially in col-
lege. After acquiring smallpox, he returned too early and suffered a 
breakdown in mental health. He recovered for a month in Ireland. 
Refreshed, Joseph Lister returned to University College and im-
mersed himself in medical studies. William Sharpey particularly in-
fluenced him. Sharpey had trained in medicine in Edinburgh, where 
he had come to know James Syme, a distinguished Edinburgh sur-
geon of the day. Sharpey took a keen interest in Lister. During his 



Joseph Lister, the Man Who Made Surgery Safe 213

medical studies, Lister published two articles; both studies utilized 
the microscope. Lister, unlike most of his colleagues, came to school 
with one of the best microscopes and was thoroughly expert and 
comfortable in its use.

True to his professed desire, Lister distinguished himself in 
surgery as a student. During the early stages of his career as a 
student, Lister was fortunate enough to see the first major opera-
tion to be performed in Britain under ether anesthesia by Robert 
Liston in University College Hospital on 21 December 1846, only 
2 months after the first report of ether use from Massachusetts Gen-
eral Hospital. Although there are few records on the event, the ex-
perience seemed to have deeply impressed Lister, far differently 
than Darwin’s initial experience in operating rooms. As a student, 
Lister received his introduction to septic diseases following sur-
gery, including hospital gangrene. He never forgot them, feeling 
that no matter was more urgent than to find the cause, treatment, 
and prevention of these devastating illnesses (3). Lister went on to 
receive high marks in his surgery classes. Soon after graduation, 
Lister became a Fellow of the Royal College of Surgeons of Eng-
land. He eventually became house surgeon to Sir John Erichsen, 
a leading London surgeon. After 9 years at University College in 
London, Lister’s mentor, Sharpey, recommended that he work with 
James Syme in Edinburgh, Scotland. It would be a transforming 
experience for Lister.

James Syme in Edinburgh

In September 1853, Lister headed north to Edinburgh to work with 
one of the most distinguished surgeons of the period. No two per-
sonalities could have been more different than Joseph Lister and 
James Syme. Syme was 54 years old at the time. He was somewhat 
short. His plain, almost homely face masked a furious temper. Syme 
was outspoken, self-assured, and combative, making him a formi-
dable opponent in any argument. His dazzling technical expertise 
in surgery and razor-sharp mind made up for his frequent abrasive 
manner. He challenged the students who were brave enough to sub-
mit themselves to his tutelage, but many came. Syme was generally 
considered to be the best surgeon in the British Isles. Joseph Lister 
engendered kind and warm superlatives from anyone who ever 
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worked with him. He was a tall man, over 6 feet. John Rudd Leeson, 
a British physician who worked with Lister, attempted to describe 
the man:

He was always carefully and neatly dressed, and the Quaker spirit of 
substantiality was unobtrusively evident . . . His face, once seen, could 
hardly be forgotten. There was something so distinctive about it, such 
a blending of sweetness and power and purpose. (11)

In 1922, J. A. Erskine, an acquaintance of Lister, tried his hand at de-
scribing a man who seemed to have no detractors.

Lister was a great figure in my day. His personality was a charming 
one, so modest, and yet so brilliant, and pains taking and conscien-
tious. He had the highest ideal of what a doctor should be of any man 
I ever met, and he not only promulgated this counsel of perfection, but 
he lived it to the letter . . . I shall never forget his judgment and pity 
when a child wept whose wound was going to be dressed. He stooped 
down and kissed the little sufferer. Smiles took the place of tears, and 
all went well. He was a most lovable man. There was a genuine look 
about him, a naturalness, an entire lack of affectation. (13)

Despite their personality differences, the two men struck an immedi-
ate and lifelong friendship. Lister never tired of talking about “Mr. 
Syme.” Lister would endlessly describe Syme’s improvements in 
operative procedures and instruments he had invented. Lister often 
repeated Syme’s maxims and aphorisms. Syme, too, was delighted 
by Lister’s enthusiasm and sense of purpose. Lister came to Edin-
burgh initially for a post of a few months, taking what was closer to 
a student position, simply to work with Syme. But when an official 
post opened, Lister leapt at the opportunity. He had found his life’s 
calling and his surrogate father in surgery. He wrote of his experi-
ence to his own father,

If the love of surgery is a proof of a person’s being adapted for it, then 
certainly I am fitted to be a surgeon: for thou canst hardly conceive 
what a high degree of enjoyment I am from day to day experienc-
ing in this bloody and butcherly department of the healing art. I am 
more and more delighted with my profession and sometimes almost 
question whether it is possible such a delightful pursuit can continue. 
My only wonder is that persons who really love Surgery for its own 
sake are rare. (20)



Joseph Lister, the Man Who Made Surgery Safe 215

Marriage of Joseph Lister and Agnes Syme

The relationship between Syme and Lister had an additional ben-
efit for the young surgeon. The frequent visits to Syme’s home put 
Lister in contact with Syme’s eldest daughter, Agnes. The relation-
ship between Lister and Agnes grew rapidly. Agnes became smitten 
quickly. Syme was much in favor of marriage between Lister and 
his daughter. Lister was the hesitant one, since marriage outside the 
Quaker faith meant severing his ties to the Friends community. On 
23 April 1856, the two were married.

Following their marriage, the couple took a most unusual hon-
eymoon. For 3 months, they toured the continent of Europe, visiting 
many of the major hospitals and clinics in their travels. They visited 
Padua and Bologna in Italy. The couple stopped at the University 
of Vienna, where they dined with Karl von Rokitansky since von 
Rokitansky was an acquaintance of Lister’s father. This dinner, in 
1856, occurred more than 6 years after Semmelweis’s discovery of 
the importance of hand washing, the cadaver particles, and puer-
peral sepsis. The event has been the subject of some historical con-
troversy. The question has been posed whether Semmelweis’s work 
was discussed and had influenced Lister. There is no record on the 
matter, so speculation remains. However, after Semmelweis’s abrupt 
departure from Vienna in 1850, von Rokitansky rarely mentioned 
him or his work. Lister later wrote that he was unaware of Semmel-
weis’s findings on the importance of hand washing until long after 
his own discovery. There is no reason to think otherwise. After stop-
ping in Prague, Berlin, Würzburg, and other German cities (Lister 
spoke fluent German), the couple returned to Edinburgh. To anyone 
that knew Lister, it was clear that his marriage to Agnes was not one 
of convenience to gain favor with Agnes’s father. Agnes was an ideal 
partner for Joseph Lister. She acted as assistant in experiments, sec-
retary to Lister when he dictated (there were no typewriters), host-
ess, and devoted companion. The couple spent 3 very happy years 
together in Edinburgh. Lister, together with his wife, set up a labo-
ratory of sorts in their home. He began a series of experiments on a 
wide range of topics. One of those topics was the formation of blood 
clots. Physicians of Lister’s time had difficulty explaining why blood 
was normally fluid within blood vessels but clotted when it was out-
side the vessels. Lister’s early research suggested to him that when 
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blood comes in contact with foreign material outside the body’s ves-
sels, the process of coagulation, or blood clotting, begins. The idea 
that something foreign to blood outside vessels initiated coagulation 
gave Lister an idea. Perhaps other alterations in body physiology 
might be affected by the influence of foreign or external materials. 
He used his microscope in all his studies. Lister began to look at the 
inflammation in wounds with his microscope.

The Move to Glasgow

When a position opened up as Chair of Surgery in Glasgow, Scot-
land, Lister was chosen (Fig. 1). The couple moved to Glasgow in 
1860. The move was an important, life-changing one for the couple. 
For Agnes, she left home and family. For Lister, he would become 
chief of a surgical service at one of the great institutions in Great 
Britain. He quickly became a favorite of the students. At the end 
of his first year in Glasgow, 161 students took the unusual step to 
give Lister a signed petition proclaiming, “your eminent ability as a 
teacher of Surgery.”

Figure 1        Joseph Lister. Courtesy of the National Library of Medicine.
doi:10.1128/9781555817220.ch11.f1
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In Glasgow, as in any major European or American city at the 
time, postoperative infection was rampant. One of the leading sur-
geons in Paris in 1870 said,

when amputation seems necessary, think ten times about it, for too 
often, when we decide upon operation, we sign the patient’s death-
warrant. (7)

Lister had been distressed over the problem of postoperative infec-
tion for his 10 years in the field. Since infection in the wound was so 
common, how did the mid-19th-century surgeon explain the phe-
nomenon? The explanation was that oxygen that came in contact 
with the tissues in the wound caused all the trouble, oxidizing in the 
tissues and creating the postoperative chaos of infection. This hy-
pothesis was attractive to surgeons of the day for two reasons. First, 
oxygen was everywhere. No mystical ingredient had to be found. 
Once a wound was made, the chemical process of oxygen combining 
with the tissues made for the mess that was observed following sur-
gery. Second, the oxygen thesis kept the surgeon from having to look 
inward. There was no causation involved. It was not the surgeon’s 
fault that postoperative infection occurred. The hypothesis smacks 
of the last holdover from the humoral theory and miasma. Oxygen 
was now the culprit, not miasma. For the mid-19th-century scientific 
mind, the chemical explanation may have been more appealing than 
the mystical miasma.

Lister refused to accept the notion that every wound was des-
tined to end in a putrid jumble. To Lister, there were cracks in this ox-
ygen argument. First, blood carried oxygen to the tissues, but there 
was no spontaneous infection in the body’s tissues. Lister had also 
noted cases of trauma in which broken ribs had punctured lungs. 
No external wound was evident, but surely oxygen had entered the 
wound made by the broken rib between the lung and chest wall. 
Infection was not the invariable result. He also carefully pondered 
fractures. A closed fracture, severe as it might be, rarely, if ever, was 
complicated by infection. But if the bone pierced the skin, creating 
an opening, sometimes called a compound fracture, infection nearly 
always occurred, and death followed in half of those cases. In those 
who survived, amputation of the affected limb was usually required. 
Why was there such a difference between closed and open fractures? 
Lister pondered the idea that, like in coagulation, something foreign 
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was introduced into wounds to cause the pus, redness, or, worse, 
hospital gangrene to form.

The Clue to Wound Infections

The clue came when a colleague, Thomas Anderson, a professor of 
chemistry, drew Lister’s attention to the work of Louis Pasteur, who 
had acquired some repute as a chemist. Pasteur’s work on the prob-
lems of fermentation fascinated Lister. Fermentation was a process 
that heretofore had been considered to be entirely chemical in nature. 
Pasteur, you will recall, realized that foreign microorganisms had 
been competing with the yeast to cause what he termed the diseases 
of fermentation. Lister, who was fluent in French, read Pasteur’s pa-
pers over and over. Lister recognized in Pasteur’s experiments the na-
ture of the foreign material that was entering wounds. To Lister, it was 
not the air or its oxygen that oxidized wound tissues, ending in putre-
faction. It was something in the air, microbes that produced the prob-
lems of putrefaction of wounds. First, Lister would have to convince 
himself and his colleagues that Pasteur’s discoveries had application 
to medicine. He used his microscope to demonstrate the presence of 
these bacteria in wounds. Then, Lister repeated Pasteur’s swan-neck 
flask experiments, only using boiled urine. Some of his flasks had 
straight necks; some had swan necks. Dust settled in the straight-neck 
flasks. The fluid rapidly decomposed. But in the swan-neck flasks, air 
had access to the boiled urine but the liquid remained germfree. Lister 
used these flasks in lectures to introduce the germ theory to skeptical 
colleagues and students. Lister concluded there had been:

a flood of light thrown upon this important subject by the philosophic 
researches of Monsieur Pasteur. (8)

Lister was greatly impressed by the work of Pasteur and acknowl-
edged the debt that he owed Pasteur throughout his life. In the 
1870s, Lister and Pasteur corresponded in a gracious and compli-
mentary fashion. Each man recognized the debt owed to the other. 
Most physicians of the day could not see any link between diseases 
of fermentation and human disease. As a physician, Lister did some-
thing that the chemist-turned-biologist Pasteur could not do. Lister 
transferred the discovery of diseases of fermentation into medical 
terms—diseases of wounds, a practical application that the French 
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scientist often attempted in his own work. In a 1902 letter to G. H. 
Edington, Lister recalled his discovery:

It was not until after I went to Glasgow that bacteria and other mi-
crobes claimed my attention. All efforts to combat decomposition of 
blood in open wounds were in vain until Pasteur’s researches opened 
a new way, by combating microbes. (7)

Antiseptic Surgery

The new concept of combating microbes in wounds meant finding a 
means to destroy them. Clearly, the use of heat, as Pasteur had done in 
the process of pasteurization, could not be applied to human wounds. 
Lister turned to chemicals. He tried several substances, without suc-
cess. Then he noticed in the newspapers that the nearby town of Carl-
isle had successfully used carbolic acid as a chemical means to rid the 
town of a sewage smell. What called Lister’s attention to this chemi-
cal was not the value in controlling the stench but that the substance 
destroyed the parasites that affected cattle grazing on the sewage-
contaminated grass. Lister obtained a sample of carbolic acid and 
experimented with it. The initial samples of carbolic acid that Lister 
obtained had a disagreeable odor, were irritating to the skin, and were 
insoluble in water. He eventually acquired a purer sample that was 
soluble in water but retained its odor and irritating properties. Lister 
demonstrated experimentally that the use of carbolic acid would kill 
microbes in his flask experiment. But he needed to show its value con-
clusively on humans. Lister reasoned that the difference in infection 
risk from a closed (simple) compared to an open (compound) fracture 
provided the best opportunity to test his idea. To Lister, it was the hu-
man application of the simple flask experiment. In the simple fracture, 
microbes could not gain access to the injury. In the compound or open 
fracture, the injury was open to the germ-laden air. Lister believed 
that if he could kill the microbes that enter the wound caused by the 
bone piercing the skin, it would heal just as the simple or closed frac-
ture healed.

The First Success with Antisepsis

Armed with a rational, albeit revolutionary, hypothesis, most research-
ers might rush to find an individual to try out the experiment. Not 
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Lister. Other investigators may have attempted to test carbolic acid on 
the first available patient and been met with disaster. Lister waited 10 
months for an appropriate test subject. In March 1865, 1 month before 
the end of the American Civil War, the last battlefields before the germ 
theory, his first test case ended in failure due to what Lister described 
as “improper management.” Some months later, on 12 August 1865, 
James Greenlee, an 11-year-old boy, came to Glasgow Royal Infirmary 
with a compound fracture of his left leg only a few hours after an 
empty cart passed over the limb. The break in the skin was about 11⁄2 
inches and had very little blood. Treatment of the wound consisted of 
a thorough application of undiluted carbolic acid and dressing with 
lint soaked in the same antiseptic. Tin foil covered the wound to pre-
vent evaporation. After 4 days, Lister personally redressed the wound 
using bandages soaked in carbolic acid. Under Lister’s careful watch, 
a scab formed. Greenlee did not die; he did not require amputation; 
he did not even suffer infection. After 6 weeks, the boy walked out of 
the hospital! Lister treated 10 more patients with compound fractures. 
All but 2 recovered. One patient, whose leg had been fractured by the 
kick of a horse, came down with an infection while Lister was away. 
He required an amputation but survived. The other patient, who had 
fractured his femur near the hip, died of hemorrhage when a sharp 
fragment of bone pierced a nearby artery. Lister related one case in 
this extraordinary series of successful recoveries to his father:

There is one of my cases at the Infirmary which I am sure will interest 
thee. It is one of compound fracture of the leg, with a wound of consid-
erable size and accompanied by great bruising, and great effusion of 
blood into the substance of the limb, causing great swelling. Though 
hardly expecting success, I tried the application of carbolic acid to the 
wound to prevent decomposition of the blood and so avoid the fear-
ful mischief of suppuration throughout the limb. Well, it is now eight 
days since the accident, and the patient has been going on exactly as 
if there was no external wound, that is, as if the fracture were a simple 
one. (7)

With his success in treating compound fractures, Lister turned his at-
tention to the treatment of abscesses. After a number of experiments 
he developed a mixture of carbolic acid, linseed oil, and common 
whitening, which he called antiseptic putty. The putty was layered 
onto tin foil and placed on the wound of an opened abscess, changed 
daily. Lister published his experience in 1867 under the title “On a 
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New Method of Treating Compound Fractures, Abscesses, etc.” in 
Lancet. As described in the paper, he clearly had altered his thinking 
on the pathogenesis of infections in wounds.

If we could see with the naked eye a few only of the septic organ-
isms that people every cubic inch of the atmosphere of an hospital 
ward, we should rather wonder that the antiseptic treatment is ever 
successful than omit any precautions in conducting it. (16)

Antisepsis and Surgical Wounds

Lister’s next step was to apply his antiseptic techniques to ordi-
nary surgical wounds. Lister described the essential conditions for 
success.

1.  The first thing that has to be done is to destroy the germs on 
the patient’s skin, on the surgeon’s hands, on the instruments 
which are to be used and on everything surrounding the area 
of operation.

2.  The second is to prevent living germs from entering the 
wound from the air of the surrounding objects during the 
performance of the operation.

3.  And the third is to prevent germs from spreading into the 
wound after the operation. (3)

These principles hold true today. Lister had completely revolution-
ized thinking on how postoperative wound infection occurred. It was 
not oxygen but microbes that caused the problem. Just as important, 
these microbes could be killed when they entered the wound. Lister 
focused on antisepsis—killing microorganisms when they got into the 
wound, initially. But soon, Lister would recognize the importance of 
not allowing the microorganisms access to the wound at all.

Problems with Carbolic Acid

There were significant practical problems with wide adoption of List-
er’s approach from the beginning. At first, carbolic acid was placed 
in linseed oil. While the concoction had antiseptic effects, its yellow 
color and oily consistency obscured the field of vision of the wound. 
Once purer carbolic acid became available, obtaining watery (aqueous) 
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solutions led to more rapid extension of his methods. Lister also insisted 
that the skin of the patient and the surgeon’s hands be washed in this 
irritating 1:20 carbolic acid solution. Interestingly, he never removed his 
coat when performing operations. He only rolled up the sleeves. Instru-
ments were immersed in carbolic acid. Many of today’s disinfectants 
still contain carbolic acid or its derivatives, now termed phenolics. Phe-
nolic disinfectants are still widely used on inanimate objects. However, 
we have found effective but gentler agents than phenolic solutions for 
antiseptics—antimicrobial chemicals for use on humans.

Lister was so concerned that dust carrying microorganisms 
would fall from the air that he eventually developed an antiseptic 
sprayer that filled the operating theater with the pungent smell of car-
bolic acid, unpleasant to be sure. He meticulously dressed wounds 
postoperatively with carbolic acid-soaked bandages. Unfortunately, 
the postoperative dressing changes that Lister demanded were so 
complicated and troublesome that they did not appeal to the surgical 
profession on a practical basis alone. But Lister’s most difficult task 
was convincing his colleagues that the underlying principle—micro-
organisms are responsible for the infections—was true and made all 
the fuss worthwhile. An additional four papers appeared in Lancet in 
1867 that described his ideas, methods, and some results. Although 
the successful results today would be considered anecdotes, Lister de-
scribed several cases and, then, an unanticipated benefit in a Septem-
ber 1867 Lancet article:

Since the antiseptic treatment has been brought into full operation, 
and wounds and abscesses no longer poison the atmosphere with pu-
trid exhalations, my wards, though in other respects under precisely 
the same circumstances as before, have completely changed their 
character; so that during the last nine months not a single instance of 
pyremia, hospital gangrene, or erysipelas has occurred in them. (17)

The Chief of Surgery in Glasgow pressed ahead with his radical 
methods until he believed that he had sufficient experience with one 
procedure, amputations, to publish in Lancet. He summarized them 
in an 8 January 1870 article:

Before the antiseptic period, 16 deaths in 35 cases; or 1 death in every 
21⁄2 cases.
During the antiseptic period, 6 deaths in 40 cases; or 1 death in every 
61⁄2 cases. (18)
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Lister concluded in his article,

The antiseptic system is continually attracting more and more atten-
tion in various parts of the world; and, whether in the form which it 
has now reached, or in some other and more perfect shape, its univer-
sal adoption can be only a question of time. (18)

Lister was correct but a bit hasty in his conclusion. Members of the 
surgical profession in his own country and in America would prove 
to be among the slowest to adopt his antiseptic system. But he would 
not use the Glasgow Infirmary as the pulpit from which he would 
preach his new gospel.

Move back to Edinburgh

Lister’s father-in-law suffered a stroke in 1869 just as his 10-year ap-
pointment in Glasgow was ending. The couple moved back to Edin-
burgh when Lister was 42 years old. The position in Edinburgh held 
promise for Lister but began with troubling events. Within the year, 
both Syme and Joseph Jackson Lister, Lister’s father, passed away. 
Shortly after his return to the city, Lister was summoned to Balmoral 
Castle to attend to Queen Victoria. The Queen had an abscess that 
formed in her axilla. Lister opened the abscess while the Queen’s 
personal physician worked the carbolic sprayer. The operation was 
successfully performed. The Queen congratulated Lister, which was 
not the last royal honor for him.

Reaction to Surgical Antisepsis

British surgeons outside Glasgow had not taken well to Lister’s an-
tiseptic surgery. Lister’s first step after his move back to Edinburgh 
was to convince his colleagues, a process that would take years. 
While the concentration of carbolic acid that Lister used decreased 
and lessened irritation of the skin of patients and surgeons alike, his 
approach to antisepsis and to dressing wounds became more and 
more complex. The most contentious aspect of the process was the 
carbolic acid sprayer. Leeson describes the typical early Listerian 
surgery.

The whole scene of an operation was enveloped in its spray, which 
dispersed its globules into every nook and cranny of the wound, and 
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our faces, and coat sleeves often dripped with it.  .  .  . The spray was 
devised to counter the idea that sepsis was largely due to air-borne or-
ganisms . . . Subsequent experience convinced Lister that they might be 
disregarded, but the truth dawned but slowly, and it was years before 
he learnt that “sepsis is a question of dosage,” that the living tissues can 
deal with a few organisms but are overwhelmed by the many. (12)

Acceptance on the European Continent

While British surgeons bickered over the value of antiseptic surgery, 
the 1870–1871 Franco-Prussian war produced, literally, an army of 
believers. The antiseptic techniques were available but promulgated 
too late to help most of the wounded. During the war, the French am-
putated about 13,200 limbs, with a mortality rate of 76%. The grim 
war-related figures kept both French and German surgeons open to 
anything that would improve outcome. Due to inquiries from both 
the French and German sides, Lister produced a pamphlet in 1870 
entitled A Method of Antiseptic Treatment Applicable to Wounded Sol-
diers in the Present War (19). The methods were a practical adaptation 
of his antiseptic methods for the battlefield. Faced with the enormity 
of casualties, the German surgeons von Nussbaum, von Langen-
beck, and von Volkmann enthusiastically adopted Lister’s methods, 
with excellent results. Ritter von Nussbaum wrote Lister,

We experienced one surprise after another  .  .  . Not another case of 
hospital gangrene appeared . . . Our results became better and better, 
the time of healing shorter, and the pyremia and erysipelas completely 
disappeared .  .  . I hold that next to that of chloroform-narcosis your 
discovery is the greatest and most blessed in our Science. God reward 
you for it, and grant you a long and happy life. (20)

As the German military surgeons continued antiseptic surgery in 
their civilian practices, adoption of the antiseptic approach spread 
to others in the German-speaking medical establishment. von Nuss-
baum wrote a short book on antisepsis that was translated into 
Italian, Greek, and French. Surgeons like Theodor Billroth used an-
tiseptic surgery, which enabled him to dare more invasive surgeries 
in parts of the body previously considered untouchable. The French, 
too, began to adopt the antiseptic principles in their surgeries. After 
the war, both the Germans and the French sent their surgeons to Ed-
inburgh to learn from the great Lister.
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By 1875, the Germans held the German Surgical Congress where 
von Nussbaum, among others, extolled the virtues of Lister’s anti-
septic system. Only a few months later, Lister, with his wife, toured 
the German hospitals to determine the progress made. The trip was 
more of a triumphant march for Lister. Banquets were held in his 
honor. Poems and songs were composed for him. In the 19 June 1875 
issue of Lancet, an article appeared extolling the heights that the Ger-
man hospitals had reached in surgery.

Nowhere on the continent is Lister’s treatment of wounds so thor-
oughly followed out, and nowhere are its excellent effects better seen 
than in the wards of Prof. Bardeleben. Amputations, resections, and 
even the more trifling operations, as opening abscesses, are conducted 
under the carbolic spray, and subsequently treated with the eight cov-
erings of carbolized gauze, protective covering, gauze bandages, and 
carbolized cotton-wool, exactly as practiced by Prof. Lister himself. 
That wounds treated in this way do absolutely heal without suppura-
tion may be seen constantly. (1)

Listerism in the United States

Two countries were slow in changing their surgical practice, the 
United States and Lister’s own country, England, especially in Lon-
don. In America, the tradition of laboratory-based and evidence-
based medicine did not yet exist. The germ theory was the stuff of 
untrustworthy foreign influences. Few articles in the American medi-
cal literature seriously discussed the possibility that microorganisms 
were to blame for postoperative putrefaction. The leading textbook 
of surgery of the time, written by Samuel Gross of Philadelphia, de-
nounced the theory. “Little, if any faith, is placed by any enlightened 
or experienced surgeon on this side of the Atlantic in the so-called 
(antiseptic) treatment of Professor Lister” (4). Gross, who was made 
more famous in an 1875 Thomas Eakins painting, The Gross Clinic, re-
fused to follow Lister’s principles. In the painting, he is shown about 
to perform surgery in his street clothes, holding his glasses. The vic-
tim’s, or rather the patient’s, mother is cringing in the background. 
No antisepsis for Gross. His authoritarian influence helped slow the 
progress of surgery in the United States. Even Lister’s appearance 
in Philadelphia in 1876 at the Centennial Medical Commission to 
celebrate America’s hundredth anniversary of independence failed 
to sway the American surgical community. Lister was well received 
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and politely greeted. However, Gross wrote a review for the meeting 
and stated that surgeons in the United States simply did not believe 
in Listerism. Lister, with all the energy of an evangelical priest, set 
out on a transcontinental journey by train to persuade American sur-
geons about his methods. He visited San Francisco, Salt Lake City, 
Chicago, Boston, and New York. As he sailed back to England, he 
quietly and correctly doubted that his lectures had the desired effect 
on the surgical practices in the United States (9). American medi-
cal education in the latter part of the 19th century generally ignored 
basic sciences. The focus was largely on hasty clinical treatment. The 
lack of understanding of underlying human physiology and pathol-
ogy left American physicians with little or no understanding of the 
new science of bacteriology. Americans viewed Lister’s theory with 
skepticism. American surgeons found his methods to be simply te-
dious and unnecessary. As late as the early1880s, American surgeons 
remained slow on the uptake of this theory. The grandson of J. Col-
lins Warren, the surgeon that allowed William Morton to use ether for 
the first time at Massachusetts General Hospital, had visited Lister 
in Glasgow. He later wrote that his attempts to bring Lister’s prin-
ciples to that hospital failed. An improperly performed trial did not 
successfully demonstrate carbolic acid’s utility. Warren was “coldly 
informed that the carbolic acid treatment had been discarded” (20).

The Death of President James A. Garfield

The backwardness of the American surgical community came to a 
head in the summer of 1881. On 2 July 1881, a would-be assassin shot 
U.S. President James A. Garfield at a Washington, DC, railroad de-
pot. One of the shots lodged in his back; the other hit his right flank. 
A team of well-meaning but arrogantly ignorant surgeons tended to 
Garfield. There was not an iota of antisepsis in any of the multiple 
procedures performed on the leader. The wound was probed with 
unwashed hands contaminated with manure. Garfield suffered for 
80 more days with terrible infections, ultimately leading to his death. 
Garfield’s boyhood friend and former Civil War surgeon Willard 
Bliss headed the surgical team. Bliss repeatedly probed the tracks of 
the gunshot wounds with dirty hands and unwashed probes. Gar-
field had daily fever spikes and shaking chills. Abscesses developed 
across Garfield’s back, requiring drainage using the same unclean 



Joseph Lister, the Man Who Made Surgery Safe 227

instruments. Another physician, Silas Boynton, was appointed to the 
team but relegated to nothing more than a nursing role. Boynton 
later wrote,

I think the President had a reasonable chance for recovery, but it was 
thrown away by the bad management of the case. Pus had through 
carelessness and neglect been allowed to be in the wound till it rotted 
and pyremia had done its perfect work. (2)

Bliss was pompous enough to have predicted full recovery, ignoring 
the multiple pus cavities and drop in Garfield’s weight from 230 lb 
on the day of the shooting to 130 lb just before he died, on 19 Sep-
tember 1881. An autopsy showed that no vital organs had been dam-
aged. Rather, Garfield had died of sepsis at the hands of his doctors. 
This tragedy helped to fuel an American interest in Lister’s meth-
ods. The change in surgical practice awaited the influence of William 
Stewart Halstead at Johns Hopkins Medical School and Hospital. 
His German training and meticulous approach to dissecting tissues 
led to the phenomenal success of the so-called Halstead Surgery of 
Safety in the last part of the 19th century (21).

Antiseptic Surgery in England

Back in Britain, particularly in London, Lister had to deal with the 
skepticism of surgeons in his own country. After seven or so years in 
Edinburgh, an opportunity presented itself in 1877 for Lister to more 
effectively deal with the solid opposition to his methods in his own 
country. Lister was offered the Chair of Surgery at the Medical School 
of King’s College in London. To the horror of students and surgeons 
of Scotland, Lister and his wife headed down to London. The deci-
sion to leave the prestigious post in Edinburgh to head to a lesser 
position in an environment of cynicism or even hostility towards an-
tisepsis in London must have seemed unfathomable to some. Behind 
Lister’s serene personality lay a determined sense of purpose, the 
result of his Quaker upbringing. The move for Lister was more of 
a mission. The first year or two were frustrating for Lister at King’s 
College. English surgeons and students sparsely attended his lec-
tures. Lister was bolstered by the attendance of European surgeons, 
mostly from France and Germany. Often, Lister delivered half of the 
lectures in French or in German, depending upon the national origin 
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of those attending. Even the signs for no smoking were translated 
into French and German. Lister persevered, permitting only momen-
tary lapses in his own enthusiasm when met by opposition to his 
theory in London.

As late as 1879, over 10 years after Lister’s first antisepsis publica-
tion in Lancet, London surgeons held a meeting at St. Thomas’s Hospi-
tal to debate the value of Lister’s methods. The meeting opened with 
a full description of a Listerian surgery by William MacCormac, who 
later wrote about the event (6). The ensuing debate was stunning in its 
obstinate comments. One surgeon called for statistical proof. Another 
claimed that he believed in neither the germ theory of disease nor the 
value of Listerism. One idea put forth was a trial at King’s College 
Hospital, where one surgical firm would follow the antiseptic method 
and another would not. However, this trial was dismissed by the se-
nior surgeon of King’s College Hospital, John Wood, who decried that 
he would not permit patients at his hospital to be the subjects of an 
adverse experiment. But Wood had visited Lister a year earlier in Ed-
inburgh and came away impressed with what he saw on his wards. 
While too old to change his own surgical habits, Wood began to accept 
Lister’s theory. Lister had staunch supporters at the meeting, includ-
ing Spencer Wells, who gave figures that showed how he had reduced 
mortality rates following ovariotomy using a variation on Lister’s 
antiseptic techniques. Delving deep into a body cavity to remove an 
ovary was inconceivable only a few years earlier. Lister himself was 
concerned about the operation and wrote about the use of scrupulous 
cleanliness by Wells and his friend Thomas Keith:

Mr. Spencer Wells and Dr. Thomas Keith achieved results which as-
tonished the world before strict antiseptic treatment was thought of; 
and when several years ago Dr. Keith expressed to me an intention of 
performing ovariotomy antiseptically I strongly dissuaded him from 
his purpose. I knew his already brilliant success; I felt that our spray 
apparatus was as yet inadequate for the production of a cloud suf-
ficiently large to cover the whole field of operation and sufficiently 
fine to avoid needless irritation. I was also aware that such operations 
are often both very protracted and very anxious, while in proportion 
to the duration and the anxiety of an operation is the chance of the 
neglect of some apparently trivial yet important element of the pro-
cedure. And if the antiseptic treatment were attempted in ovariotomy 
and failed in its immediate object, I felt that it would be not only nuga-
tory but injurious. (3)
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With anesthesia and Lister’s antiseptic methods, surgeons could 
now venture into uncharted waters with success. Lister addressed 
the crowd, presenting some of his figures. Problems with the older 
surgeons in London lingered, but the Congress represented some-
thing of a turning point.

The reasons for the English animosity towards Lister’s theory 
seemed to be similar to the American explanation—a lack of under-
standing of pathology and physiology among the English surgeons. 
In particular, the long-standing skepticism towards microscopy 
among British physicians and surgeons may have hampered their 
belief in the germ theory and their interest in antiseptic methods. But 
the tide was turning. After 2 years in London, Lister began to win 
over the younger generation of surgeons. The days of the dazzling 
speed of the surgeon began to disappear. Older surgeons were giv-
ing way to a younger breed of talent. With the advent of anesthesia 
and antisepsis, surgeons could use a careful, scientific approach to 
dissecting human tissues.

Antisepsis and Asepsis in Surgery

The irony of Lister’s methods is that he paved the way to make his 
own approach obsolete. The first part of Lister’s process to disap-
pear was the carbolic acid spray in 1887. With Koch’s development 
of solid media in bacteriology, Lister recognized that careful exami-
nation of the bacterial dosage in the air showed, to Lister’s satisfac-
tion, that the spray, which had been the most contentious part of his 
process, was not needed. Lister never really abandoned the remain-
ing antiseptic process he invented, but others looked to improve 
the process. Antisepsis is the technique of killing microorganisms 
after they have entered the surgical wound. Asepsis is the process 
that does not allow microorganisms access to the wound in the first 
place. In reality the processes are complementary, not antagonistic. 
The initial architects of asepsis were German. Ernst von Bergman of 
Berlin first used aseptic dressings in the Franco-Prussian war. von 
Bergman, while crediting Lister, began to use heat to sterilize instru-
ments and dressings, by boiling or steaming them. He developed op-
eration rooms that were germfree with cleansable metal surfaces and 
steam-sterilized gowns and towels. His assistant, Schimmelbusch, 
published a book, The Aseptic Treatment of Wounds, in 1892 that won 
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wide support in the German-speaking medical world. Spectators 
were limited in the operating room, no longer called a “theater.” The 
surgeons wore caps and gowns beginning in 1883. William Halstead 
was the first to use rubber gloves in surgery, which were actually 
developed when a nurse, then his fiancée, complained that the anti-
septics used were harming her skin. Surgical masks were first intro-
duced in 1897. Surgical scrub suits were introduced at the beginning 
of the 20th century. Surgery transformed from a generation earlier, 
depicted in Eakins’s The Gross Clinic, to the modern, germfree ver-
sion, heaped in ritual, which remains largely unchanged today. The 
brilliance of Joseph Lister was not in his antiseptic methods but in 
how he opened the world’s eyes to the real cause of putrefaction 
and suppuration of wounds. Surgery and humanity were forever 
changed by Lister’s lifework.

Lister’s Other Accomplishments

Antiseptic surgery was by no means the only achievement by Lister. 
When Lister began his career as a surgeon and postoperative infec-
tions were raging, the surgical practice included tying off blood 
vessels with wires or threads that could not be absorbed. The su-
ture thread would be pulled from the filthy frock of the surgeon, as 
needed. The ends of these sutures would be left long, sticking out 
of the wound. Once the tissues began decomposing from infection, 
the material could be pulled out of the patient. Unfortunately, the 
act of removal often resulted in catastrophic hemorrhage, sometimes 
the cause of death. When Lister began using his antiseptic methods, 
wounds would not suppurate. The only way to remove the suture 
material was to reopen the wound. Lister recalled the use of catgut, 
made from the intestinal linings of sheep and other animals. Galen 
and Ambroise Paré used catgut to tie off blood vessels. Its primary 
value was that the human body could absorb the material, so it could 
be cut short and not protrude through the incision. After soaking the 
catgut suture material in carbolic acid, Lister experimented with it 
in surgery. He eventually found that the catgut material would dis-
solve in the body but that he could make the suture hold longer by 
soaking it in salts of chromic acid before the carbolic acid. Chromic 
catgut remains a mainstay of every operating room today, another 
achievement we owe to Lister.
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At King’s College, London, Lister became the second person to 
operate on a patient with a brain tumor. He developed a method to 
repair the cartilage in a damaged knee joint and improved the tech-
nique of mastectomy.

Honors and Accolades

Lister spent 15 years at King’s College. In 1881, Lister had the plea-
sure of introducing Louis Pasteur to Robert Koch during the Seventh 
International Medical Congress in London. In 1883, Queen Victoria 
knighted Lister for his accomplishments. As his mission in London 
eventually became successful and antiseptic surgery was accepted, 
Lister slowed his work schedule. He and Agnes took well-deserved 
vacations. They developed a love of bird watching and fly-fishing. 
Agnes was his most beloved companion, laboratory assistant, and 
confidant. They were nearly inseparable.

Lister received a host of honors later in his life but was modest 
and gracious in their receipt. Lister seemed more comfortable giv-
ing awards than receiving them. Perhaps this aspect of his personal-
ity was best exemplified in 1892 at the 70th birthday celebration of 
Louis Pasteur. Lister had just recently retired from his position at 
King’s College at the mandatory retirement age of 65. In late Decem-
ber, he came to France to pay tribute to Pasteur as a representative 
of his country but more as a man who felt personally indebted to 
the great French scientist. Pasteur owed Lister a debt of gratitude 
since Lister was the doctor who recognized and disseminated Pas-
teur’s discovery of the germ theory. Lister gave his moving speech 
in French, congratulating Pasteur and paying homage to the man 
from a grateful British nation. Lister told the audience that thanks to 
Pasteur’s work—a debt Lister acknowledged repeatedly—surgery 
had been revolutionized and stripped of its horrors. Looking right at 
Pasteur, Lister concluded,

You can well understand, Monsieur Pasteur, that Medicine and Sur-
gery welcome this solemn occasion of doing you honour and of ex-
pressing their admiration. (15)

Pasteur, frail from a series of strokes, was overcome with emotion. 
Lister moved to Pasteur and embraced him. The touching scene was 
captured in a solemn painting by Jean Andre Rixens entitled The 



232 Germ Theory: Medical Pioneers in Infectious Diseases

Jubilee of Louis Pasteur. Nearly every important scientist of Europe, 
with the notable exception of Robert Koch, attended the event. But 
Rixens chose to show the tribute from Lister since these two men’s 
discoveries so changed the way we view the world.

Death of Lady Agnes Symes Lister

In the following spring, Sir Joseph and Lady Lister headed for a va-
cation in Italy. Agnes developed a shiver. Six days later, she died 
from pneumonia. Lister was never the same man after losing his 
close, intimate companion of 37 years. The Listers had no children, 
so Joseph endured both loss and loneliness.

Lister’s Later Years

Lister lived an additional 19 years, but his life and career felt hollow 
without Agnes. In 1895, Lister was elected president of the Royal 
Society. In 1897, he became the first medical doctor to be elevated in 
British peer society and bear the title of Baron. In 1903, Lister’s health 
began to deteriorate. While he remained somewhat active, he never 
had vigor after that year. The occasion of Lister’s 80th birthday, 5 
April 1907, found widespread celebration, with telegrams and flow-
ers sent to his home. A “Lister Meeting” was held in Vienna at the 
Surgical Institute. The audience of 500 broke into a loud, sustained 
ovation when a portrait of Lister was projected above the platform. 
The viewers knew Lister’s health was too poor for him to attend 
and speculated that he would be on Earth only a little while longer. 
Joseph Lister died quietly in his home on 12 February 1912. A huge 
public funeral was held in Westminster Abbey. Leeson attended and 
described the event:

It was a never-to-be-forgotten scene. Representatives from universi-
ties and learned societies filled the choir; but what was particularly 
noticeable was the number of nurses who were present, and the many 
who from their appearance, looked as though they might have been 
former hospital patients. The vast assembly waited in solemn silence, 
wrapt in the memory of his sweet personality, and of the priceless 
benefits he had bestowed upon mankind. (14)

Lister was not buried in Westminster Abbey, though he had every 
reason to have been included there. He left expressed wishes to be 
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placed next to his beloved, Agnes, in the West Hampstead Cemetery. 
I cannot improve words about Joseph Lister from those written by 
the Royal College of Surgeons on Lister’s passing in 1912:

By the death of Lord Lister, P.C. O.M., F.R.S., F.R.C.S., etc. surgery has lost 
her most brilliant student and her greatest master, England one of her most 
famous sons, and the world one of its most illustrious citizens.

He raised surgery from a dangerous and precarious practice to a precise, 
safe, and beneficent art, and in doing so his name became renowned through-
out the civilized world.

His methods have been adopted in every clime and country, and the 
benefits, which flow from his discoveries are blessings conferred upon every 
race of mankind.

His perspicacity, natural insight, fertility of resource, power of close 
and discriminating observation, philosophical reasoning, inflexible pursuit 
of truth, steadfastness of purpose, capacity for taking pains, unwearied pa-
tience, and undaunted efforts to triumph over difficulties stamped him as a 
great example of a true and scientific genius.

The human sympathy which caused him to deplore the great mortal-
ity due to infective surgical disease, his solicitude to prevent suffering and 
premature death, his patience and unceasing labour to overcome them, and 
his gratification at the ultimate success of his efforts to ameliorate pain and 
prolong life eminently distinguish him as a great philanthropist.

His gentle nature, deep compassion, imperturbable temper, resolute 
will, indifference to ridicule and tolerance to hostile criticism combined to 
make him one of the noblest of men.

His work will last for all time; its good results will continue through-
out all ages; humanity will bless him evermore, and his fame will be im-
mortal. (14)

And so it has.
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12
Paul Ehrlich and the 
Magic Bullet

Despite staggering progress in the fight against infectious diseases 
during the latter half of the 19th century, there were still few ad-
vances in treatment. Vaccinations could only prevent disease. Even 
Lister’s marvelous developments in surgery prevented infection; 
they could not treat infection once it developed.

By the last decade of the 19th century, the only effective medi-
cal treatment for an infectious disease was quinine, a plant deriv-
ative used to treat malaria even today. The malady is an ancient 
disease with clinical descriptions at least as far back as the time of 
Hippocrates. Malaria, derived from the Latin, mala aria, or bad air, 
was historically ascribed to miasma from swamp air. The disease 
produces a cycle of fevers and chills every third (tertian) or every 
fourth (quartan) day. Our current knowledge makes it clear that 
one particular species, Plasmodium malariae, has a life cycle 1 day 
longer (quartan) than the other Plasmodium species, Plasmodium 
vivax and Plasmodium ovale, that regularly infect humans and have 
an established fever cycle (tertian). The most serious form of ma-
laria is from the species Plasmodium falciparum, which does not nor-
mally produce a fever cycle. But until the discovery of the parasites 
in the late 19th century, doctors had to diagnose the disease based 
upon the clinical symptoms of fever and chills, occurring in tertian 
or quartan cycles.

doi:10.1128/9781555817220.ch12
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Therapy for malaria came long before discovery of the parasite. 
The most common story of the origin of malaria treatment is almost 
certainly an exaggerated saga. The story involves the Countess of 
Chinchón, wife of the Viceroy of Peru. She was reportedly cured of 
her cyclical febrile episodes, termed agues, by ingesting bark of the 
Cinchona tree around the late 1620s (4). Her husband may actually 
have been the one who suffered from malaria. Jesuit priests of Peru 
documented the Amerindian practice of making a powder from the 
bark of the Cinchona tree and drinking it in a beverage to treat a 
variety of agues. In 1633, an Augustinian monk, Fray Antonio de 
la Calancha, made the first written record in Latin of the successful 
use of the bark. He described its widespread use for ague in Lima, 
Peru (6). How the bark got from Peru to Europe is a matter of great 
debate. Either the Countess and her husband or the Jesuit priests 
may have introduced it to Spain and Italy sometime in the 1630s. 
An ecclesiastic, Cardinal Juan de Lugo, is credited with purchas-
ing large amounts of the bark and distributing it with great suc-
cess in Rome, where malaria was endemic at the time. From there 
the costly bark was taken via church couriers to other Italian cit-
ies, England, Germany, and Belgium. Spain had received the bark 
directly from Peru. The chronicle of the bark of the Cinchona tree 
was filled with intrigue after demand in Europe outpaced supply. 
Cheating became common. Other pulverized bark was substituted, 
creating some doubt about the effectiveness of treatment. In the 
17th century there were no assays, biological or chemical, to ascer-
tain whether the material was actually going to be effective. Indeed, 
no one had any idea what the active ingredient was. As European 
powers attempted to colonize malarial regions of the globe, several 
countries attempted to retrieve the Cinchona tree to cultivate the 
so-called fever tree back home. They generally failed in their at-
tempts to bring live trees back to Europe. The French attempted to 
cultivate it in Algeria, but the climate was too dry. Even the name 
of the tree was poorly handled in Europe. In 1742, the Swedish nat-
uralist Linnaeus included the tree in his famous taxonomy of the 
natural world, dubbing it “Cinchona.” It should have been spelled 
Chinchona (from the region where it was first found), but the error 
was never corrected. When political instability occurred in South 
America in the late 18th century, the supply of the Cinchona bark in 
Europe was seriously threatened.
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Scientists attempted to discover the active ingredient of the 
Cinchona bark for years. Finally, in 1820, two French chemists iso-
lated two active compounds from the bark: quinine and cinchonine. 
Physicians quickly discovered that it was quinine that was the effec-
tive treatment of tertian and quartan fevers. Extraction of quinine 
from the bark proceeded. Attempts to synthesize quinine chemically 
failed for over 100 years until 1944, when two Harvard scientists, 
Robert Woodward and William Doering, finally succeeded. But the 
failed attempts to synthesize quinine had an unexpected windfall. In 
1847, William Henry Perkin, an 18-year-old chemistry student, tried 
to synthesize quinine but by accident produced the first aniline dye, 
mauveine (3).

The link between the development of dyes and therapy for in-
fectious diseases is a curious one. Paul Ehrlich is found right in the 
middle of it. To understand this connection, we must go back to the 
origin of the European dye industry and then to the life of Paul Eh-
rlich and his early theories. In the early part of the 19th century gas, 
mostly ethylene gas, was used in the lamps that illuminated streets 
and buildings. The ethylene came from coal distillation, a process, 
you will recall, first developed in the medieval Islamic culture. 
Around 1812, the demand for ethylene gas accelerated the distilla-
tion of coal. Coal tar was the by-product of this process, accumulat-
ing in large amounts until a new use was discovered. Boiling and 
distilling tar produced two oils: creosote and pitch. Creosote was 
used to preserve wood. Pitch was sold to manufacture asphalt. Af-
ter the discovery of the first aniline dye in 1847, a German chemist, 
August Hoffmann, determined in 1850 that creosote contained both 
benzene and aniline. Hoffmann was able to use creosote and other 
waste products to manufacture a variety of aniline dyes. Germany 
quickly became the center of the European dye industry, producing 
aniline dyes in an extensive variety of colors.

Among other uses, the new dyes produced in Germany had 
medical applications in staining tissues. Rudolf Virchow’s scientific 
expertise placed Germany as the leading cellular pathology center in 
the world in some small part because of the availability of various 
aniline dyes to stain human tissues. At first, Paul Ehrlich also used 
these dyes to study human tissues, but later he began to speculate 
on their therapeutic uses. His efforts set in motion the discovery of 
new therapeutics and paved the way for an entire pharmaceutical 
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industry for the next century. Curiously, aniline dyes have links to 
another of Ehrlich’s contributions that sparked a new field—immu-
nology. The achievements of Paul Ehrlich are sometimes overshad-
owed by those of some of his contemporaries, like Robert Koch and 
Joseph Lister. But Ehrlich provided a vital impetus for a revolution-
ary change in treatment and in the understanding of the body’s de-
fenses against infections.

Early Influences

Paul Ehrlich was born on 14 March 1854 in the Prussian town of Streh-
len (now Sztrelin, in Poland). His father, Ismar Ehrlich, was a pros-
perous Jewish innkeeper, described as a man of cheerful manner but 
detached and odd, sometimes sitting at a window for hours, talking 
hurriedly to himself. His mother, Rosa Weigert, seemed to compen-
sate for this idiosyncratic behavior, personally tending to customers 
of the inn and taking wonderful care of the household, which in-
cluded three daughters in addition to their son. Ehrlich’s grandfather 
imparted to the boy an interest in natural science and chemistry. Paul 
Ehrlich seemed to inherit his father’s speedy pattern of speech that 
seemed to show impatience and nervousness, but he exhibited his 
mother’s warmth as well. His secretary and biographer, Martha Mar-
quardt, described Ehrlich speaking with vivid forms of expression, 
often with visual references (7). His first cousin, Karl Weigert, was 9 
years Ehrlich’s senior. Weigert exhibited his own scientific prowess as 
a professor of pathological anatomy and saw the scientific potential in 
his younger relative. Weigert exerted a profound influence on Ehrlich 
and remained a close friend throughout his life.

Ehrlich’s Discovery of the Mast Cell

Ehrlich attended the University of Breslau, near his hometown, for a 
term. Ehrlich was disappointed in his studies, showing interest only 
in biology and histology, though he showed an exceptional grasp 
of organic chemistry. Ehrlich transferred to the University of Stras-
bourg in the middle of the 1870s. The prominence of the German 
chemical industry in aniline dyes frequently found biological appli-
cations at the university. Ehrlich became fascinated, almost obsessed, 
with the subject. On his own initiative, he began to experiment with 
histologic staining of tissues, almost to the exclusion of his other 
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university courses. Fortunately for Ehrlich, one of his professors, 
Heinrich Waldeyer, recognized Ehrlich’s interest and understood his 
peculiarities. Waldeyer gave Ehrlich relatively free rein in his labora-
tory. Ehrlich quickly rewarded his professor with a discovery. Us-
ing various dyes, Ehrlich identified a cell with prominent granules 
that could be selectively stained with certain dyes, which he called 
mast cells. We know these cells to have granules filled with a chemi-
cal called histamine. Mast cells, with their histamine granules, are 
prominent in tissues of persons with allergic reactions. Histamine is 
the chemical that produces the flushing and watery eyes in someone 
having an allergic reaction. The chemical also changes the perme-
ability of capillaries, allowing white blood cells and other proteins to 
engage foreign substances. The change in permeability of capillaries 
and the resulting flood of cells and proteins in tissues caused Ehrlich 
to believe that the cells had a nutrient role. He named them Mastzel-
len, from the German Mast, meaning feed, and zellen, meaning cells. 
In his third term, Ehrlich passed his Physikum, the German equiva-
lent of an examination over the material from the first and second 
years of medical school.

First Meeting with Robert Koch

Ehrlich returned to Breslau on the advice of his cousin, Karl Weigert, 
who encouraged him to pursue an opportunity to work with Julius 
Cohnheim, another prominent pathologist. During his time at Bre-
slau, Ehrlich was working in Cohnheim’s laboratory when he was 
introduced to a visiting physician from nearby Wöllstein who had 
come to the university to demonstrate his work on the anthrax bacil-
lus. The physician, Robert Koch, was introduced to Ehrlich and later 
told, “That is ‘little Ehrlich.’ He is very good at staining but he will 
never pass his examinations” (8). Such was the humble first meet-
ing of two future Nobel Prize-winning physicians who would work 
together years later.

Doctoral Dissertation: Theory and Practice 
of Histologic Staining

Ehrlich finally passed his Breslau examinations with a mark of “ex-
cellent.” Ehrlich then completed his medical studies at the Univer-
sity Leipzig, graduating with a Doctor of Medicine degree in 1878. 
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He wrote his doctoral dissertation on staining methods with aniline 
dyes and their significance in medicine. It was entitled “Contribu-
tions to the Theory and Practice of Histologic Staining. Part I. The 
Chemical Conception of Staining. Part II. The Aniline Dyes from 
Chemical, Technological and Histologic Aspects.” His thesis, revo-
lutionary for its time, emphasized the theory of staining tissues: i.e., 
why do some tissues take up certain stains? Ehrlich reasoned that 
there was a chemical bonding of different substances to protoplasm, 
a process not often considered by pathologists and biologists who 
were busy simply using the stains. Ehrlich argued that (i) staining 
reactions are purely chemical in nature; (ii) staining reactions show 
a marked degree of specificity; and (iii) to a large extent, structure 
defines function—i.e., the chemical side chains that are attached to 
the aniline core of a dye define the strength of the attachment to the 
cell. These theoretical concepts, the importance of chemical reactions 
in cells and the specificity where structure defines function, would 
influence Ehrlich’s lifework. Review of the original manuscript of 
the thesis also showed Ehrlich’s peculiar style of handwriting in the 
margins, where he shunned capitalization and most accepted forms 
of punctuation (8). In 1878, Ehrlich passed his state examination to 
become a physician and began his professional career.

The Charité Hospital in Berlin

At the age of 24, Paul Ehrlich secured his first position at the Charité 
Hospital in Berlin. Ehrlich was fortunate to have Friedrich von Frer-
ichs as his chief. From very early in his career, von Frerichs recog-
nized the unusual and distinctive capabilities of his young assistant. 
Ehrlich was skilled in diagnosis, but von Frerichs did not burden 
him with excessive clinical duties. He gave Ehrlich a free hand to 
work in his laboratory and carry out experiments. Ehrlich quickly 
earned a good reputation for staining preparations of blood from 
hospitalized patients. He was an expert stainer with exacting tech-
niques. Ehrlich soon garnered such a reputation that crowds of stu-
dents, followed by university professors, came to him to learn his 
staining techniques. Ehrlich’s staining of blood smears helped to 
distinguish among the various kinds of white blood cells, notably 
basophils, eosinophils, and neutrophils. His work set the foundation 
for the developing branch of medicine called hematology. Ehrlich 
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was not content to merely stain blood or tissues. He strove to under-
stand how the stain got into the cell, speculating that its entry was 
dependent on the size of the molecule. Ehrlich tried to determine to 
what component of the cell the stain was binding.

Improving the Identification of the Tubercle Bacillus

After several years in his position in Berlin, Ehrlich attended a meet-
ing of the Physiological Society of Berlin in 1882. It was at this sensa-
tional event that Robert Koch announced his discovery of the tubercle 
bacillus. Ehrlich later described the evening as the greatest scientific 
experience of his life. On the night of the lecture, an inspired Ehrlich 
experimented with dyes. He had already improved upon Koch’s 
staining technique the very next day. The enhancement came from a 
happy accident. Ehrlich had left some slides with stained tissues con-
taining the tubercle bacteria on top of a small stove to dry overnight. 
Without seeing the slides, the cleaning lady had lit the fire in the stove 
in the morning. When Ehrlich came in to the laboratory, he rushed to 
save his specimens, fearing the worst. But the heat had improved the 
staining, allowing easier identification of the bacilli under the micro-
scope. The mishap led to one of Ehrlich’s “Big G’s.” In this case, he 
used the German word Glück, or luck, which Ehrlich said was impor-
tant for successful work. He also included Geduld, Geschick, und Geld—
patience, ability, and money—in this adage. Ehrlich summoned Koch 
immediately to tell him of his discovery. Koch acknowledged the im-
provement in a publication. Thus began a long period of collaboration 
between the two men. Ehrlich participated in later trials of tuberculin 
as a remedy for tuberculosis. Even as it became clear that tuberculin 
was a treatment failure, Ehrlich stood by Koch.

A year later, Ehrlich married Hedwig Pinkus, the daughter of a 
Jewish industrialist, who was to remain his understanding, faithful, 
and lifelong companion. The couple had two daughters. They, like 
all visitors to Ehrlich’s office, had to endure his practice of smoking 
strong, black cigars—a lifetime habit that occasionally presented a 
quandary when Ehrlich repeatedly and insistently offered the cigars 
to guests.

In 1885, Ehrlich published a basic research monograph entitled 
“The Oxygen Requirement of the Organism” that held a key posi-
tion in his developing theories. Ehrlich extended the view that was 
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evident in his doctoral dissertation concerning the study of dyes and 
intracellular physiology by introducing the idea that color changes 
and staining properties of dyes are related to the oxidation/reduc-
tion capacity of the cytoplasm of a particular cell (17). While the con-
nection from this monograph to infectious diseases, immunity, and 
chemotherapy may not be readily apparent, it formed the basis of 
Ehrlich’s side chain theory (see below). Additionally, Ehrlich specu-
lated that since most bacteria had a high oxygen requirement, cells 
that provided a reducing environment, i.e., cells that bound oxygen 
strongly themselves, would provide a hostile setting for such micro-
organisms and thus would be involved in immunity.

Death of von Frerichs

Paul Ehrlich’s career changed with the sudden death of his first chief, 
von Frerichs, in 1885. His successor, Carl Gerhardt, did not allow 
Ehrlich the freedom to which he had become accustomed. Gerhardt 
forced Ehrlich to increase his clinical duties, which Ehrlich disliked. 
To make matters worse, Ehrlich acquired tuberculosis, which he di-
agnosed himself from staining his own sputum. He used the disease 
as a reason to quit his job at Charité Hospital and move his family 
to the dry climate of Egypt for the next 2 years. His cousin, Felix 
Pinkus, wrote much later that pulmonary tuberculosis was not the 
primary explanation as to why Ehrlich left Berlin:

Ehrlich’s mind could not bear any bonds. Just as a highly-strung race-
horse would end by quivering helplessly in the yoke, breaking down 
as a result of nervous excitement without advancing or making any ef-
fective effort, so Ehrlich’s body would pine away when his spirit was 
fettered . . . After the sudden death of his patron and friend, von Frer-
ichs, the greatest disaster which had befallen Ehrlich, he was forced 
into drudgery, was compelled to march the old road of clinical routine. 
He could not endure this, and visibly began to fade away until he had 
to free himself in order to save his life. His illness was called tubercu-
losis of the lung, and he had the clinical symptoms of that disease. But 
what he was suffering from mostly was constraint. (9)

Back to Berlin

In 1889, the Ehrlichs returned to Berlin. Strong and healthy again, 
Paul Ehrlich was content to set up his own laboratory on a small 
scale, financed by his father-in-law, and work independently. Ehrlich 
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worked on plant toxins, ricin and abrin, in his meager laboratory. In 
an 1891 publication, Ehrlich wrote,

In the course of my investigations on the relationship which exists for a 
vast number of substances between chemical constitution, the distribu-
tion within individual organs, and physiological activity, as was quite 
obvious from systematic experiments, I was also necessarily led to the 
meaningful study of poisonous proteins . . . the same relationship ought 
to be of interest for an understanding of infectious diseases. (17)

Ehrlich connected chemical science to immunity with his work on 
studies with ricin that he carried out in his laboratory. He showed 
that using small, increasing doses of ricin could produce a tolerance 
or immunity to their effects in animals. He showed that there was 
a substance present in blood that counteracted the effects of ricin. 
Most importantly and for the first time, Ehrlich distinguished be-
tween active immunity (giving ever-increasing doses of ricin to an 
animal to actively make it immune) and passive immunity (giving an 
experimental animal the substance from the blood of another animal 
which had been made immune). Ehrlich noted that active immunity 
has a long duration; passive immunity is appreciably shorter. These 
concepts were groundbreaking and years ahead of their time, as we 
shall see.

Robert Koch, who had been appointed the director of the newly 
founded Institute for Infectious Diseases, offered Ehrlich a position 
at the Institute in 1891. Ehrlich leapt at the offer. Ehrlich was now 
positioned to help and eventually lead in what would become one of 
the most extraordinary periods in the history of infectious diseases.

Discovery of the Diphtheria Antitoxin and Serum Therapy

Modern therapy for infectious diseases did not begin with penicil-
lin, sulfa drugs, or even chemical/drug therapies. Modern therapy 
for infectious diseases started with a serum treatment for diphtheria. 
The story behind the “miracle treatment” began a few years before 
the time Ehrlich joined Koch’s staff. In 1884, Friedrich Loeffler, work-
ing in Berlin under Koch, had characterized the causative agent of 
diphtheria, Corynebacterium diphtheriae. The disease was an upper 
respiratory illness characterized by sore throat, low-grade fever, 
and a characteristic adherent membrane, called a pseudomembrane 
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since it was mostly comprised of bacteria and acellular material, 
on the tonsils. Swelling of the tonsils or associated lymph nodes in 
the neck could cause breathing difficulties, sometimes completely 
obstructing the upper airway. But the virulence of the disease was 
largely related, as we know today, to a toxin produced by the caus-
ative bacterium. As diphtheria progressed, the toxin would be car-
ried throughout the body. The toxin was quite potent; very small 
amounts could cause serious complications, mostly to the heart and 
the nervous system. We now know that toxins would interrupt pro-
tein synthesis of cells, leading to heart failure or an interruption of 
the heart’s rhythm; either could lead to death. Alternatively, nerve 
function could be affected, leading to paralysis, notably of the respi-
ratory muscles. Unless placed on a ventilator, which was unavail-
able at the turn of the 20th century, the paralyzed person would die 
of respiratory failure. Tragically, diphtheria was generally a disease 
of children. In 1892, an estimated 50,000 children had diphtheria in 
Germany alone; over 50% died from the disease (18).

In 1888, Émile Roux and Andre Yersin from Institut Pasteur in 
Paris isolated the diphtheria toxin. They showed that it was the toxin 
that could produce the disease known as diphtheria. Efforts at the 
Institute for Infectious Diseases in Berlin were aimed at finding a 
way to abate the intoxication induced by the bacterial poison. Emil 
von Behring took a position at the Institute in mid-1889. He had been 
fascinated with bacteriological research for several years and eagerly 
accepted a position with Koch. Behring undertook an experiment 
where he infected guinea pigs with Corynebacterium diphtheriae and 
then treated them with iodotrichloride. A few of the infected ani-
mals survived. Behring then reinfected the surviving animals with 
what should have been lethal amounts of the toxin-producing diph-
theria bacterium. This time, none developed disease. Behring then 
performed a crucial experiment that led to an entirely new therapy. 
He injected a new group of guinea pigs with the diphtheria toxin but 
also injected them with sera from animals that had survived his ini-
tial experiments. The serum-treated guinea pigs survived! The prin-
ciple of an antitoxic effect of serum therapy had been established. So 
had a new term originated by von Behring—antitoxin. Simultane-
ously, working at the Institute for Infectious Diseases as well, Jap-
anese-born Shibasaburo Kitasato found analogous results working 
with rabbits and the tetanus toxin. The possibility of treatment, even 
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cure, of these deadly diseases using serum antitoxins could not be 
denied.

Cellular Immunity and Humoral Immunity

The experiments by Kitasato and von Behring helped to develop a 
new theory of immunity. In 1884, a Russian scientist working at In-
stitut Pasteur named Ilya Mechnikov had discovered the principle of 
phagocytosis, the cellular process where a particle is engulfed by the 
cell membrane. This finding led to the concept of cellular immunity. 
But the investigators at Koch’s Institute, among others at the time, 
had formed a thesis that something other than a cell might be re-
sponsible for immunity—the notion of humoral immunity. Humoral 
immunity, as we know it today, refers to the formation of antibody 
and accessory acellular processes to deal with foreign substances. 
But it was only a theory. To develop practical production of serum to 
treat humans was a formidable obstacle. This was the situation when 
Paul Ehrlich began his work at the Institute for Infectious Diseases 
in Berlin. Ehrlich became acquainted with Emil von Behring and de-
veloped a close personal relationship with the man, who, coinciden-
tally, was the same age as Ehrlich, born only 1 day later.

Standardization of Diphtheria Antitoxin

The two friends began to tackle the practical problem of serum pro-
duction for treatment of diphtheria. Ehrlich had experimental expe-
rience giving ever-increasing doses of ricin to animals so that they 
could tolerate up to a 1,000-fold-increased dose of toxin that would 
have killed an untreated animal. He worked out the precise method 
of measuring the curative value of the antitoxin using units defined 
in relation to a fixed standard. Soon, potent antitoxin to the diphthe-
ria toxin was obtained from horses. British physiologist Sir Henry 
Dale wrote in his 1954 reminiscence of Paul Ehrlich,

Ehrlich knew from the first  .  .  . that a biological measurement, like 
any other measurement, has no real meaning unless it is made in rela-
tion to a fixed, invariable standard. And it may be noted yet further 
that von Behring’s contribution to the practice of active immuniza-
tion against diphtheria did not extend much beyond the initial dis-
covery and recommendation; so that in any account of its practical 
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and systematic application, now so widely successful, it would be 
necessary to mention the names of a number of others (in addition to 
Ehrlich) who were responsible for its first trials. (2)

In collaboration with the company Meister Lucious and Brüning in 
Höchst, a district of Frankfurt, large-scale production of serum con-
taining diphtheria antitoxin began. Diphtheria patients on the pedi-
atric wards of several Berlin hospitals were given the standardized 
serum, with great success. Ehrlich carefully assessed the results of 
the experimental therapy, noting three tenets:

1.  Treatment needed to be initiated at the onset of disease.

2.  The later in the course of the disease, the higher the serum 
quantities needed for cure.

3.  Minimal dosing could be recommended, depending upon 
the severity of the disease.

The success of antitoxin for diphtheria made von Behring a world-
wide celebrity; he became known as the “Children’s Savior.” von 
Behring loved the limelight but did not always credit Ehrlich and 
others who had helped him. Soon a rift developed between the two 
friends. In 1893, von Behring wrote out a contract with Ehrlich, 
splitting the acquisition costs and describing the distribution of any 
revenues from the serum production. But von Behring and a fac-
tory representative called Ehrlich urgently to a meeting. von Beh-
ring spoke of a state institute for research where Ehrlich could be 
the director. von Behring said he would use all his influence to get 
Ehrlich appointed to this position. von Behring pointed out that in 
the event of this appointment, Ehrlich would have to resign from 
his contract due to conflict-of-interest issues with someone who was 
a government employee. Ehrlich was delighted with the prospect 
of becoming a director of a research institute, so much so that he 
paid inadequate attention to the specifics of the contract. When von 
Behring’s influence was not sufficient to create the research institute 
and keep his promise, Ehrlich was crushed. Meanwhile, von Beh-
ring established the “Behring-Works” and kept much of the income 
from the success of the serum treatment, making him a wealthy man. 
By 1894, von Behring had left Berlin. The two men never saw each 



Paul Ehrlich and the Magic Bullet 247

other again. In 1899, Ehrlich wrote a friend who inquired about the 
experience,

I am not surprised at what you tell me about Behring. He has reaped 
as he sowed . . . He owes his success with the diphtheria serum, es-
pecially his big material success, to me. When we started to work to-
gether his serum contained only 1/4 to 1/2 a unit of antitoxin per 
cc, while mine had thirty. I had worked with ruminants, goats, and 
cows, whereas he had used horses, which give much stronger anti-
toxins. When, with great difficulty and after nearly nine months of 
hard work, he had, by using my methods, reached 100-150 units, he 
tried to bring me into discredit, pretending that I knew nothing about 
immunization and that he obtained a much higher unitage that I did, 
etc. . . . I always get wild whenever I think of that dark period and the 
way in which Behring tried to hide our scientific partnership. But the 
revenge has come. He can see how far he has got without me since our 
separation. (10)

Behring actually received the first Nobel Prize in Medicine for “his” 
work on serum therapy in 1901. In his Nobel address, he made only 
one passing mention of Ehrlich’s name and never mentioned Kita-
sato’s name at all. But Ehrlich turned out to be correct. von Behring 
never did achieve much significant scientific success beyond his 
antitoxin discovery. In the end, Ehrlich’s quantitative approach to 
standardizing the diphtheria antitoxin had a lasting effect. Thorvald 
Madsen, who became one of the world’s authorities in immunology 
in the early days of the field, stated,

Ehrlich’s immunity unit plays the same role for antitoxin measure-
ment as does the Standard Meter for the measurement of length. (17)

However, Paul Ehrlich was just getting warmed up.

The Steglitz Institute and the Royal Prussian Institute 
for Experimental Therapy in Frankfurt

In 1896, Paul Ehrlich did achieve his dream of becoming the director 
of an institute when he was invited to become Director of the State In-
stitute for the Investigation and Control of Sera in Steglitz, a borough 
of Berlin. The small German government institute was hampered by 
meager budgets and limited resources. Ehrlich did not mind. He was 
finally a director. Ehrlich’s enthusiasm and energy in the laboratory 
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were obvious to any visitor. Ehrlich was quoted as saying, “As long 
as I have a water-tap, a flame, and some blotting paper, I can work 
just as well in a barn.” Ehrlich remained productive during his time 
in Steglitz, publishing scientific papers and standardizing antisera 
including diphtheria and tetanus. But for much of his time in the 
tiny institute, Ehrlich was aware of a coming change in his career. In 
the late summer of 1896, the mayor of Frankfurt, Franz Adickes, an-
nounced the founding of an institute for experimental therapy in his 
city. Three years later, in 1899, the Royal Institute for Experimental 
Therapy, under the direction of Paul Ehrlich, opened in Frankfurt. 
There, Ehrlich would spend the rest of his life and make some of the 
most important discoveries of his career.

The Side Chain Theory—The First Theory 
of Antibody Production

In Frankfurt, Ehrlich and his colleagues continued to regulate sera 
as they had done in Steglitz, so the Royal Institute for Experimental 
Therapy was often referred to as the Serum Institute. But Ehrlich had 
time available to perform research in other areas of interest. From 
his time in Steglitz he had been working on a theory that developed 
from his visual mind, from his staining theory in his doctoral dis-
sertation, and from the work on the diphtheria antitoxin. It became 
known as the side chain theory. When a government official came to 
visit Ehrlich in 1897, he queried Ehrlich about a recent publication on 
the subject, asking him to explain, in person, what this theory was. 
His personal secretary, Martha Marquardt, later recorded Ehrlich ex-
plaining his own theory.

Cells have the ability to attract foreign chemical substances which 
have specific chemical relationship to the substances of the cell itself. 
Whenever such substances come in contact with the cell, a chemical 
binding takes place. This is as close, and as well adjusted, as a key is to 
its lock. . . . Still another, better picture . . . In order to incorporate the 
chemical stuff, the cell will, so to speak, stretch out arms, “receptors”, 
to catch and get hold of the substances. The group giving the foreign 
substance its affinity for the cell receptor, the haptophore group, will 
be caught by the receptor, the catching arm, and thus anchored to the 
cell protoplasm. If the foreign substance has also a toxophore group, 
giving it poisonous properties, the cell may be killed. If it survives, 
the receptors will be regenerated in excess, some will float off into the 
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serum, and there function as a specific antibody for foreign substance, 
having an affinity for it. (11)

While the side chain theory got many of the mechanisms of anti-
body formation wrong, it was the first model of antibody formation 
in immunity. The side chain theory anticipated theories of later im-
munologists, including Niels Jerne’s network theory of antibodies 
and Frank Macfarlane Burnet’s theory of clonal selection, by over 
50 years (1, 5, 17)! Ehrlich had trouble convincing his colleagues, 
who thought the idea was madness. There were problems with this 
theory that began to cause difficulties for Ehrlich. For example, crit-
ics asked how the body could possibly have prepared receptors 
for such a bewildering variety of potential antigens, biological and 
chemical. The side chain theory fell out of favor, awaiting immunol-
ogists and geneticists who determined the mechanisms by which 
immunologic diversity could occur. Ehrlich became impatient with 
the criticism. He countered some, but not all, of the criticisms with 
further experiments, but he began to turn his attention to develop-
ing a receptor theory using chemicals, not the body’s immune de-
fenses. His side chain theory suggested to Ehrlich that there was a 
specific interaction between the antitoxin and toxin, as specific as a 
key fitting a lock. He began to take his concept of chemical specific-
ity with dyes and cells from his doctoral thesis and put it together 
with the key-and-lock receptor theory. He theorized that it should 
be possible to isolate or synthesize small chemicals that would act 
specifically on an infecting microorganism, leaving the host unaf-
fected. He would spend most of the remainder of his life looking for 
the “magic bullet.”

The Magic Bullet: the Dawn of Chemotherapy 
for Infectious Diseases

Today, we take for granted the concept of treating infectious diseases 
using drugs. But aside from quinine, chemicals or drugs that could 
effectively treat infections were rare before the beginning of the 20th 
century. There was no standardized method to search for them. Qui-
nine was discovered by accident. It took over a century to even fig-
ure out what the active ingredient in Cinchona bark was. Many of 
the major causative bacteria were identified in the late 19th century. 
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But diagnosis did not immediately lead to treatment. How would 
one even start a search for such medicines? Paul Ehrlich developed 
the theory and the method.

Ehrlich’s search for therapeutic agents started with his work 
with dyes, especially methylene blue. Ehrlich found that this dye 
seemed to have a special affinity for nerve fibers of certain animals. 
He injected it into living animals and found that it stained a tiny 
parasitic worm in the bladder of a living frog. He removed the worm 
and could see that the methylene blue had stained the nerve and 
muscle fibers of the worm as it crawled along. He reasoned that, like 
the lock-and-key type of specificity he had theorized about during 
his work on immunity, some dyes might have specificity for para-
sites but could cause the parasite to die and leave the host relatively 
untouched. In describing his concept, Ehrlich wrote,

Curative substances—a priori—must directly destroy the microbes 
provoking the disease; not by an action from a distance but only when 
the chemical compound is fixed by the parasites. The parasites can 
only be killed if the chemical has a specific affinity for them and binds 
to them. This is a very difficult task because it is necessary to find 
chemical compounds, which have a strong destructive effect upon the 
parasites, but which do not at all, or only to a minimum extent, attack 
or damage the organs of the body. There must be a planned chemical 
synthesis: proceeding from a chemical substance with a recognizable 
activity, making derivatives from it, and then trying each one of these 
to discover the degree of its activity and effectiveness. This we call 
chemotherapy. (16)

Paul Ehrlich coined the term chemotherapy and was eager to put it 
to use. In 1904, Ehrlich began working with trypanosomes. These 
protozoa produced a disease in mice similar to African sleeping sick-
ness in humans. Ehrlich had noted that one particular dye, benzo-
purpurine, could remain inside a living organism for a long period. 
He tested it in animals with trypanosomiasis. It seemed to have a 
small but definite effect on survival in the treated compared to the 
untreated mice with the disease. He believed that the reason for its 
suboptimal effect was related to its poor solubility. A colleague at 
a German pharmaceutical company made the compound more sol-
uble by synthesizing a derivative with an additional sulfonic acid 
group. Ehrlich tried it in the infected mice again, with great success. 
The dye, now called trypan red, after the action on trypanosomes, 
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was the world’s first chemotherapeutic agent. Unfortunately, the dye 
did not work well as a treatment for African sleeping sickness in hu-
mans, but the theory now had proven merit.

Investigators in Liverpool, England, had reported in 1906 some 
experimental success in treating trypanosomal infections with an 
arsenical compound called Atoxyl. Ehrlich had tried it but did not 
find success with the chemical. Moreover, use of the compound in 
humans with sleeping sickness showed a serious toxic effect on 
the optic nerve, running the risk of blindness. Atoxyl was virtually 
abandoned. But Ehrlich was not ready to give up. He investigated 
the chemical structure of Atoxyl and found differences from the ac-
cepted chemical structure. He began to experiment with derivatives 
of the compound.

In September of 1906, Ehrlich’s laboratory became part of the 
new Georg Speyer Haus for Chemotherapeutical Research. The in-
stitute was endowed by the wealthy widow of Georg Speyer with 
the expressed purpose of allowing Ehrlich to continue his work on 
chemotherapy and was built next to Ehrlich’s existing lab. Ehrlich 
and his assistants began to see some progress with various deriva-
tives of Atoxyl. They tested hundreds. Considerable activity was 
noted against trypanosomes with arsenophenylglycin, compound 
418. The testing continued until Ehrlich came to compound 606, 
chemically known as dioxy-diamino-arseno-benzene dihydrochlo-
ride. The records show that this compound showed no activity 
against trypanosomes. In retrospect, the reasons to explain com-
pound 606’s lack of activity were unclear. The activity of compound 
418 was so active in animals that it may have overshadowed com-
pound 606’s activity. Alternatively, some of the testing may not 
have been properly performed. Either way, further experiments 
with compound 606 were curtailed when Ehrlich’s assistant for 
these experiments left his lab.

The Nobel Prize

In 1908, Ehrlich received news that he and Ilya Mechnikov of Insti-
tut Pasteur had been awarded the Nobel Prize in Medicine for their 
groundbreaking studies in immunology. In the midst of his work, 
Ehrlich headed to Stockholm, Sweden, for the award, clutching two 
boxes of cigars under his arm. Fearing he would be unable to secure 
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his favorite brand in Sweden, he brought his own supply for the trip. 
In his Nobel address, Ehrlich discussed his work on humoral im-
munity that had brought him to that day, specifically the side chain 
theory. He also included a discussion of his ongoing work on che-
motherapy, explaining how it was actually an outgrowth of his side 
chain theory and his work with dyes (15).

Early on, the Nobel Prize committee seemed eager to award priz-
es in medicine to those working on infectious diseases and immunol-
ogy. Five of the first eight Nobel Prizes in Medicine were awarded 
to men who worked on infectious diseases and/or the immunologic 
response to infection (Table 1). Since 1909, there have been 93 years 
in which a Nobel Prize in Medicine has been awarded. In only 20 of 
those years was the Nobel Prize awarded for an infectious disease 
or immunologic discovery. The predominance of awards in the first 
decade of the 20th century probably represents both the enormous 
activity in the field and the relative importance of infectious diseases 
in society at the turn of the 20th century.

When Ehrlich returned to Frankfurt from the ceremonies in 
Stockholm, his many friends organized a party to suit the man. Rath-
er than a stuffy, formal dinner with speeches from various dignitar-
ies, a beer party was held in a large hall. Ladies were not admitted. 
Even Ehrlich’s wife and two daughters could only watch from the 
galleries above.

Table 1        Some early recipients of the Nobel Prize

Year Recipient and reason for award

1901 Emil Adolf von Behring, for his work on serum therapy, espe-
cially its application against diphtheria

1902 Ronald Ross, for his work on malaria

1905 Robert Koch, for his investigations and discoveries in relation to 
tuberculosis

1907 Charles Louis Alphonse Laveran, in recognition of his work on 
the role played by protozoa in causing disease

1908 Paul Ehrlich and Ilya Ilyich Mechnikov, in recognition of their 
work on immunity
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Compound 606—Salvarsan

In the spring of 1909, Sahachiro Hata, a pupil of Ehrlich’s old friend, 
Kitasato, came to Frankfurt to work with Ehrlich (Fig. 1). Hata came 
to work on syphilis, not trypanosomiasis. In 1905, Fritz Richard 
Schaudinn and Erich Hoffmann had determined the causative bac-
terium for syphilis, Treponema pallidum. No one had yet ascertained 

Figure 1        Paul Ehrlich (left) and Sahachiro Hata (right). Courtesy of the 
National Library of Medicine. doi:10.1128/9781555817220.ch12.f1
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methods to artificially cultivate the microorganism, but Hata had de-
veloped an animal model of the disease in rabbits. Ehrlich suggested 
trying the arsenicals in the syphilis rabbit model, simply because he 
reasoned that both parasites had high metabolic rates. Martha Mar-
quardt describes the effort that went into the testing.

No outsider can ever realize the amount of work involved in these 
long series of animal experiments, with treatments that had to be re-
peated and repeated for months on end. No one can grasp what me-
ticulous care, what expenditure and amount of time were involved. 
To get some idea of it, we must bear in mind that Arsenophenylglycin 
had the number 418, Salvarsan the number 606. This meant that these 
two substances were the 418th and 606th of the preparations which 
Ehrlich worked out. People often, when writing or speaking about 
Ehrlich’s work, refer to 606 as the 606th experiment that Ehrlich made. 
This is not correct, for 606 is the number of the substance with which, as 
with all the previous ones, very numerous animal experiments were 
made. The amount of detailed work, which all this involved, is be-
yond imagination. (12)

Hata reported his first trials to Ehrlich, saying that he believed that 
compound 606 was very efficacious. Ehrlich’s previous experience 
with compound 606 against trypanosomes had shown nothing. Eh-
rlich made Hata repeat the experiments over and over again. The 
treatments with compound 606 were amazingly effective in rabbits 
infected with syphilis. Hata was a tireless worker, but his patience 
began to wear thin. Ehrlich was finally convinced that compound 
606 was active in syphilis. The 606 compound remained the most 
effective of any substance Hata tested. With definitive proof of its 
activity against syphilis in rabbits, Ehrlich’s excitement could barely 
be contained. Other investigators had tried compound 606 on dogs, 
with good success. So, Ehrlich quietly gave some of his physician 
colleagues a little of the compound to test on humans. His friend Ju-
lius Iversen, at the Obuchow Hospital in St. Petersburg, used the ex-
perimental 606 compound to treat a number of hospitalized patients 
with relapsing fever and primary syphilis, reporting that they were 
completely cured. The compound was less effective against later 
stages of syphilis after the disease had caused paralysis, but some 
improvement was seen. Ehrlich and Hata prepared manuscripts for 
publication, but in April 1910, it was time to announce the effective-
ness of compound 606 to the world.
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The Public Announcement of Salvarsan at the 
Congress of Internal Medicine in April 1910

Ehrlich chose the Congress of Internal Medicine in Wiesbaden, 
Germany, to make a public announcement of his discovery. Eh-
rlich, Hata, Iversen, and others described their work. The medical 
community greeted the news with great enthusiasm. The news-
papers got wind of the presentations and generated spectacular 
headlines but used the misleading name “Ehrlich-Hata 606” for the 
compound. Finding a new substance to treat syphilis created the 
same sort of commotion that had occurred in Berlin when Robert 
Koch announced his “cure” for tuberculosis. There were important 
differences. Ehrlich did not intend to relive the mistakes made by 
his mentor, Robert Koch. He had both laboratory and clinical evi-
dence to back up his claims of compound 606’s efficacy. Because 
he had been working with compound 606 since 1907, Ehrlich had 
patented the drug. He had control over its production and distribu-
tion. Ehrlich was not going down the same road with compound 
606 that he had been down with serum therapy of diphtheria. The 
response to the announcement, especially the public response, was 
immense. This new discovery was the first scientifically grounded 
treatment for a disease that affected millions of people. After the 
Congress, Ehrlich was swamped with requests. Visitors appeared 
at his laboratory from across the globe. Ehrlich had made arrange-
ments to perform further clinical testing of compound 606 before 
the Congress began. Ehrlich graciously sent each visitor to the 
nearest clinic since he had no clinic facilities. But Ehrlich was exact-
ing in his instructions to each clinic that did receive a supply of the 
drug. The clinics had to promise to carefully select patients only 
with the primary stage of syphilis, where compound 606 seemed 
most effective. They had to keep careful, detailed records of their 
care and send a copy to Ehrlich.

The preparation and handling of large quantities of compound 
606 became an important part of Ehrlich’s duties. A contract with a 
chemical factory in Höchst required that the factory suspend other 
production to work solely on compound 606. A name, Salvarsan, 
was patented, since compound 606’s chemical name, dioxy- diamino-
arseno-benzene dihydrochloride, was monstrous.
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Ehrlich distributed compound 606 to any clinic or doctor that 
asked for it at the beginning. But the demand soon outpaced sup-
ply. Ehrlich wanted to keep informed of the amount of Salvarsan 
that was distributed, the doses and the names of the recipients. His 
usual compulsive industrious work ethic was pushed to the limit. 
Surviving seemingly on mineral water and cigars, Ehrlich managed 
to maintain an enormous workload, keeping careful records of drug, 
clinics, and patients, yet still finding kind words for everyone who 
appeared with requests. Ehrlich became even more of a celebrity. 
Successful reports poured in; so did money. But Ehrlich was tremen-
dously generous. He helped collaborators and coworkers and their 
families financially, often without ever mentioning these great kind-
nesses to the people he saw every day.

Troubles Introducing Salvarsan to Human Medicine

One facet of Ehrlich’s efforts to introduce Salvarsan to human medi-
cine that has gone generally unnoticed is that he had the first chemo-
therapeutic agent in history but no guidance as to how to introduce 
the drug. Every problem imaginable occurred. Ehrlich had to deal 
with and solve each problem. Notably, Ehrlich set principles for the 
introduction of new agents that have largely remained unchanged. 
His notes provide direction to us all:

1) Unlike experiments with animals, it is not possible in the treat-
ment of man to fix or use the “dosis maxima bene tolerata” or the maxi-
mal well-tolerated dose. It is therefore necessary to take great pains 
over carefully conducted experiments, beginning with very small 
doses and gradually increasing them in order to find out the most 
efficacious dose.

2) In human beings primary sensitivities and acquired hypersen-
sitivities very often exist. More than half of all the medical substances 
used produce undesired reactions, even in small doses. With the new 
specific chemical preparations, we must always be prepared for this 
possibility, and realize that because of their powerful action grave re-
sults may sometimes occur.

3) These primary sensitivities and acquired hypersensitivities are 
a very great hindrance. For this reason the new treatment ought only 
to be tried out under conditions where the most careful and continual 
attention to the patient is possible.

4) Before treating a patient with the new preparations it is well to 
find out whether in his case there has been damage to any particular 
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organ or part of the body so that a “locus minoris resistentiae,” or site 
of lowered resistance, is to be feared, which might be particularly 
threatened by the new preparation...Before the new preparations are 
released for use in general medical practice very extensive tests must 
be made, and thorough experience of indications, contraindications, 
undesirable reactions, etc., must be obtained in order to avoid unfor-
tunate results which would bring this new field of investigation into 
discredit. (13)

These principles bear a striking resemblance to phases I, II, and III 
for clinical trials, required by the U.S. Food and Drug Administra-
tion before approval of a pharmaceutical. Ehrlich followed his own 
principles, giving great attention to reports of adverse reactions. The 
early problems were less about Salvarsan than the circumstances sur-
rounding its preparation, handling, and administration. Salvarsan 
had to be produced without exposing the drug to air or oxidation of 
the chemical would occur. The oxidative form could be toxic, caus-
ing blindness or even death. Once sent to the clinic, the solution con-
taining Salvarsan was also in danger of oxidation, causing the color 
of the solution to change from light yellow to dark brown. Eventu-
ally, Ehrlich ordered that the drug should be delivered in single-dose 
vials. Unfortunately, doctors made solutions of Salvarsan using tap 
water, leading to abscesses and necrosis at the sites of intramuscular 
injection. When Ehrlich learned of this practice, he examined leftover 
preparations used in clinics that were experiencing problems with the 
injections. Under the microscope he saw solutions teeming with bac-
teria. Ehrlich ordered the manufacturer to send freshly distilled (and 
eventually sterile) water with the Salvarsan with explicit instructions.

Despite successful reports and managing distribution and use 
problems, Ehrlich was aware that he had only built a foundation for 
a grand house. More reports surfaced demonstrating further prob-
lems with injections of Salavarsan. Some of the mishandling of Sal-
varsan led to doubts about its effectiveness. Ehrlich wrote,

It is almost unbelievable. Always this carelessness with the water, lack 
of skill in giving the injections, puncture of the muscle, necrosis . . . It 
is nothing but incompetence which should have been overcome long 
ago. And the unfortunate patient must pay for it. (14)

As experience with the drug increased and problems settled down, 
Ehrlich took a much-needed rest. But while on vacation, he received 
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a telegram that caused terrific alarm. A patient had lost hearing after 
a Salvarsan injection. Trembling with excitement, Ehrlich fired back 
a telegram to the sender in Vienna demanding to know more of the 
circumstances. He headed straight back to Frankfurt. Ehrlich ulti-
mately determined that the deafness was caused by a relapse of the 
disease, not the Salvarsan itself. The treating physician had used too 
low a dose, causing the relapse due to insufficient treatment. With 
larger doses of Salvarsan, the deafness completely disappeared. 
To avoid many of the problems with intramuscular injection with 
Salvarsan, Ehrlich advocated intravenous administration. Ehrlich 
worked tirelessly on the drug for which he became best known. His 
cousin, Felix Pinkus, later wrote,

In spite of all the new and enlightening progress which Paul Ehrlich’s 
work revealed, he always had the feeling that he had only just begun. 
What the world considered to be the final result of Ehrlich’s inten-
sive research was to Ehrlich himself only the beginning of still greater 
explorations into the unknown. He never enjoyed a success in tran-
quility and peace, but soon left behind the result just attained, and 
rushed forward in a profusion of deductions which carried him on 
with equal rapidity to a still higher peak of perfection; then this point, 
once reached, was in its turn again surpassed. (14)

Ehrlich and his assistants continued to test hundreds of preparations. 
Compound 914 showed its usefulness in animals. Ehrlich deter-
mined the maximal tolerated dose and its activity against syphilis in 
animals and then humans. While its activity was not as great as that 
of Salvarsan, compound 914, or Neosalvarsan, as it became known, 
was more soluble and much easier to produce and handle. To be 
sure, Neosalvarsan was an effective treatment for human syphilis 
(Fig. 2).

The introductions of Salvarsan and Neosalvarsan ushered in a 
complete transformation not just in syphilis but also in the concept 
of chemotherapy. Ehrlich had developed a means to search for and 
test new drugs. He pioneered principles to determine tolerability, ef-
ficacy, and the necessity to monitor for adverse effects. He demanded 
intravenous injection, which required careful technique and sterile 
materials. It is now used as a mode of administration throughout the 
world. But the introduction of treatment for syphilis is the discov-
ery for which Ehrlich is best remembered. For more than 40 years, 



Paul Ehrlich and the Magic Bullet 259

Ehrlich’s discovery remained the mainstay of syphilis treatment. As 
he said in his Nobel Address, “My dear colleagues, for seven years 
of misfortune, I had one moment of good luck.”

Awards and Honors

Towards the end of his life, many honors were bestowed upon Paul 
Ehrlich. In 1913 the city of Frankfurt renamed the street in front of the 
Georg Speyer Haus “Paul Ehrlichstrasse.” Many universities, both 
in Germany and abroad, awarded honorary degrees to Ehrlich. He 
received decorations from the German government, including the 
esteemed title Wirklicher Geheimrat, or privy councilor; a person of 
this rank in the German empire of the early 20th century would have 
been addressed as “Your High Excellency.” According to his secre-
tary, while Ehrlich took pleasure in these awards, some of his most 
satisfying joys came from simple postcards from cured patients, one 
of which he always kept in his wallet.

Last Years

When the First World War broke out in 1914, Ehrlich expressed great 
concern: “But this war is pure madness. No good can possibly come 
of it.” The war brought changes to the Georg Speyer Haus and the 
Serum Institute. Many men were called away to military service. As 
his institute deteriorated, so did Ehrlich’s health after a small stroke 
in 1914. He purchased a car to help him get to his laboratory from 
his home and back again, but as the war began, the military requisi-
tioned the car. Ehrlich went back to a horse-drawn carriage. For the 
first time in his life, Ehrlich no longer displayed vigor in his work. 
His declining health and the war greatly depressed him. In August 
of 1915, Ehrlich, his wife, daughter, and grandchildren went on vaca-
tion. Ehrlich suffered a second stroke, dying on 20 August 1915. He 
was buried in the Jewish Cemetery in Frankfurt. An obituary notice 
in The Times, in London, even in midst of the war, read,

The vast number of problems he set himself bear witness to the 
strength of his imagination. He opened, “new doors to the unknown” 
and the whole world at this hour is his debtor.

Sadly, after Adolf Hitler and the Nazi Party came to power in Ger-
many in 1933, the street sign honoring Paul Ehrlichstrasse was 
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Figure 2        (Left) Before treatment of syphilis. (Right) After successful 
treatment of syphilis with Neosalvarsan, 1915. Used with permission of 
the Mütter Museum of the College of Physicians of Philadelphia, Philadel-
phia, PA. doi:10.1128/9781555817220.ch12.f2
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removed and many of Ehrlich’s papers were burned because he was 
Jewish. His widow and children were persecuted as Jews until they 
left Germany in 1939. However, after World War II ended, the city 
of Frankfurt honored its famous resident posthumously, renaming 
the Institute for Experimental Therapy the Paul Ehrlich Institute and 
establishing the Paul Ehrlich Prize, which is a biennial award given 
on 14 March, Ehrlich’s birthday, in one of Ehrlich’s fields of research: 
immunology, cancer research, hematology, microbiology, and che-
motherapy. Ehrlich’s grandson collected his grandfather’s remain-
ing papers, donating them to Rockefeller University in the United 
States. Through the singular efforts of Paul Ehrlich, the world had its 
first chemotherapeutic agent for an infectious disease and a model 
on which to search for more such agents. But scientists soon discov-
ered that finding a magic bullet is exceedingly difficult.
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13
Alexander Fleming and the 
Discovery of Penicillin

During the first two decades of the 20th century, therapy for infec-
tious diseases remained rather meager. Progress in serum therapy 
produced antitoxins from horse sera against diphtheria, streptococci, 
Shiga toxin-associated dysentery, tetanus, and gas gangrene. There 
was also progress in passive immunization with antibodies from 
horse sera directed against some bacteria, including pneumococci, 
meningococci, and leptospira, and a few viral infections, including 
polio and distemper. But problems with serum therapy became evi-
dent quickly. Anaphylaxis often occurred when horse serum was 
used. The human body reacts to foreign proteins present in horse 
serum with its own antibodies. The most serious difficulty, immedi-
ate hypersensitivity reaction, is triggered by an antibody called im-
munoglobulin E (IgE) and can result in a severe, systemic response 
that can lead to shock or respiratory compromise. A more delayed 
reaction called serum sickness can also occur. In serum sickness, a 
different antibody is formed—IgG. This antibody, combined with a 
foreign protein, can deposit throughout the body. This IgG-mediated 
response was more common when large amounts of serum were in-
jected, such as for pneumococcal pneumonia. Rashes, joint pains, 
swollen lymph nodes, fever, enlarged spleen, and kidney damage 
were common problems associated with serum sickness. As a result, 
the use of horse serum was largely abandoned by the 1930s.

doi:10.1128/9781555817220.ch13
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Progress in Chemotherapy of Infectious Diseases

If Paul Ehrlich had lived considerably longer, further chemothera-
peutic discovery may have occurred at his Institute. Unfortunately, 
Salvarsan and Neosalvarsan remained the only chemotherapy for 
bacterial diseases for over two decades.

The connection between chemotherapy of infectious diseases 
and dyes did not end with the death of Paul Ehrlich. In the German 
dye industry, during investigations of azo dyes, a graduate student 
made para-aminobenzene sulfonamide in 1908 (9). Dyes were made 
from this compound that chemically bound with proteins in wool. 
Heinrich Hoerlein, an executive at the German chemical trust IG 
Farben, headed a team of scientists at their subsidiary, Bayer Labora-
tory, that believed, like Ehrlich, that coal tar dye could also bind to 
bacteria and parasites as a “magic bullet.” After years of fruitless 
effort with hundreds of dyes, Bayer researchers found one that actu-
ally worked in protecting mice from bacteria—Prontosil. The story 
of Prontosil and its related compounds intertwined during the first 
few decades of the 20th century with the story of penicillin, although 
the contrasts between the developments of these two antibacterial 
drugs are striking.

The Beginning of Sulfonamides

Gerhard Domagk led the investigations into the bacteriological ac-
tivity of Prontosil, the forerunner of sulfonamides. Domagk was a 
German veteran of World War I. He had been wounded and spent 
most of the war witnessing the horror of battlefield wound infec-
tions from his work as a medic. After the war, he completed his 
medical studies, receiving his Doctor of Medicine degree in 1921. In 
1927, he began working at Bayer Laboratories, a research division of 
the IG Farben conglomerate in Germany. With the help of chemists, 
Domagk and his team were testing some 30 chemicals a week for 
antibacterial activity.

The Beginnings of the Penicillins

Penicillin was discovered entirely by accident rather than by the me-
thodical trial and error process leading to Prontosil. At nearly the 
same time that Prontosil was found, Alexander Fleming stumbled 



Alexander Fleming and the Discovery of Penicillin 267

over the antibacterial compound that was produced by another mi-
croorganism, a mold. But his 1929 discovery would not find its way 
into clinical use for a decade. The reason for this delay had much to 
do with Fleming himself.

Alexander Fleming: Early Influences

Alexander Fleming was born on 6 August 1881 in southwest Scot-
land (14). He was the second youngest of eight children. His father 
had two daughters and two sons by his first wife, who passed away. 
He remarried at the age of 60. His second marriage resulted in a son 
and a daughter before Alec (as he was known) was born. A younger 
brother was born 2 years later, in 1883. His father had a stroke and 
died when Alec was only 7 years old. Fleming’s extended family was 
largely responsible for raising the boy. He attended school on the 
moors until 1893, when he went to Kilmarnock Academy, the alma 
mater of Robert Louis Stevenson and Robert Burns. At the age of 13, 
Alec moved to London. He was enrolled in Regent Street Polytech-
nic, where he did quite well in school. When Alec was 16, he took 
an apprenticeship with a shipping firm. Following the tradition of 
the males in his family, when Alec turned 18, he joined the London 
Scottish Rifle Volunteers. His short stature (he was 5 ft 6 in. tall) led 
to much teasing. Fleming did not have a prodigious career with the 
Volunteers, although he was an expert shot with a rifle. After 4 years 
out of school, Alec passed an examination that qualified him for en-
trance into medical school.

Fleming did well enough on his examination that he had his 
choice of 12 medical schools in London. He had no specific knowl-
edge of any of the schools, but he had played water polo against 
a team from St. Mary’s, the school he chose. Fleming began at St. 
Mary’s Hospital school in 1901; there he would spend the next 50 
years. He did well in his preclinical work, earning numerous awards. 
He also did nicely in the clinical years, performing well enough for a 
fellowship in the Royal College of Surgeons. He concentrated on ob-
stetrics at first. Then Alec decided to become a surgeon. He amazed 
his classmates by passing all four parts of the board examinations 
for the Royal College of Surgeons and Physicians with seemingly 
little studying and effort. Fleming’s career took a rapid turn when 
he was offered a position, not in surgery, but in pathology under the 
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direction of one of the most brilliant but controversial faculty mem-
bers, Sir Almroth Wright. But Fleming was unconvinced that the op-
portunity was right for him. His friend J. Freeman tried to persuade 
Fleming that the position would be a good one:

I plugged the fact that Almroth Wright’s laboratory would make a 
good observation post from which he could keep an eye open for a 
chance to get into surgery. I told him, too, that he would find work in 
the lab interesting, and that company there was congenial. The lab, 
at the time, consisted of only one room where the staff lived a sort of 
communal life. (16)

Almroth Wright and the Inoculation Department 
of St. Mary’s Hospital

Almroth Wright was the director of the Inoculation Department at 
St. Mary’s and a force with which to be reckoned. A giant of a man, 
Wright had an opinion about everything. Wright knew George Ber-
nard Shaw, who used Wright as the model for the physician char-
acter of his play The Doctor’s Dilemma. Supremely confident and 
authoritarian, Wright could speak 7 languages and read 11. Flem-
ing, always chided for his small size, was taciturn but had a dry wit. 
Surprisingly, these two opposite personalities meshed well together. 
Although he had no intention of becoming a bacteriologist, Fleming 
just went with the flow, publishing his first paper with Wright in 
1908. Wright’s primary interest, indeed passion, was vaccination. His 
efforts in vaccines brought revenues to St. Mary’s, making Wright’s 
scientific “republic,” as he called it, nearly financially independent. 
Wright’s research interests attempted to reconcile the prevailing but 
seemingly opposing views of immunity: cellular immunity and hu-
moral immunity. Wright would say that the components of humoral 
immunity were what the body “butters” the disease germs with to 
make the white cells (phagocytes) eat them.

Wright was also a friend of Paul Ehrlich. When Ehrlich devel-
oped Salvarsan, he gave some to Wright for clinical testing. It was 
Fleming who ran the clinical trial in London. Fleming was the first 
to use the chemotherapeutic agent in England and developed a rep-
utation for treating syphilis. Wright was relatively uninterested in 
research related to chemotherapeutic agents. Fleming, on the other 
hand, seemed intrigued by the research but still felt the calling of 
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surgery. After less than a year, Fleming took and passed all the clini-
cal requirements for full accreditation as a surgeon, but he continued 
in his role in Wright’s department.

Fleming and the First World War

With the outbreak of World War I, Fleming’s life took another dra-
matic shift. Wright went to the front lines, taking Fleming and an-
other colleague, Leonard Coleman, along with him. From a military 
hospital, they witnessed the appalling slaughter in the war. Fleming 
saw firsthand the toll that battlefield infections took on the troops. 
Wright assigned Fleming the task of culturing and identifying the 
bacteria causing the wound infections. Fleming’s research showed 
that 90% of the infections were caused by Clostridium welchii (now 
known as Clostridium perfringens); staphylococci and streptococci 
were also prominent. Lister’s methods of antisepsis were the stan-
dard of care, but Fleming noted that the antiseptics were not pen-
etrating all the areas of the wounds. He showed that it was not 
possible to sterilize a wound with the then-known antiseptics. The 
white blood cells could be shown to help destroy the bacteria gath-
ered in the wound. But Fleming devised experiments to show that 
the antiseptics were killing off the white blood cells, or phagocytes, 
and doing more harm than good (10). Fleming’s comments were not 
well received by the medical community, which viewed his research 
as an attack on Lister himself. Leading the assault was Sir William 
Cheyne, who was President of the Royal College of Surgeons and 
a friend of Lister. However, Fleming had the good fortune of hav-
ing Wright covering his back. In a masterfully worded response to 
Cheyne’s attacks, Wright turned the tables, using Cheyne’s own 
words to support Fleming’s and his own position (30). Fleming real-
ized that antiseptics were not the answer for these infected wounds. 
In Fleming’s own prophetic words,

What we are looking for is some chemical substance which can be in-
jected without danger into the blood stream for the purpose of destroy-
ing the bacilli of infection, as Salvarsan destroys the spirochetes. (17)

He could not have dreamed that he was going to be the one to dis-
cover just such a substance. During the chaos and carnage of World 
War I, Fleming found the time to get married in 1915 while on leave 
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in England. When Fleming returned to France to announce his mar-
riage, his colleagues believed it was just a practical joke. Well known 
for such gags, Fleming had difficulty convincing everyone that he had 
actually married. His bride, Sarah McElroy of Ireland, had a twin sis-
ter who married Alec’s brother. As the war ended, Fleming remained 
on the continent in an unsuccessful attempt to determine the cause 
of the 1918 influenza epidemic. He eventually returned to St. Mary’s, 
where he and his wife, known as Sareen, began to build a life together.

The Discovery of Lysozyme

Fleming’s discovery of penicillin was preceded by another discov-
ery, that of lysozyme. He was not tidy in his laboratory. A colleague 
who had come to work in Fleming’s lab wrote about the experience 
there:

I went to St. Mary’s to work in the Inoculation Department with Flem-
ing. From the very first he started to pull my leg about excessive tidi-
ness. Each evening I put my bench in order and threw away anything 
I had no further use for. Fleming told me that I was a great deal too 
careful. He, for his part, kept his cultures sometimes for two or three 
weeks to see whether by chance any unexpected or interesting phe-
nomenon had appeared. The sequel was to prove how right he was 
and that, if he had been as neat as I am, he would probably have found 
out nothing new. (18)

The importance of Fleming’s disorderly nature and its role in the dis-
covery of penicillin is well known, but it proved important in an ear-
lier development, the discovery of lysozyme. Fleming had cultured 
some mucus from his own nose 2 weeks earlier. There were golden 
bacteria covering the petri dish, but Fleming noticed something else. 
Surrounding the blob of mucus there was a zone where no bacteria 
grew at all. Fleming began to culture other secretions, looking for the 
substance that seemed to dissolve bacteria. He realized that freshly 
cultured mucus was even more potent. However, the dissolving, or 
lytic, power of lysozyme could be shown in tears, saliva, sputum, 
and other body fluids. Fleming excitedly described his observations:

It was possessed of extraordinary power. Up till then I used to won-
der at the much slower action of the antiserum which, when added 
to an infected broth warmed in an incubator or in the water bath, 
takes some considerable time to dissolve the microbes, and then only 
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incompletely. But when I studied this new substance, I put into a test-
tube a thick, milky suspension of bacteria, added a drop of tear, and 
held the tube for a few seconds in the palm of my hand. The contents 
became perfectly clear. I had never seen anything like it. (19)

Fleming investigated this substance, which seemed to be the body’s 
natural defense against invading microbes. It appeared to have the 
qualities of an enzyme and was termed lysozyme, since it dissolved 
the microbes. Luck had been Fleming’s ally in lysozyme’s discovery. 
First, Fleming stumbled into finding the zone of inhibition around 
the mucus that he had cultured. Second, Fleming was fortunate that 
the microbe on the original plate was sensitive to the action of ly-
sozyme. Fleming began to assess if other bacteria were susceptible 
to its dissolving effect, hoping that lysozyme was going to be the 
substance he had been searching for since the war. Unfortunately, 
Fleming’s luck ran out. He quickly determined that lysozyme’s ef-
fects were limited. The nonpathogenic bacteria were affected, but 
more dangerous pathogens such as the streptococcus were not 
destroyed. Fleming wrote that he was not surprised by this obser-
vation. Fleming reasoned that it was only natural that pathogenic 
bacteria would be resistant to the action of lysozyme. If they were 
not resistant to its action, they would not be pathogenic! Lysozyme 
would have destroyed them. Fleming presented his findings on ly-
sozyme to the Medical Research Club, a scientific body founded in 
1891. The physicians present did not ask a single question follow-
ing Fleming’s presentation, an ominous sign that the club found 
the paper to be essentially worthless. Fleming’s quiet, disorganized 
presentation style did not help matters. Even the dynamic Almroth 
Wright could not inject interest in lysozyme when he presented the 
work to the Royal Society in London in 1922. In the period between 
1922 and 1927, Fleming published six papers on lysozyme. He tried 
to isolate the substance to study it chemically but had little success 
since he lacked sufficient training in chemistry. He was disappointed 
that lysozyme was not the magic bullet for treating bacteria. Despite 
the frigid reception his discovery had in the medical community, 
Fleming thought that lysozyme might play an important role in the 
future. He was right. Eventually, other scientists appreciated Flem-
ing’s work on lysozyme. Lysozyme is still used today by scientists in 
the laboratory to gently dissolve the capsules surrounding bacteria. 
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Lysozyme also protects foodstuffs such as Russian caviar and has 
been added to wine as a preservative.

Work on Antiseptics

During the 1920s, Fleming continued to work on lysozyme, but he 
also worked on antiseptics, inspired by his observations during the 
war. Specifically, he devised experiments to study antiseptics’ action 
on bacteria and on white blood cells. Fleming observed that antisep-
tics kill white blood cells at concentrations much lower than those 
required to kill bacteria. Fleming concluded,

These experiments show that there is little hope that any of the anti-
septics in common use could be successfully introduced in the blood-
stream to destroy the circulating bacteria in cases of septicemia. (17)

Fleming’s safe chemical substance that destroyed pathogenic bacte-
ria remained elusive.

The Discovery of Penicillin: “That’s Funny”

Due to its importance in medicine, the story of penicillin’s discovery 
has become shrouded in legend and distorted truths. It started as a 
simple laboratory observation. Fleming had been invited to contrib-
ute an article on staphylococci for the Medical Research Council’s 
A System of Bacteriology. He was working with a colleague, Merlin 
Pryce, and studying the various forms and mutants of the bacteria. 
Fleming had dozens of cultures of staphylococci in his laboratory on 
any given day. In August of 1928, Fleming had returned from a vaca-
tion when Pryce went to see him in his lab. While the two coworkers 
were speaking, Fleming picked up a 2-week-old culture dish that 
had been contaminated with a mold—not an unusual event. Fleming 
told Pryce,

As soon as you uncover a culture dish something tiresome is sure to 
happen. Things fall out of the air. (19)

Then Fleming stopped talking. He kept looking at the dish. Finally, 
Fleming said, “That’s funny.” The dish had several large colonies 
of staphylococci and one colony of mold in pure culture, approxi-
mately 20 mm in diameter. What was “funny” was the zone around 
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the mold where hardly any bacteria were present. The finding was 
similar to his lysozyme discovery but with an important difference. 
Whatever was causing the inhibition of pathogenic bacteria was 
coming from another living organism. Fleming hardly looked up as 
he scraped a piece of the mold with a scalpel and placed it in a tube 
of broth. Pryce watched this process and later wrote,

What struck me was that he didn’t confine himself to observing, but 
took action at once. Lots of people observe a phenomenon, feeling that 
it may be important, but they don’t get beyond being surprised—after 
which, they forget. That was never the case with Fleming. I remember 
another incident, also from the time when I was working with him. 
One of my cultures had not been successful, and he told me to be sure 
of getting everything possible out of my mistakes. That was character-
istic of his whole attitude to life. (19)

Fleming kept the petri dish. It was to be his most prized possession 
for the rest of his life. The dish eventually found its way to the Brit-
ish Museum. I recall seeing it there in a glass case. Although com-
pletely dried, an outline of the mold and zone of inhibition were 
still evident. Sitting next to the petri dish in the case was the origi-
nal manuscript from Paul McCartney’s song “Yesterday,” although 
I never understood the Museum’s reasoning for placing those two 
items next to each other.

Fleming thought he might have found the substance that he 
had been looking for since the war. He found the evidence on the 
plate compelling, even though his colleagues seemed to only feign 
interest when Fleming showed them the plate. Fleming pressed on, 
giving this accidental finding all of his attention. The mold contami-
nation that had frequently occurred on his older culture plates had 
never looked like this one. Fleming grew the mold on an agar plate 
so he could test other bacteria in its presence. He found that certain 
microbes—streptococci, staphylococci, and diphtheria organisms—
were affected by the mold’s substance, whereas others, such as ty-
phoid bacilli, were not. Fleming then grew the mold in broth so he 
could extract the material that seemed to be responsible for the effect 
on bacteria. After several days of growth of the mold in broth cul-
ture, the liquid turned yellow. Fleming took a filtrate of the yellow 
liquid and found that it was as active on bacteria as the mold on the 
agar plate. The same types of bacteria were affected. Fleming diluted 
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the yellow liquid, only to find that a surprisingly weak solution—a 
500th the strength of the original—still affected staphylococci. Flem-
ing had to know just what this mold was. He showed it to a col-
league, C. J. La Touche, St. Mary’s mycologist, who decided it was 
Penicillium rubrum. Later, Fleming found that La Touche had mis-
identified the mold. It was actually Penicillium notatum.

Fleming found the substance produced by this mold to have 
unique properties. He showed that it did not simply inhibit certain 
bacteria (bacteriostatic); it killed the bacteria (bactericidal) in con-
centrations that were several hundred times more potent than any 
known antiseptic. Even more important, Fleming thought, the sub-
stance had no toxic effects on white blood cells. Fleming wrote,

It was the first substance I had ever tested which was more antibacte-
rial than it was antileukocytic and it was this especially which con-
vinced me that some day when it could be concentrated and rendered 
more stable it would be used for treatment of infections. (16)

A Decidedly Unstable Substance

The “some day” would be further away from Fleming’s initial obser-
vation than he would have liked. Fleming tested other molds to see 
if they also produced this kind of substance. None of them did. He 
began to realize how unusual his find was. Fleming injected the un-
purified substance into animals in extraordinarily concentrated so-
lutions, with no ill effects on them. But he found that this substance 
was decidedly unstable. During his work with lysozyme, Fleming, 
who readily admitted that he was not a chemist, had perfected some 
rudimentary methods to analyze and isolate compounds. Fleming 
and his assistant, Stuart Craddock, were optimistic but had the dif-
ficult job of isolating and characterizing this substance. When the 
substance was left in broth at room temperature, its antibacterial ac-
tivity rapidly diminished. The substance was also affected if it was 
in acid solutions, with diminished activity. Alkaline solutions made 
it more stable. As Craddock wrote,

We were full of hope when we started but as we went on, week after 
week after week, we could get nothing but this glutinous mass which, 
quite apart from anything else, would not keep. The concentrated 
product retained its power for about a week, but after a fortnight it 
became inert. (20)
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Eventually, Fleming and Craddock gave up on their attempts to ex-
tract the substance. Still, Fleming was full of hope that he had some-
thing of scientific importance.

First Presentation of Penicillin’s Discovery

Fleming prepared a paper for presentation to the same group that 
had greeted his discovery of lysozyme with a cold shoulder, The 
Medical Research Club in London. On 13 February 1929, Fleming 
read his paper to the group. Sir Henry Dale, chairman of the Club, 
recalled his presentation:

He [Fleming] was very shy, and excessively modest, in his presenta-
tion, he gave it in a half-hearted sort of way, shrugging his shoulders 
as though he were deprecating the importance of what he said . . . All 
the same the elegance and beauty of his observations made a great 
impression. (21)

However great the impression may have been, the silence following 
Fleming’s presentation was deafening. It was another signal from 
the Medical Research Group that they thought that the paper was 
utterly worthless. The physicians present had heard the first presen-
tation of one of the greatest advances in the history of medical sci-
ence, and not a single question was asked! Fleming was appalled, 
though he gave no outward sign of it. He had enough confidence in 
his discovery to prepare a manuscript for British Journal of Experimen-
tal Pathology (11). Fleming gave the substance in his “mould broth 
filtrate” the name penicillin in this paper, deriving it from the name of 
the mold. Little notice of his paper occurred at the time. But Fleming 
continued his interest in penicillin.

First Attempt To Purify Penicillin

In 1932, Fleming gave a chemist, Harold Raistrick, at the London 
School of Tropical Medicine and Hygiene strains of his Penicillium 
mold. Raistrick assembled a team to attempt to isolate penicillin. 
The team met with scientific and personal difficulties, including the 
untimely death of a young chemist on the team. Raistrick and his 
team were able to grow the Penicillium mold on synthetic media and 
extract penicillin in ether. But when they tried to evaporate the ether 
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to obtain pure penicillin, the powder that remained had no antibac-
terial activity at all. With the inopportune breakup of his team and 
the instability of the substance that they were attempting to isolate, 
Raistrick stopped his work, saying that unstable material “would 
never be of practical use in clinical medicine” (3). Fleming was dis-
appointed when a renowned chemist could not isolate penicillin. He 
ceased work on the substance but never gave up hope that someday 
someone would solve the problem of penicillin isolation. He saved 
the mold and gave samples to any person who requested it, a policy 
that became unexpectedly fortuitous. For nearly 10 years following 
its discovery, penicillin would lay dormant on the scientific shelves. 
It would take progress in another drug, Prontosil, to help pull peni-
cillin back down.

Prontosil: Early Work Leads to Success

In the years from 1927 to 1932, Gerhard Domagk was busy testing 
potential antimicrobial compounds against a virulent streptococcus 
in a mouse model of infection and in vitro. Progress for Domagk 
and his team was dreadfully slow but for completely different rea-
sons than those that slowed Fleming. His team’s results were er-
ratic, especially in the animal testing. Many scientists believed that 
chemotherapy for infectious diseases, as Ehrlich had envisioned, 
would never come to pass. Finally, in 1932, progress improved 
when Domagk worked out the testing of an azo dye derivative, 
sulfonamidochrysoidine (also known as KI-730). The KI-730 sub-
stance, dubbed Prontosil, worked in his animal model, protecting 
mice from injected streptococcal bacteria, but did not work against 
the same streptococcus in vitro. At the time, the investigators had 
no explanation for the activity of the Prontosil in the mouse model 
but not in the test tube. The company, IG Farben, was issued a pat-
ent for Prontosil in 1932. Domagk published the results in 1935 (8). 
The reason for the 3-year publication delay was never explained, 
but clearly, in 1932, people at IG Farben thought they were onto 
something. In 1936, Domagk and his colleagues were preparing to 
begin human trials for Prontosil when fate intervened. Domagk’s 
own daughter became seriously ill with a streptococcal infection. 
He used the drug on his own daughter, with dramatic success. 
Spurred on by this triumph, Domagk made Prontosil available for 
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wider human testing. Fleming’s colleague, Leonard Colebrook, 
was among those in England testing the drug and the more soluble 
Prontosil S. Colebrook successfully treated some human puerperal 
infections, although there were conflicting results from other inves-
tigators (7). However, Gerhard Domagk had made a chemothera-
peutic agent for the pathogenic streptococcal and other bacterial 
diseases a reality. For this contribution, he was awarded the Nobel 
Prize in Medicine in 1939.

The Discovery of Sulfanilamide

In France, scientists at Institut Pasteur, including Ernest Fourneau, 
made an important discovery in 1935. A part of the Prontosil mol-
ecule, sulfanilamide, was an effective antimicrobial agent itself. 
Fourneau’s research seemed to explain the unusual finding with 
Prontosil—its activity in vivo but not in vitro. Prontosil broke down 
in an animal (or human) body to derivatives; one was sulfanilamide, 
which was toxic to bacteria. The activity of the derivative made the 
German patent on Prontosil of little consequence to the French. Sul-
fanilamide began to be tested and marketed in France. In the course 
of 2 short years, sulfanilamide was on the market in Great Britain, 
France, and the United States. The success of sulfanilamide changed 
everyone’s thinking about chemotherapy of bacteria. In his thorough 
review of the origins of sulfa drugs, John Lesch pointed out,

One of the remarkable things about this story is that the skepticism 
about bacterial chemotherapy, so pervasive in early 1935, was every-
where dissipated by the Spring of 1937. (12)

With the discovery that a widely available dye, sulfanilamide, had 
antibacterial activity, organic chemists went to work modifying the 
chemical, which turned out to be relatively easy. The first derivative, 
sulfapyridine, was available by 1938. From 1935 to 1945, more than 
5,000 new sulfa drugs were prepared (12).

Renewal of Interest in Penicillin

The developments in sulfa drugs did not escape the notice of Al-
exander Fleming. But he was cautious in his optimism. Before the 
modern antimicrobial era had even begun, Fleming predicted its 
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Achilles’ heel. Fleming foresaw the development of resistance to the 
sulfa drugs:

This may be due to one of two causes. Either the more sensitive organ-
isms have been eliminated by the drug, while the naturally less sensi-
tive have survived. And, in reproducing themselves, have engendered 
whole resistant generations: or as a result of insufficient treatment, a 
microbe, once vulnerable, has acquired the power to resist. (21)

In the midst of the commotion over Prontosil, Fleming knew he had 
something even better. He confided to a colleague in 1935,

I’ve got something much better than Prontosil, but no one’ll listen to 
me, I can’t get anyone to be interested in it, nor a chemist who will 
extract it for me . . . I don’t know. It’s too unstable. It will have to be 
purified, and I can’t do it myself. (21)

Fleming had no way of knowing when he made those statements 
in 1935 that a team was assembling in nearby Oxford, England, that 
would do what he could not.

The Oxford Team

Howard Walter Florey headed the team at Oxford that was to iso-
late penicillin. But he did not start out at Oxford intending to study 
penicillin. Florey was interested in immunity and how substances like 
lysozyme might be involved in protecting the body against bacteria. 
He was born in Adelaide, Australia, in 1898. He completed his medi-
cal education in Oxford, England, on a Rhodes scholarship in 1924. 
From Oxford, Florey went to Cambridge and then spent 1 year in the 
United States on a Rockefeller Fellowship, a year where he was to 
make important contacts for his later work on penicillin. He returned 
to Cambridge and received his Ph.D. in 1927. After spending 4 years 
at both Cambridge and then the University of Sheffield, Florey came 
back to Oxford as a professor of pathology in 1935 and as the head of a 
laboratory studying immunity to bacteria. Florey’s laboratory contin-
ually suffered from paltry budgets, forcing Florey to fight for funds, 
which was not a chore he relished. But Florey was up to the task. His 
biographer, Gwyn McFarlance, met and described the man:

A rough, tough Australian, completely uncompromising, rather 
prickly, very energetic and tense as a coiled spring. And he brought to 
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his work this extraordinary dedication, which was very infectious, in 
such a way that he really could collect a team of people who became 
almost as dedicated and enthusiastic as himself. (15)

Florey wanted to study the effects of lysozyme on bacteria. He put 
together a team of scientists at Oxford that had expertise in areas 
where he did not. Florey’s complex and driven personality created 
distance and sometimes problems interacting with other members of 
his group. One member that Florey managed to attract to his group 
was Ernst Chain. Chain was born in Berlin in 1906. By 1933, Chain 
had received his doctorate in a relatively new field, biochemistry. 
Chain, a Jewish scientist, left Berlin the day the Nazis came to power 
and fled to England. He worked first in London and then Cambridge 
before Florey, who was looking for a biochemist, asked him to join 
his team in Oxford in 1935. Florey recognized the importance of bio-
chemistry in his work and gave Chain a relatively free hand. Chain 
believed that most biological phenomena such as the action of toxins 
and bacterial lysis could be explained in chemical terms. Chain began 
working on lysozyme, which he believed, correctly, to be an enzyme. 
Chain’s laboratory experiments isolated the enzymatic protein lyso-
zyme and determined the chemical from the bacterial cell that was 
the substrate for lysozyme—a polysaccharide. In 1938, Chain looked 
in the scientific literature for other substances that might lyse bacte-
ria or inhibit their growth. He found 200 papers on bacterial growth 
inhibition from substances that were produced by other microorgan-
isms. But little was known about the chemical properties of these sub-
stances. The success of Prontosil and sulfa drugs invigorated hope 
that chemotherapy of microbes could be a reality. After discussing the 
matter with Florey, the two men agreed that this was a fruitful area for 
research and developed a plan. Florey would examine the biological 
nature of a substance, including testing it in animal models of infec-
tion; Chain would examine the chemical properties of any found sub-
stances. Chain described his next step:

One of the most impressive and best described phenomena of bacterial 
antagonism which I found during the literature search was described 
in 1929 by the same bacteriologist who had discovered lysozyme some 
seven years earlier, Alexander Fleming. He had shown that a mould, a 
penicillium species which had settled on one of his Petri dishes, later 
identified as Penicillium notatum, had growth inhibiting properties 
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against a number of pathogenic bacteria. I had come across this pa-
per early in 1938 and on reading it I immediately became interested. 
The reason was that according to Fleming’s description the mould had 
strong bacteriolytic properties against the staphylococcus. (5)

At first, Chain believed that penicillin was an enzyme like lysozyme. 
This belief was strengthened by his study of Raistrick’s difficulties in 
isolating it because of the substance’s instability (6), a frequent char-
acteristic of enzymes. But Chain was wrong about penicillin being 
an enzyme, as he soon found out.

The Isolation of Partially Purified Penicillin

Chain’s first step was to get a sample of Penicillium mold. By coinci-
dence, a strain of Fleming’s mold was stored just down the hall. One 
of Oxford’s scientists and Florey’s predecessor, George Dreyer, was 
interested in bacteriophages, virus-like particles that invade bacteria, 
causing lysis of the cell. Dreyer had asked Fleming for a subculture 
of his mold, mistakenly thinking that a bacteriophage was responsi-
ble for Fleming’s observation of the inhibition of staphylococci on his 
famous plate. Dreyer soon realized that the effect that Fleming ob-
served was not due to a bacteriophage and stopped his work on it. But 
he saved the mold. Chain obtained a sample of it. Neither Florey nor 
Chain had any experience growing molds. Florey recruited help from 
a third member of the team, Norman Heatley, who became responsi-
ble for the microbiological aspects for the team. Florey tasked Heatley 
with growing large quantities of the mold to get sufficient amounts 
of penicillin. Personality clashes among the three men were evident 
from the beginning. Heatley refused to report to Chain, demanding 
that he would continue working only if he reported directly to Florey. 
However, the team’s sense of purpose won out. Chain began his work 
on penicillin in 1939, just as World War II broke out. Chain was famil-
iar with techniques to extract enzymes from his work on lysozyme. 
He used a freeze-drying technique that had been only recently devel-
oped and isolated partially purified penicillin. Chain’s chemical stud-
ies of penicillin confirmed its instability, especially in acid solutions 
or at high temperatures, but the work also showed that it was not an 
enzyme. Penicillin was a relatively small molecule. The investigators 
tested the substance on a mouse, injecting it with a whopping 20 to 
30 mg of partially purified penicillin, with no adverse effects on the 
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animal at all. They repeated Fleming’s experiments on white blood 
cells, finding that penicillin did not affect them. They also tested peni-
cillin in vitro against various bacteria, confirming Fleming’s findings 
on the spectrum of antibacterial activity.

The process of purifying penicillin was exceedingly difficult 
at first, but slowly Chain improved the process, which was mark-
edly different from developing derivatives of sulfanilamide for sulfa 
drugs. Sulfa drugs were made from a widely available dye that or-
ganic chemists could easily modify. Penicillin had to be isolated from 
a living organism that produced a highly active antibacterial sub-
stance but in minute quantities.

Penicillin Testing in Animals—Miraculous Results

From all their work, the Oxford team believed that they had a chemo-
therapeutic agent that needed to be tested in an animal model of in-
fection. In May 1940, they tested penicillin on a group of mice that had 
been infected with staphylococci, streptococci, and Clostridium septi-
cum. Heatley stayed in the laboratory all night to find that all the ani-
mals treated with a small quantity of penicillin survived, while all the 
control animals died—a miraculous result! More animal experiments 
followed, with the same results, leading to publication in Lancet (4). 
The authors commented in the article that penicillin was also active 
against anaerobic bacteria, including those that caused gangrene. Flo-
rey and his team realized that penicillin had great medical potential.

Fleming knew nothing of the Oxford team until he read their 
Lancet paper in 1940. Surprised and delighted, Fleming went to Ox-
ford to see Florey and Chain. “Shocked” was a better way to describe 
Chain’s reaction when Fleming showed up in his lab. Chain thought 
Fleming was dead! Chain, then, described his reaction to Fleming:

He struck me as a man who had difficulty expressing himself, though 
he gave the impression of being somebody with a very warm heart 
doing all he could to appear cold and distant. (22)

In actuality, Fleming could not have been more pleased to see what 
the Oxford team was doing. On his return to St. Mary’s Fleming told 
his assistant, Craddock,

They have turned out to be the successful chemists I should have liked 
to have with me in 1929. (4)
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The First Human Trials of Penicillin

The time had come to begin human trials of penicillin. The Oxford 
team was uneasy since they still had little purified penicillin on hand. 
Treating patients would be risky without large-scale production. Flo-
rey went to industry leaders, but all flatly refused. It may be difficult 
to imagine that companies would refuse to put resources into isolat-
ing one of the greatest medical treasures, penicillin. But the timing of 
world events intervened. In June 1940, after the German offensive in 
which France fell, Great Britain was in serious danger of an invasion. 
Factories were fully occupied with producing war materials, with no 
resources to spare. So, Florey told his team to produce a hundred liters 
of mold culture per week and extract penicillin themselves.

The First Penicillin Patient: the Oxford Policeman

By February 1941, they had a small supply of penicillin for a daring 
human experiment. An Oxford policeman who had a small scratch 
at the corner of his mouth became the first test patient. The small 
wound had become infected with staphylococci that spread through-
out his body, causing serious illness with abscesses everywhere. He 
was dying. The doctors tried sulfa drugs, without success, and gave 
the man no chance of survival.

On 12 February 1941, the first patient ever to receive penicillin 
received an intravenous injection of 200 mg. In 24 hours, he showed 
significant improvement. The penicillin was continued, and he re-
ceived a blood transfusion. But concerns were raised that there may 
not be enough penicillin to completely treat the patient. Arrange-
ments were made to collect the man’s urine and extract whatever 
amounts of penicillin that they could. The Oxford team knew from 
their animal experiments that penicillin was excreted in the urine, 
largely unchanged. By the end of 4 days of penicillin, the policeman 
was able to eat. He no longer had fevers. However, the 4 days of 
penicillin treatment was not enough, and the supply of the drug was 
exhausted. The man managed to live a few more days, but the infec-
tion recurred. On 15 March, he died.

Florey knew that penicillin had proven itself, but the man’s 
death presented problems proving it to the world. Critics would say 
that the blood transfusion could have been responsible for his tem-
porary improvement. The Oxford team became more determined to 
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obtain an adequate supply of penicillin. Three more patients were 
treated, two with spectacular success. The third was a child with 
coma who was improving until a blood vessel ruptured, resulting in 
death. With these and a few more cases, penicillin’s triumph could 
no longer be questioned. The team published their entire research, 
including the first nine humans treated with penicillin, in Lancet 
(1). In the publication they also described in detail their methods 
of growing the mold and purifying penicillin. But incessant bomb-
ing made large-scale production of penicillin in England impossible. 
Florey had no choice but to turn to the United States for help.

Penicillin Production in the United States

In June 1941, Florey made arrangements to head to America. He 
chose to take Heatley with him, not Chain. Chain never forgave Flo-
rey for leaving him behind, leading to a feud lasting years. Florey 
and Heatley had to fly through Lisbon, Portugal, in the heat of June, 
taking a precious and fragile cargo with them—strains of the Penicil-
lium mold. When they arrived in the United States, Florey turned to 
his American contacts for help. Eventually, the two men were led to 
Charles Thom, the Principal Mycologist of the U.S. Department of 
Agriculture, and Orville May, then Director of the U.S. Department 
of Agriculture facility in Peoria, IL. It was Thom who corrected the 
earlier noted error in identification of Penicillium notatum, which had 
been initially identified as Penicillium rubrum. Thom also recognized 
the rarity of the P. notatum strain, since none of his strains produced 
penicillin. The efforts of Florey and Heatley now diverged. Heatley 
stayed in Peoria to help with the large-scale culturing of the mold. 
Florey headed back east to interest the U.S. government and phar-
maceutical companies in penicillin.

Large-Scale Cultivation of Penicillium

Heatley spent 6 months in Peoria and shared all his knowledge of 
cultivating Fleming’s mold with two members of the U.S. Depart-
ment of Agriculture facility there, R. D. Coghill and A. J. Moyer. How-
ever, a component of the media that Heatley used in England was 
unavailable in Peoria. Moyer suggested an alternative: corn steep 
liquor. Peoria was in the middle of the wet corn milling industry. 
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Corn steep liquor, a waste product of manufacture of cornstarch, was 
available in large quantities. Corn steep liquor was used with a deep 
fermentation technique for Penicillium. This process produced expo-
nentially greater amounts of penicillin in the filtrate of the mold than 
the Oxford team had ever been able to produce. Coghill noted,

One of the least understood miracles connected with [penicillin] is 
that Florey and Heatley were directed to our laboratory in Peoria—the 
only laboratory where the corn-steep liquor magic would have been 
discovered. (15)

Another wonder of the penicillin story is the astonishing rarity of 
the Penicillium strain that produced the substance. During a 5-year 
period, Peoria researchers examined 1,000 other molds to see if they 
produced penicillin. Only three did: Fleming’s strain, another Peni-
cillium strain in the facility’s collection, and a mold found on a rot-
ting cantaloupe in a Peoria market that produced six times more 
penicillin than Fleming’s mold. Consider the odds for Fleming to 
have made his discovery!

Meanwhile, Florey tried to interest U.S. pharmaceutical firms in 
the commercial production of penicillin. Amazingly, he was initially 
spurned at every turn. Finally, with some U.S. government fund-
ing, he coordinated penicillin production with a number of compa-
nies, among which were Merck & Company, E. R. Squibb and Sons, 
Charles Pfizer and Company, Bristol Laboratories, Abbott Laborato-
ries, Winthrop Chemical Company, Cutter Laboratories, and Parke, 
Davis and Company.

Wartime Penicillin Production in the United States

In December 1941, world events once again influenced penicillin’s 
history. With the entry of the United States into World War II, the 
U.S. government took over penicillin production, which rapidly es-
calated. At the beginning of 1942, there was barely enough penicillin 
to treat a single patient. By the end of 1942, penicillin supplies al-
lowed the first large-scale use of the drug to treat patients burned in 
Boston’s Cocoanut Grove tragedy. The Cocoanut Grove was one of 
Boston’s most popular nightspots. On 28 November 1942, 800 peo-
ple were jammed into the place when a fire quickly took over. A bet-
ter firetrap could not have been deliberately designed. Side exits had 
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been bolted to keep patrons from skipping out on their bills. Win-
dows were boarded up due to the war’s blackout. The lights went 
out, sending people to the only exit they knew—the front revolv-
ing door. Firemen had to break down the door, finding bodies of the 
dead six deep. In all, over 490 people lost their lives. A great many 
survivors were burned or suffered smoke inhalation injuries. Hospi-
tals all over the city were overwhelmed, especially Boston City Hos-
pital and Massachusetts General Hospital (MGH). MGH received 
many of the burn patients. A tragedy of this magnitude (it was the 
second most disastrous U.S. fire, after Chicago’s Iroquois Theater fire 
in 1903, in which 571 people died) made national headlines. On 12 
December 1942, two chemists from Merck raced, with police escorts, 
to Boston’s MGH with penicillin, to help treat dozens of burn victims 
in the first extensive clinical use of the drug in the United States (13).

Penicillin and Patents

Issuing a patent for penicillin was a controversial topic from the be-
ginning. Chain raised the issue early on in his work at Oxford. He 
believed that obtaining a patent was essential. Florey and others in 
England held a much different view: patents were unethical for such 
a lifesaving drug and contrary to the research traditions in Great 
Britain. Indeed, penicillin was challenging the basic notions of a pat-
ent, considering that it was a natural product, produced by another 
living microorganism, raising a legal question of whether it could 
even be the subject of a patent. The prevailing view in the United 
Kingdom at the time was that a process could be patented, but a 
chemical could not. The publication in Lancet added to the discord 
among the Oxford team, since the article openly disclosed extensive 
details of all their methods for penicillin production and isolation 
(4). The American view on patents was more aligned with Chain’s 
view. Merck and A. J. Moyer each filed patents on the process of pen-
icillin production, with no opposition. Eventually, at the war’s end, 
British scientists were faced with paying royalties for a discovery 
made in England. Resentment towards the United States remained 
for a considerable period over penicillin patents. Chain publicly re-
buked the British community for not acting as he suggested. This 
disagreement, together with his personality conflicts with members 
of the Oxford team, prompted Chain’s move to Italy in 1948.
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Penicillin Use in England

After Florey returned to England, he and his team were impatiently 
awaiting supplies of penicillin from the United States at the begin-
ning of 1942. The first supply from Merck did not arrive until April 
1942 and was not sufficient to meet the many needs. So, the Oxford 
team had to continue its own meager efforts to produce penicillin. 
Florey’s wife, Ethyl Florey, headed a group of individuals, dubbed 
the P-Patrol, whose work was to secure the urine of any patient 
treated with penicillin in order to extract the precious drug.

Public Awareness of Penicillin: the Fleming Myth

In the summer of 1942, Fleming received a call from his brother, Rob-
ert, about a colleague who was dying of streptococcal meningitis, a 
life-threatening infection of the membranes surrounding the brain 
and spinal cord. Fleming immediately contacted Florey request-
ing penicillin. Florey gave Fleming nearly his entire supply. Flem-
ing took a courageous step of injecting the penicillin into the fluid 
around the spinal cord, known as an intrathecal injection. No one 
had ever injected the drug that way, but the man was dying. The 
treatment worked: the man recovered. The Times of London carried 
a story about the incredible treatment, but no names of any doctors 
or researchers were mentioned. Almroth Wright saw the article and 
corrected the oversight in his usual flamboyant style:

Sir: In the leading article on penicillin in your issue yesterday you 
refrained from putting the laurel wreath for this discovery round 
anyone’s brow. I would, with your permission, supplement your ar-
ticle by pointing out that, on the principle of palmam qui meruit ferat, it 
should be decreed to Professor Alexander Fleming of this laboratory. 
For he is the discoverer of penicillin and was the author of the original 
suggestion that this substance might prove to have important applica-
tions in medicine. (15)

Up to that point the media had paid little attention to penicillin. But 
Wright’s comments in the Times started a frenzy of media attention. 
Almost immediately, Sir Robert Robinson of Oxford sent a letter 
to the Times to acknowledge the role of Florey, stating that if Flem-
ing deserved a laurel wreath, Florey deserved at least a handsome 
bouquet. The press descended on St. Mary’s. Fleming was happy to 
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comply with requests for interviews, finding the whole affair some-
what amusing. He quickly became something of a celebrity. Florey, 
on the other hand, was in no mood to court the media. In fact, he pro-
hibited any of the Oxford team from giving media interviews. So, the 
press focused on Fleming, generally ignoring the Oxford team’s con-
tributions. The press portrayed Fleming as the sole inventor of the 
miracle drug. The adoration in the media and the distorted truths 
about penicillin’s discovery did not endear Fleming to the members 
of the Oxford team.

In 1943, Fleming received one honor after another, including 
Fellowship in the Royal Society. The “Fleming Myth” was born (29). 
But Fleming always acknowledged the role that chance played in his 
discovery. He once gave this piece of advice:

Never neglect an extraordinary appearance or happening. It may 
be—usually is, in fact—a false alarm which leads to nothing, but it 
may on the other hand be the clue provided by fate to lead you to 
some important advance. But I warn you of the danger of first sitting 
and waiting till chance offers something. We must work, and work 
hard. Pasteur’s often quoted dictum that Fortune favors the prepared 
mind is undoubtedly true, for the unprepared mind cannot see the 
outstretched hand of opportunity. (23)

The Nobel Prize

In 1944, the press contained rumors that Fleming was going to win 
the Nobel Prize in Medicine. The rumors were not true, but the 
Queen of England knighted both Fleming and Florey. The next year, 
1945, Fleming, Florey, and Chain shared the Nobel Prize for Medi-
cine. Fleming remained gracious and humble. At a banquet during 
the Nobel Award ceremonies, Fleming spoke about the lessons from 
the story of penicillin:

The first is that team work may inhibit the primary initiation of some-
thing quite new but once a clue has been obtained team work may be 
absolutely necessary to bring the discovery to full advantage.

The second is that destiny may play a large part in discovery. 
It was destiny which contaminated my culture plate in 1928—it was 
destiny which led Chain and Florey in 1938 to investigate penicillin 
instead of the many other antibiotics which had then been described 
and it was destiny that timed their work to come to fruition in war-
time when penicillin was most needed. (27)
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Fleming went on to a period of continuous honors after the Nobel Prize. 
After the war was over, he and his wife traveled extensively as Flem-
ing was showered with the honors, including his likeness on a stamp 
(Fig. 1). He had an audience with the Pope on three separate occasions. 
Despite his popularity and celebration, Fleming never did become an 
accomplished conversationalist. As one colleague described it,

[Conversing with Fleming] was like playing tennis with a man who, 
when he received a service, put the ball in his pocket. (15)

In 1946, Fleming assumed the title as Principal of St. Mary’s Institute 
of Pathology, as it was now called, when Wright retired. A year later, 
Wright died. Wright’s passing was a source of deep sorrow for Flem-
ing. Philip Wilcox of the Institute described the two men, who were 
so dissimilar but such friends:

Fleming was an easy man to get on with, and to me he always seemed 
to be unruffled and utterly lacking in fussiness or strained nerves. He 

Figure 1        Alexander Fleming’s image on a European postage stamp.
doi:10.1128/9781555817220.ch13.f1
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was calm, easy-going, docile, never detached from the world around 
him or over-engrossed in his work. In this respect he was more 
‘worldly’ than Sir Almroth Wright, who gave one the feeling that he 
was a man with a gigantic brain, concentrated on the world of bacte-
ria, and caring little for sport or gaiety. (24)

During the next 3 years, Fleming’s wife, Sareen, grew progressively 
weaker from an unknown illness. She died in October 1949.

After Sareen’s death, Fleming continued to work in his labora-
tory. There, he met Amalia Koutsouri-Voureka, who remained with 
Fleming as a research assistant for several years. Amalia was flu-
ent in three languages. She served as a translator for foreign visitors 
and accompanied Fleming on some trips. She returned to Athens 
in 1951. From 1951 to 1954, Fleming was Rector of Edinburgh Uni-
versity. But Fleming was emotionally shut down during this time, 
confiding in no one. He claimed that people put too much stock in 
what he said, so he felt it best to be cautious. In 1953, at a meeting of 
the World Health Organization in Athens, his former research assis-
tant, Amalia, showed Fleming the city and served as his guide at the 
conference. He was delighted. After only 3 days in Greece, Fleming 
proposed to Amalia. They were married shortly afterwards in Lon-
don. Fleming was 71; she was 39. Fleming enjoyed introducing his 
new wife to friends. His colleague and friend, Professor Roger Lee 
of Harvard, wrote,

Alec would sit down and sigh at times and explain that he was not a 
desk man, nor a travelling man; he was a laboratory man who would 
like to get back to the bench. I never knew how he did the travelling, 
the speeches, etc. He was always accommodating, and everyone loved 
him. Over the years I have had many communications from Alec, 
practically all of them short and brief . . . his letters were longer when 
he was discussing Amalia. (25)

In March 1955, after only 2 years of marriage, Alexander Fleming 
died suddenly of a heart attack at his home. He was 73 years old. 
Fleming was buried in the crypt of St. Paul’s Cathedral, a high honor 
in England. His longtime friend at St. Mary’s, C. A. Pannett, deliv-
ered the funeral oration:

Looking back on his career, we find woven into the web of his life a 
number of apparently irrelevant chance events without one of which 
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it would probably not have reached its climax . . . His choice of a pro-
fession, his selection of a medical school, his deviation into bacteriol-
ogy, his meeting with Almroth Wright, the nature of the work he did 
with him, the chance drop of a tear, the chance fall of a mould, all these 
events were surely not due to mere chance. We can almost see the 
finger of God pointing to the direction his career should take at every 
turn. (26)

The Chemical Structure of Penicillin

Attempts to determine the exact chemical structure of penicillin 
began in Robert Robinson’s laboratory at Oxford in the early 1940s 
but were hampered by the instability of the compound. A huge col-
laborative that included dozens of laboratories in both the United 
Kingdom and the United States was established in 1943 to deter-
mine the chemical structure and if penicillin could be synthetically 
produced. By the end of 1945, researchers showed that there was not 
a single penicillin molecule but a family of structures sharing an un-
usual ring structure that contained the usual carbon, hydrogen, and 
oxygen atoms of organic compounds but also nitrogen and sulfur 
atoms in an arrangement called a β-lactam ring, raising hopes that 
chemical synthesis would be possible. R. B. Woodward, who won 
the Nobel Prize in Chemistry in 1965 and was involved in the col-
laborative, described the difficulties of synthetic penicillin:

Despite the best efforts of probably the largest number of chemists 
ever concentrated upon a single objective the synthetic problem had 
not been solved when the program was brought to a close at the end 
of the War. (2)

In 1957, researchers at the Massachusetts Institute of Technology 
managed to synthesize penicillin in small quantities, but the pro-
cesses were not economically viable for mass production. The phar-
maceutical industry had to continue purifying the substance from 
Penicillium.

The Impact of Penicillin on Chemotherapy 
of Bacterial Diseases

The introduction of penicillin into clinical practice led to the modern 
antibiotic era, with the discovery in the 1940s and 1950s of many drugs 
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that were isolated from other microorganisms. The substances were 
no longer simply chemicals or chemotherapy. They were isolated from 
other microorganisms, leading to a new term: antibiotics. Among the 
many antibiotics that appeared during these decades were strepto-
mycin (Selman Waksman won the Nobel Prize for Medicine in 1962 
for its discovery), chloramphenicol, chlortetracycline, erythromycin, 
vancomycin, and kanamycin. Their discoveries occurred through a 
modification of method that Fleming had stumbled upon: methodi-
cally determining if a microorganism produced a substance that in-
hibited bacteria. Isolation and purification of any of these substances 
required rapid expansion of the fermentation process first developed 
for penicillin (28). The fermentation process took the pharmaceutical 
companies in entirely new directions since the industry had emerged 
from organic chemistry beginnings with sulfa drugs. Borrowing 
from the development of sulfa drugs, the industry began chemically 
modifying the penicillin molecule. Beecham Research Laboratories in-
troduced semisynthetic penicillins in the early 1960s, including methi-
cillin (1960), ampicillin (1961), and cloxacillin (1962). Other penicillin 
derivatives and a related class of antibiotics, the cephalosporins, were 
introduced shortly afterwards. Nearly all of the developments of the 
last 50 years in antibiotic discovery have their roots in the efforts of 
early investigators such as Domagk, Fleming, Florey, and Chain.
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14
Lillian Wald and 
the Foundations of 
Modern Public Health

Infectious diseases are not chance events but events that occur as a 
result of the infected host’s contact with their environment. Nowhere 
in medicine does the environment play such a crucial role in disease 
than in the field of infectious diseases. These connections have only 
been accurately assessed in the last 120 years. A disquieting num-
ber of infectious diseases have been associated with low social and 
economic status, including human immunodeficiency virus (HIV)/
AIDS, infectious diarrhea, meningitis, hepatitis, and sexually trans-
mitted diseases (3). Tuberculosis (TB) may be the single best example 
of the interplay between an infectious disease and the host’s envi-
ronment. TB rates are heavily influenced by social, environmental, 
and epidemiological circumstances and have been inversely corre-
lated with the income of various populations. Treatment of TB alone 
is not enough to control the disease. Socioeconomic factors may be 
more important determinants of epidemiological trends than treat-
ment programs (2).

As the germ theory of disease was taking shape in the latter part 
of the 19th century, deplorable living conditions in major European 
and American cities made them rife for TB, typhoid fever, and even 
cholera. Governmental public health departments either did not 
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exist or were fledgling offices. A system for dealing with the health 
needs of a population of people and improving their surroundings 
came not from a physician but from a nurse, Lillian Wald (Fig. 1). 
Understanding the essential role played by social and economic fac-
tors in disease, Wald sought to correct them in one of the most chal-
lenging areas in the world, the Lower East Side of New York City in 
the 1890s.

This chapter is noteworthy for its exceptions. Lillian Wald is the 
only woman profiled in this book. She was not a physician, although 
at one point, she studied to be one. Wald is also the only American 
with a chapter in this book. Finally, while all the preceding chapters 
have been largely in chronological order, this chapter is an excep-
tion that breaks, slightly, that order. Otherwise, Lillian Wald’s effort 
would have been presented as contemporary with those of Paul 
Ehrlich. Wald’s achievements are generally not considered by those 
cataloguing events on the time line of advances in infectious dis-
eases. During a seminar on the individuals profiled in this book that 
I gave at the Centers for Disease Control and Prevention, I asked the 
audience if anyone had heard of Lillian Wald. Within the large audi-
torium, no hand was raised. Yet her accomplishments and her influ-
ence in public health are so pervasive, especially in the United States, 
that they serve as the underlying foundation of the public health 
infrastructure. Wald’s story, with her impact on so many aspects of 
American life, is a tale worth knowing.

Early Influences

Lillian Wald was born on 10 March 1867 in Cincinnati, OH. She was 
the third of four children. Her father, Max Wald, was a successful 
merchant who moved from Cincinnati to Dayton, OH, and then in 
1878 to Rochester, NY. Wald considered Rochester her hometown. 
Lillian’s childhood was happy. Her grandfather, a successful mer-
chant himself, indulged her. Lillian never had to personally deal with 
the poverty that would challenge her life’s work. There were two 
distinguishing features of Lillian’s background that would affect her 
in subtle but profound ways. First, she was a first-generation Ameri-
can. Both her mother’s and her father’s families were European im-
migrants who fled the 1848 revolutions in Poland and Germany. She 
grew up with an understanding of the American immigrant point 
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of view. Second, Lillian Wald had a liberal Jewish upbringing that 
would later motivate her life’s work with the largely Eastern Euro-
pean Jewish immigrants of the Lower East Side of Manhattan.

Figure 1        Lillian Wald as a young nurse in uniform.
doi:10.1128/9781555817220.ch14.f1
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During Lillian Wald’s education in Rochester, she demonstrated 
great skills in languages, along with proficiency in math, science, 
and art. In 1889, she enrolled in the nursing program at New York 
Hospital. Upon graduation in 1891, she worked for a year at the New 
York Juvenile Asylum but left to become a doctor. Wald began taking 
courses at New York’s Women’s Medical College.

“Baptism of Fire”

During her first few months at the Women’s Medical College, Wald 
accepted an invitation to organize some nursing classes for immi-
grants on the Lower East Side of Manhattan. It was an experience 
that altered everything for Lillian Wald. Few people can point to a 
single circumstance that changes their life’s calling. The plea of a 
small child brought that circumstance to Lillian Wald. At the conclu-
sion of one of the classes, a small child desperately grabbed Wald to 
take her to her ill mother. Wald described the experience:

Over broken asphalt, over dirty mattresses and heaps of refuse we 
went . . . There were two rooms and a family of seven not only lived 
here but shared their quarters with boarders . . . [I felt] ashamed of be-
ing a part of society that permitted such conditions to exist . . . What I 
had seen had shown me where my path lay. (4)

Wald called the experience her “baptism of fire.” All her vague no-
tions of her life’s ambitions disappeared. She knew what she should do 
with her life. Lillian confided in the woman who had sponsored the 
class that she was teaching, Mrs. Fanny Loeb. Mrs. Loeb was the wife 
of a wealthy New York financier, Solomon Loeb. She told Mrs. Loeb,

We wouldn’t let animals live in a place like that. And these are hu-
man beings—brave people, good people. They must be, because they 
struggled to come to this country in order to give their children a better 
chance than they had . . . And they found filth and degradation. (8)

Wald’s Proposal: a Nursing Service

With an understanding and compassion for the immigrant’s plight, 
Wald proposed a bold plan to Mrs. Loeb. Wald wanted to live in that 
section of the city, perhaps with another nurse. The people of the 
neighborhood would get to know the nurses as friends so that they 
could bring nursing help directly into the homes of the residents. 
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Loeb was impressed with Wald’s sense of purpose and honesty. The 
proposal was wildly innovative and strangely practical. Loeb was 
so persuaded by Wald’s passion that she brought the idea back to 
her small group of wealthy, earnest people in New York who were 
devoted to financially helping the city’s poor. One of those in the 
group was her son-in-law, Jacob Schiff. Schiff was a German immi-
grant who had lived in New York since his arrival in 1865. He had 
married into the Loeb family but had his own energy and intelli-
gence to have climbed near the top of the financial world. Schiff had 
a great sense of responsibility, always giving one-tenth of whatever 
he made to charity. He believed that helping people help themselves 
was the best way to spend his money. He helped fund Wald’s initial 
venture into the Lower East Side of New York, which would become 
the beginning of a long financial and social relationship.

Lillian Wald spoke of her proposal to Mary Brewster, a fellow 
graduate of New York Hospital’s nursing program. Mary was slen-
der, even fragile, and a quiet woman. She was nothing like the enthu-
siastic and energetic Wald, except that both were passionate about 
being of use to the world. They both saw the needs of the people of 
the Lower East Side and knew that they needed help.

The Lower East Side of New York in the 1890s

In 1893, the population of New York City was a million and a half. 
Nearly three-quarters were foreign-born or first-generation Ameri-
cans. Most worked in factories or in their homes, making only 
enough money to barely survive. Children were sent to work to aug-
ment the family income as soon as they could be hired. The Lower 
East Side of the city became a mass of befuddled immigrants who 
shared tenements of unspeakable misery and filth. The immigrants, 
many of whom had moved from a rural existence, could not lean 
on their old ways. Many spoke little English. There was no one to 
instruct them on the ways of their new country.

The confusion of immigrants was not lost on the industrialists 
of the time, who grew rich on this cheap source of labor. For these 
newcomers, there were no unions or governmental organizations 
regulating the working or living conditions. Landlords grew fat on 
the rent from their tenements. The Lower East Side quickly became 
one of the worst slums in the world. About 190,000 people lived on 



300 Germ Theory: Medical Pioneers in Infectious Diseases

500 acres; in one section nearly 1,000 people lived on only 1 acre of 
land. Lillian Wald and Mary Brewster set out to find a home amid 
this horrid squalor.

The two women had one requirement: a bathroom. Finding suit-
able accommodations for two young women in the Lower East Side 
would be no easy feat without the requirement. But finding a place 
to stay with the miracle of modern plumbing became an immense 
challenge. They searched over cobblestone streets where residents 
dumped their garbage since there were no sanitation regulations on 
the Lower East Side. Eventually, they found a two-room apartment 
on the upper floor of a tenement on Riverton Street and moved in.

The Public Health Nurse

Lillian Wald coined the term “public health nurse” in 1893 for 
nurses who worked outside hospitals in poor and middle-class 
communities.

Our basic idea was that the nurse’s peculiar introduction to the patient 
and her organic relationship with the neighborhood should constitute 
the starting point for a universal service to the region . . . We consid-
ered ourselves best described by the term “public health nurses.” (5)

Specializing in both preventative care and the preservation of health, 
these nurses responded to referrals from physicians and patients, 
giving free treatment or charging according to the resources of the 
patient.

Wald’s first order of business was the procurement of authority. 
She rather presumptuously approached the president of the Board 
of Health. She tried to convince him that the poor were the city’s 
responsibility. The president remained unimpressed and concerned 
about giving two inexperienced nurses the right to use “Board of 
Health” on any badge. Wald reminded the president that she was 
not asking for money. Then, Wald promised to report on the sanitary 
conditions of the neighborhood. The president thought that ongoing 
reports on the sanitary conditions would be useful to him. Knowing 
that Wald and Brewster had the backing of two prominent New York 
City citizens, Jacob Schiff and Mrs. Loeb, he finally agreed.

In July 1893, Lillian Wald and Mary Brewster donned blue 
uniforms with their badges, “Under the Auspices of the Board of 
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Health,” and began their work. They intended to nurse the sick but 
quickly found “terrible filth everywhere.” The only water for many 
buildings came from sinks in the hallway that were often clogged 
with smelly refuse. The floors reeked with garbage odor. Among the 
first families that she was called to see, there was a small child who 
had been badly bitten by rats. The exhausted mother had been trying 
to care for her child, her husband (who had severe rheumatoid ar-
thritis), and another child whose mother had died. Wald helped the 
rat-bitten child and enlisted the aid of all the tenants of the building 
in a general housekeeping effort. She found the janitor, threatening 
some vague action if he did not improve the conditions of the build-
ing. He did, but only after Wald told him she would return to moni-
tor the situation.

Each day Wald and Brewster saw dozens of patients, some in 
their residence on Riverdale but most in their own homes. Illness 
was invariably accompanied by unemployment, hunger, neglect, or 
ignorance. The nurses tended to the sick but quickly began to teach 
the importance of health maintenance. Immigrants had an innate 
fear of institutions, especially hospitals. Wald recognized the fear. 
Once, the nurses found a household with several ill children. Their 
mother had gone without sleep for 4 days trying to nurse them rath-
er than take them to a hospital.

[The nurses took over for the mother]  .  .  . without mentioning the 
hospital at all. But when the worried woman awoke and saw the 
cleanliness Mary Brewster had created in the little room, the instru-
ments and materials she had brought with her, and the skill with 
which the nurse fed an unconscious child, she realized suddenly 
how inadequate her own best efforts had been. The woman asked 
if that was what a hospital would do. [Mary replied that] a hospital 
would do much more. (9)

Wald slowly convinced the residents of the neighborhood that in 
some circumstances, a hospital could give better care than the nurses 
could. After 2 months, another nurse joined Lillian Wald and Mary 
Brewster. Wald kept Jacob Schiff informed of their efforts and needs, 
which were ever increasing. Slowly, the residents began to trust the 
nurses. The nurses’ reputation began to extend outside the neigh-
borhood to hospitals, clinic staffs, doctors, Board of Health officials, 
policemen, and leaders of charitable organizations.



302 Germ Theory: Medical Pioneers in Infectious Diseases

The nursing service quickly expanded with financial support 
from Jacob Schiff as they developed credibility with all these organi-
zations, leading to a more efficient and coordinated response when-
ever a request came from the Nursing Service. Wald described her 
approach, its evolution and ultimate impact:

The service, through covering so wide a territory, is capable of con-
trol and supervision. The division into districts, with separate staffs 
for contagious and obstetrical cases, may be compared to the hospi-
tal division into wards. Like the hospital, it has a system of bedside 
notes, case records, and an established etiquette between physicians, 
nurses, and patients. Those that can best be cared for in hospitals are 
sent there, the sifting process being accomplished by the doctors and 
nurses working together. Approximately ten percent of our patients 
are sent to the hospitals . . .

The work begun from the top floor of the tenement comprised 
in simple forms those varied lines of activity which have since been 
developed into the many highly specialized branches of public health 
nursing now covering the United States and engaging thousands of 
nurses . . .

The [newly formed] New York Commission drafted the new 
health law in New York State (1913). “The advent of trained nursing 
marks not only a new era in the treatment of the sick, but a new era in 
public health administration.” This Commission also created the posi-
tion of Director of the Division of Public Health Nursing in the state 
department of health. (5)

TB and the Nursing Service

Like many before her, Wald appreciated the relationship between 
poverty and TB. She spent some of her early monies on disinfectants 
and sputum cups for TB patients. Although the prevailing textbook 
view was that Jews were nearly immune to the disease, the density 
of people on the Lower East Side, especially in the textile industry, 
led to TB’s nickname, the “tailors’ disease.” Wald and her nurses led 
a campaign of education and home visits, leaving written instruc-
tions to families with known TB cases. Wald described the effect.

. . . although it is pre-eminently a disease of poverty and can never be 
successfully combated without dealing with its underlying economic 
causes—bad housing, bad workshops, undernourishment, and so 
on—the most immediate attack lies in education for personal hygiene. 
For this, the approach to the families through the nurse and her ability 
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to apply scientific truth to the problems of human living have been 
found to be invaluable.

The National Association for the Study and Prevention of Tu-
berculosis in its report for 1915 states that the tuberculosis death rate 
in the registration area of the United States has declined from 167.7 
in 1905 to 127.7 in 1913 per 100,000 population; a net saving to this 
country of over 200,000 lives from this one disease. [Note: this de-
cline occurred more than 25 years before effective antituberculous 
antibiotics.] (6)

School Nurses Introduced in New York City Schools

In 1902, Wald became involved with the school system when she 
came upon a 12-year-old boy who was denied entrance to school be-
cause of a chronic skin condition, eczema. He had been given medi-
cine, but no one ever instructed the boy in its use. He was unable to 
read the directions. Embarrassed, he hid the medicine and never used 
it. After questioning the boy about his condition and discovering the 
existence of his medicine, Wald instructed the boy in the medicine’s 
use, with good effect. However, she needed to intervene with the 
school to ensure his reentrance. Wald’s interaction with the school 
system prompted her to maintain a list of students who had been 
wrongly prevented from attending school. She quickly realized that 
she needed to keep another list, those students who were attending 
school but should have been kept home. One such child had scarlet 
fever. Wald rapidly separated this child from the other children. She 
took the child directly to the Board of Health president, demonstrat-
ing to him the calamity that could have occurred had this child been 
allowed to remain in the classroom. Wald told the president that she 
recognized that it was not the teachers’ fault or their responsibility 
to be knowledgeable about contagious illnesses among the children. 
She suggested that one of her nurses be placed within certain schools 
to help. By the end of 1 month the nurse had given 893 treatments, 
visited 137 homes, and returned to their classrooms 25 children who 
had not been receiving any care until the nurse took over. The school 
system immediately recognized the value of the nurse’s work. The 
School Board voted money for the employment of a dozen school 
nurses—the first school system in the world to do so!

Hundreds of communities throughout the United States and the 
world followed New York’s example. The ubiquitous school nurses 
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in today’s schools owe their existence to Lillian Wald’s common-
sense approach to meeting the needs of the children in her commu-
nity. A school nurse’s impact on infectious diseases should not be 
devalued. This nurse can prevent outbreaks in highly susceptible 
populations of children by removing children with infectious dis-
eases from the school. More importantly, the school nurse is the one 
who ultimately certifies that children have had the required immu-
nizations before school entrance.

The House on Henry Street

Jacob Schiff recognized the immense value of Wald and her nurses 
to the neighborhood. He never hesitated in his financial support for 
their work. In 1895, Schiff found a larger and more suitable place than 
their previous residences in the Lower East Side of the city, a home on 
Henry Street. Ironically, the Henry Street Nurse’s Settlement House 
was located next door to the house where Lillian Wald had taught her 
first class. Wald soon became known as the “Angel of Henry Street.” 
Shortly after the move to Henry Street, Mary Brewster, whose health 
had never been strong, had to leave the nursing service, dying shortly 
thereafter. The loss of the person who started the work together with 
Wald was difficult for her. But Wald always seemed to find new nurses 
to replace or augment any losses. At a meeting of the National Con-
ference of Charities and Corrections, Wald solicited women of talent 
and spirit to join her public health nurses. Expansion occurred incre-
mentally, initially with the help of Jacob Schiff, but after a few years, 
the City of New York began to pitch in financially. By 1903, 18 New 
York City district nursing service centers treated 4,500 patients a year 
all around the city. By 1910, 54 nurses ran a convalescent center, three 
country homes, and several first aid stations.

During the period between 1903 and 1910, a gradual shift oc-
curred in focus of the settlement nursing service. Numerous boards 
of health began working with the Henry Street Settlement and oth-
er visiting nursing services to develop preventative programs for 
school children, infants and mothers, and patients with TB. Inspired 
by Wald’s vision, these nurses became the foot soldiers of a modern 
campaign for public health. By 1915, 100 nurses cared for more than 
26,575 patients and made more than 227,000 home visits in New York 
City alone. Around 1920, public health nurses began to specialize in 
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venereal diseases, TB, maternal and child welfare, and mental ill-
nesses. Wald was somewhat opposed to the public health nurses’ 
specialization. She believed in a broadly focused role for nursing for 
social betterment (1).

Columbia University and the Department of 
Nursing and Health

In 1910, Columbia University in New York created the Department 
of Nursing and Health, establishing the first nursing department in 
any American institution of higher learning. At Wald’s suggestion, 
the department affiliated with the Henry Street Settlement House. 
Nursing students would receive preclinical training and then gain 
field experience with Wald and her nurses. This affiliation was the 
earliest example of university-based field training of nurses outside 
hospitals.

Nationwide Insurance Coverage for Home-Based Care

For the first 15 years or so, the Henry Street Settlement House Nurses 
received most of their financial support from private sources, notably 
Jacob Schiff. Wald recognized the precarious nature of the charitable 
financing, which could disappear at any time. More importantly, 
the financial model that relied on charity could not be expanded to 
the nation in its current state. In 1909, Wald proposed an innova-
tive experiment. Convinced that she could prove that home-based 
care could be cost-effective for the growing insurance industry, Wald 
proposed to one insurance company, Metropolitan Life Insurance 
Company, that the company hire visiting nurses to care for their poli-
cyholders during their illnesses. The funding for the nurses would 
occur through a modest fee per policy. The company cautiously 
agreed to test the idea using nurses from the Henry Street Settlement 
House to visit their policyholders. After only 3 months, the cost-ef-
fectiveness was impressive enough to the company’s directors that 
they extended the plan across all of New York City. The company 
saw such improvement that the number of death claims that it had 
to pay out reduced substantially; by 1914 the nursing services had 
contributed to a 12.8% decline in the mortality rate of policyholders 
(1). By 1916 the company made a visiting nurse available to 90% of 
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its 10.5 million policyholders across the United States and Canada. 
At an initial cost of 5 cents per policy and 50 cents per nursing visit, 
Metropolitan Life Insurance Company provided a reliable source 
of funds that were not subject to the fluctuations of charitable sup-
port. By 1925, the Company claimed that over 240,000 lives had been 
saved, with a net savings of 43 million dollars. In the 1930s several 
events contributed to shrinking the viability of this business model: 
the increasing cost of visiting nurses, the rising number of cancelled 
policies during the Great Depression, and the overall improvement 
in public health for contagious diseases. The benefits of a visiting 
nurse were less evident to the insurance industry for patients with 
chronic diseases.

Establishment of a National Public Health Nursing Service

In 1909 there were about 1,400 public health nurses in the United 
States. In 1912, Lillian Wald was elected as the first president of the 
National Organization for Public Health Nursing. As part of her vi-
sion for pubic health nursing, Wald helped to create a National Pub-
lic Health Nursing Service. Wald’s concept began with the American 
Red Cross, which, up to that time, had chiefly been identified with 
wartime activities. Wald proposed using the agency to standardize 
public health nursing throughout the United States. Initially, the Red 
Cross showed little interest until Jacob Schiff and another benefactor 
offered to provide the needed financial support to begin the plan. 
The Red Cross developed national policies and procedures, but the 
local chapters did the hiring and supervision of qualified nurses. 
In less than 20 years there were nearly 10,000 public health nurses 
in the United States. But Wald anticipated that the Red Cross and 
private philanthropists would have difficulty continuing to support 
these nurses. From the beginning, Wald envisioned that the support 
would eventually need to come from municipal, county, state, and 
federal agencies. In 1944 the Visiting Nurse Service of the Settlement 
separated from the Henry Street Settlement to become the Visiting 
Nurse Service of New York. By 1947 less than a quarter of all public 
health nurses were working under the auspices of the Red Cross or 
charitable organizations. Local, state, and federal governments em-
ployed most of the public health nurses, just as Wald had foreseen. 
However, Wald’s vision for public health nursing did not materialize 
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in its entirety. Most health departments abandoned any venture into 
treatment or curative activities for public health nurses. The pursuits 
became largely preventative in nature. Analysis of vital health statis-
tics and monitoring or surveillance of diseases were also important 
functions of the public health nurse. As a consequence of the limited 
government-funded public health nursing activities, private visiting 
nurse associations sprang up to treat the sick in their homes. While 
treatment and prevention were activities that Wald combined in the 
duties of her nurses, these functions became separate and distinct. 
However, the foundation of the public health departments’ essential 
functions was derived directly from the vision of Lillian Wald, who 
wrote,

The famous Dr. William H. Welch [first Dean] of Johns Hopkins Uni-
versity, declared that America has made three original contributions 
to public health: the sanitation of the Canal Zone, the State Tubercu-
losis Laboratories instituted by Dr. Hermann Biggs, and the public 
health nurse. (7)

Joint Board of Sanitary Control

Lillian Wald’s intimate relationship with the residents of the Lower 
East Side thrust her into problems that she never considered when 
starting her work. In 1910, a strike among cloak makers led Wald 
into fundraising, picketing, and raising public awareness of their 
unhealthy workplace conditions. When the strike was settled, the 
terms of the settlement included the formation of an agency called 
the Joint Board of Sanitary Control, a new experiment in the sanitary 
control of an industry by organized employers, organized workers, 
and representatives of the public. Wald served on the board as a 
public representative, working to eliminate abusive work programs 
and establishing a minimum wage for women workers. This agency 
monitored standards of ventilation, fire protection, pollution, and 
other sanitation issues in the factories.

Wald also worked tirelessly to abolish child labor. After years of 
efforts with private funds, Wald campaigned for federal legislation 
and a federal agency to help deal with children’s social and health 
problems. Finally, in 1912, President William Taft established the 
Federal Children’s Bureau. Wald turned down Taft’s offer to head 
the agency, believing she would be more useful at Henry Street. Taft 
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appointed Julia Lathrop as the first Bureau Chief, the first woman 
ever to head a government agency in the United States. The Bu-
reau’s mission was to investigate and report on infant mortality, 
birth rates, orphanages, juvenile courts, and other social issues of 
that time. Today, the Children’s Bureau is one of two bureaus within 
the Administration on Children, Youth and Families, Administration 
for Children and Families, of the Department of Health and Human 
Services, but their establishment can be attributed to Wald’s efforts.

Wald’s Other Achievements and Activities

Wald used the Henry Street Settlement for a variety of purposes that 
were unrelated to public health nursing. It was a recreation center 
for the neighborhood, including one of New York City’s first play-
grounds to provide a safe environment for children. Wald was also 
instrumental in the improvement and upkeep of Seward Park, which 
became the first municipal playground in New York City.

The Settlement had special classes for “backward” children and 
study rooms where Wald helped children with their homework. 
The Henry Street Settlement served primarily Jewish residents of 
the Lower East Side but was nondenominational and integrated. 
Wald was a founding member of the National Association for the 
Advancement of Colored People, allowing use of the Henry Street 
Settlement for its early meetings.

Serving as an advocate for residents of the Lower East Side, Wald 
was constantly confronted with social injustices. With her energy 
and passion, it is not surprising that Wald fell into politics, which she 
approached with the same enthusiasm as her work with the Nursing 
Service. Many of Wald’s political efforts centered on children and 
working women. She campaigned for women’s suffrage in 1915. 
Wald was an ardent pacifist and opposed U.S. entry into World War 
I. As President of the American Union Against Militarism, she lob-
bied Woodrow Wilson’s administration for mediation to the conflict 
and away from active military involvement. Once the United States 
entered the war, she continued to serve as an advocate for the immi-
grants to forestall any abridgments of their civil liberties. During the 
1918 influenza pandemic, Wald headed the Red Cross Nurses Emer-
gency Council. Under her direction, Henry Street cleared all cases of 
influenza and organized the efforts of thousands of volunteers. After 
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the war, Wald continued to head the Henry Street Settlement and re-
mained politically active for a variety of causes. She became friendly 
with Eleanor Roosevelt and supported Franklin Delano Roosevelt’s 
(FDR’s) policies. Many of Roosevelt’s administrative appointees 
were former Lower East Side residents and clients of the Henry 
Street Settlement, including Adolph A. Berle, Jr., an original member 
of FDR’s “Brain Trust”; Frances Perkins, Roosevelt’s Secretary of La-
bor; Henry W. Morgenthau, Jr., FDR’s Secretary of the Treasury; and 
Sidney Hillman, a key figure in the founding of the Congress of In-
dustrial Organizations and major supporter of the Democratic Party 
during FDR’s presidency. Wald was delighted with FDR’s New Deal 
and believed that the ideas formulated experientially at Henry Street 
were being put to use in government during FDR’s presidency.

Awards and Honors

In 1930, Wald’s health forced her to retire to a country house in West-
port, CT. After 40 years as headworker of the Henry Street Settle-
ment, she had collected numerous honors, including the Gold Medal 
of the National Institute of Social Sciences, honorary degrees from 
Mount Holyoke College and Smith College, the Lincoln Medallion 
for her work as Outstanding Citizen of New York, and the Rotary 
Club Medal. In 1922, the New York Times named Lillian Wald as 
one of the 12 greatest living American Women. In 1993, Wald was 
inducted into the National Women’s Hall of Fame.

Later Years

After her retirement from the Henry Street Settlement in 1930, Wald 
lived in Connecticut. She never married. Her efforts and travels in 
the 1920s took their toll on her health. She used her retirement to 
write the second of two semiautobiographical books, The Windows 
on Henry Street. In 1940, Wald died from a cerebral hemorrhage at 
age 73. Thousands mourned at her funeral. A few months later, over 
2,500 people crammed into Carnegie Hall in New York for a service 
memorializing Lillian Wald. Perhaps the greatest testament to Lillian 
Wald is that the Henry Street Settlement and the Visiting Nurse Ser-
vice of New York continue more than 100 years after Wald founded 
them. Over 100 years ago, Lillian Wald developed an alternative 
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solution to the health care problems of her time, providing a unify-
ing structure for health care and preventative care to an underserved, 
uninsured population. In health care and public health, times have 
changed, but today’s underserved, uninsured populations who have 
needs similar to those of those residents of the Lower East Side of 
New York would welcome another Angel of Henry Street.
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15
Conclusions

History can provide a base from which we can approach the future 
challenges from infectious diseases in a variety of ways. For example, 
the study of history can teach us about change and how people and 
society adapt to change. Each of the individuals profiled in this book 
was responsible, directly or indirectly, for a paradigm shift in medi-
cal thought. The process by which they came to their discovery or 
discoveries, and the reaction of their societies, can reveal that change 
does not always occur from one momentous discovery. Major contri-
butions to infectious diseases were often the result of lifelong studies 
and efforts, such as those by Pasteur, Koch, Wald, and Ehrlich—not 
single, isolated discoveries. Breakthroughs are often touted in the 
media, but in medical science they are actually quite rare. Major 
shifts in thinking often are products not just of the discovery but 
also of the age and culture. Innovations of Avicenna, Fracastoro, and 
van Leeuwenhoek could have advanced the field of infectious dis-
eases centuries earlier than they did. However, a model in medicine, 
the humoral theory, had to be torn away and the innovations had 
to be, essentially, rediscovered. Sadly, innovators often pay a high 
price for their innovations—a problem in all scientific disciplines, 
including medicine. Significant contributions to medicine have not 
always been well received by contemporaries. The contributions of 
Jenner, Semmelweis, and Lister, some of the most monumental in 
the history of science, were harshly received. The negative reaction 
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of contemporaries to their discoveries befuddled and angered their 
discoverers for years.

Despite infectious diseases claiming countless lives from prehis-
toric times, the theory of “contagion” due to living entities, i.e., the 
germ theory, is a relatively recent one in the annals of Western medi-
cine. Yet, progress in just over a century has been dramatic. How-
ever, serious challenges exist in the practice of infectious diseases. 
Human immunodeficiency virus (HIV) will remain an enormous 
challenge for decades, both for treating those individuals already 
infected with HIV and for preventing HIV in new generations with 
an HIV vaccine. The problems of infections with new or reemerging 
pathogens and the difficulties with antibiotic resistance are threaten-
ing not only the progress in the practice of infectious diseases but 
all medical advances. New medical procedures, surgery, and trans-
plantation cannot be successful if a patient develops an untreatable 
infection afterwards.

The Development of Antibiotic Resistance

When medicine’s greatest contributions to humanity are tallied, an-
tibiotics are invariably mentioned. In general, antibiotics are remark-
ably free of adverse effects, eradicating the microorganism and usually 
leaving the host unaffected. They truly are Ehrlich’s vision of “magic 
bullets.” However, antibiotics are also virtually the only class of drugs 
that lose their effectiveness once they are in widespread use. For ex-
ample, one of our oldest drugs, aspirin, is just as effective an analgesic 
today as the first time it was used. The same cannot be said of penicil-
lin. In the 1950s, the use and overuse of penicillin resulted in penicillin 
resistance. In the 1960s and 1970s, the use and overuse of streptomycin 
resulted in streptomycin resistance. With each new class of antibiotics, 
the observation that resistance follows use has been repeatedly made. 
Because antibiotics are typically well tolerated and effective, they are 
often used when the diagnosis of a bacterial infection is unclear. This 
liberal use of antibiotics has contributed to antibiotic resistance—
a problem that has become a crisis. According to the World Health 
Organization, antimicrobial resistance is considered one of the three 
greatest threats to human health (10).

With ever-increasing levels of antibiotic resistance, some bacte-
ria are now virtually untreatable, prompting the need for continued 
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searches for new antibiotics. Yet, many drug companies have com-
pletely abandoned antibiotic discovery, finding that it is no longer 
economically viable. From the beginning of 2008 until the end of 
2010, the U.S. Food and Drug Administration approved only one new 
antibacterial antibiotic, telavancin (4). The dry pipeline for antibiot-
ics prompted the Infectious Diseases Society of America to call for a 
global commitment to develop new antibacterial drugs (6). It will be 
many years, if not decades, until the production of new antibiotics 
overcomes the need for new drugs due to antibiotic resistance. We 
have squandered these wonder drugs and need to find ways to con-
serve the effectiveness of the antibiotics that we currently have. The 
rarity of the strain that produced penicillin in Fleming’s laboratory 
and the difficulty purifying it, especially in large quantities, should 
have demonstrated to us the treasured nature of these drugs. Climb-
ing out of this crisis will require painstaking efforts to develop new 
therapies and use them with care. Ehrlich and Fleming taught us 
that antibiotics are difficult to find, a lesson we should have learned.

The Need for a New Paradigm in 
Infectious Disease Practice

Antibiotic-resistant pathogens and the lack of new, effective anti-
biotics threaten the current practice of infectious diseases. History 
may be able to suggest a path to follow. Prior to the introduction 
of sulfonamides, Salvarsan, quinine, and serum therapies were the 
only treatments for infectious diseases. These treatments required 
pathogen-specific diagnoses. When modern antibacterial antibiotic 
therapy began with sulfa drugs and penicillin, the need for specific 
pathogen diagnosis became less important, since sulfa drugs treated 
a variety of bacteria. As our antibiotics became broader in their spec-
tra of antibacterial activity, the need for specific pathogen diagnosis 
became even less crucial. Today, despite years of advances in labo-
ratory techniques, we find specific bacterial diagnoses in less than 
one-third of all hospitalized patients who are treated with antibiot-
ics. Most patients are treated empirically, without knowledge of the 
specific pathogen causing the infection. This practice of empiricism 
has led to problems with antibiotic selection among providers (7). 
The indiscriminate, broad-spectrum antibiotic use has greatly con-
tributed to the development of antibiotic resistance.
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Initially, we believed that the breathtaking success of antibiotics 
was wholly the result of the drugs’ lethal action on the microorgan-
isms. The early studies with antibiotics were on patients whose im-
mune system was entirely normal. We did not fully appreciate the 
role of the host’s immunity in fighting infection until we began to ma-
nipulate it. We have successfully altered the human body’s immune 
system to prolong the survival of transplant recipients. However, we 
have also discovered the essential role that these intentionally weak-
ened host defenses of the body play in fighting infectious diseases. 
Infections can overwhelm a patient with such a weakened immune 
system even when we use seemingly effective antibiotic therapy. 
One investigator has proposed a new paradigm that is inspired by 
some of the earliest of all therapies in infectious diseases—serum 
therapy (1). He proposed a return to the days of pathogen-specific 
serum therapy such as von Behring’s efforts in diphtheria, but with 
an important technological change. Human monoclonal antibod-
ies could be developed against specific microorganisms that would 
avoid the toxicity of the old serum therapies. The proposal would re-
quire improved microbiological diagnostics to determine the specific 
pathogen causing a patient’s infection. With the limited availabil-
ity of antibacterial antibiotics, this proposed direction for treatment 
might be our only path if we are without any effective antibiotics to 
treat resistant pathogens.

New and Reemerging Pathogens in Infectious Diseases

Unknown pathogens will inevitably be found, some with struc-
tures and mechanisms totally unrelated to our currently described 
pathogens. Demonstrating a relationship between newly discovered 
microorganisms and human disease will remain an enduring chal-
lenge. We owe a great debt to both Pasteur and Koch, who showed 
openness to the discovery of previously undescribed microorgan-
isms and proved their relationship to disease to a doubting scientific 
community. More importantly, these scientists adhered to rigorous 
methods to determine the exact nature of the relationship of the 
microorganism to a disease. We may not be able to strictly follow 
Koch’s postulates to prove the relationship between a new patho-
gen and human disease, since we may not be able to cultivate newly 
discovered microorganisms in the laboratory as simply and easily 
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as Koch did. New technology that can determine the presence of a 
microorganism by its DNA fingerprint will uncover potential patho-
gens whose role in human disease may be difficult to prove. Micro-
organisms have been inaccurately linked to many clinical entities; 
e.g., chronic fatigue syndrome has been variably ascribed to Epstein-
Barr virus, Candida albicans, Borrelia burgdorferi, enterovirus, and cy-
tomegalovirus, among others (2). We would do well to remember 
the rigor and meticulousness with which Pasteur and Koch worked 
out the methods to prove causal role of microorganisms in human 
disease. The path that they forged can be an inspiration, although 
their feud reminds us of human frailty, even among the most gifted 
minds.

The alarming spread of methicillin-resistant Staphylococcus au-
reus and other antibiotic-resistant pathogens through hospitals and 
communities is forcing a reevaluation of measures to control the 
spread of pathogens. Hand hygiene has never been more important, 
as increasingly resistant strains are spread in the health care envi-
ronment. Despite the Joint Commission requirement to implement 
CDC guidelines on hand hygiene, those individuals charged with 
the task of trying to ensure good hand hygiene compliance among 
health care workers find frustration. Rates of hand washing or hand 
hygiene rarely exceed 60%. Physicians nearly always have the worst 
adherence (3). With all the research efforts over the last 150 years, 
studies on hand hygiene have never equaled Semmelweis’s work 
in power or clarity. Yet, health care workers need to be continually 
reminded about Semmelweis’s lessons on hand hygiene (5).

The Challenge of an HIV Vaccine

For the HIV vaccine, new concepts and approaches to our fun-
damental understanding of immunity and vaccine formation are 
needed. Despite our considerable experience with vaccines over the 
last century, the choice of vaccine antigens for HIV type 1 has been 
largely empirical, usually including HIV type 1 structural genes 
(8). Perhaps we have not advanced far from Jenner’s innovative 
empirical trials with cowpox. Even though Jenner’s vaccination 
led to major gains for humanity, he spent much of his life com-
bating the antivaccinationists, a struggle that continues today (9). 
History shows us how the medical community and society dealt 
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with Jenner’s tireless efforts to demonstrate that vaccination pro-
tects the human constitution from smallpox. His efforts took a great 
personal toll on him. But we can also learn from and be inspired 
by his labors to prove to the world the value of vaccination. His 
opponents sounded many of the same unscientific alarms that can 
be heard today over the use of vaccines. But an HIV vaccine will 
require a better understanding of aspects of the immune response 
to HIV infection, especially at the entry point of HIV in most indi-
viduals, the mucous membranes. The complex task of trying new 
formulations for an HIV vaccine will hopefully build on the modest 
success of the Thai trial. When I asked Mark Mulligan, Executive 
Director of The Hope Clinic of the Emory Vaccine Center, how long 
he thought it would take for a successful HIV vaccine, he said,

We are still talking about a time frame that is longer than any of us 
would like, perhaps 15 years, minimum.

HIV vaccine efforts may require more innovative or courageous ap-
proaches than those currently planned. With the stakes so high with 
HIV infection worldwide, we must entertain thoughtful but bold ap-
proaches and can look back to Jenner’s daring for inspiration.

Finally, we often focus only on the scientific issues related to in-
fectious diseases and need to be reminded that social and economic 
problems will continue to lead to countless infectious disease prob-
lems. As we struggle with health care reform, the strength, passion, 
and single-mindedness of Lillian Wald should serve as an inspiring 
example of creative ways to fund the path for progress in combating 
not just the microorganisms but societal ills.
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