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This entertaining and informative book by Andras Gedeon
is about those who contributed science and technology to medi-
cine and it fills an important gap in the history of medicine. Each
of the 99 chapters starts with a brief biographical sketch, followed
by a description of the scientific or technological discovery. Then
the significance is explained clearly, followed by an historical per-
spective, placing the discovery neatly in the evolution of medicine. 

The book will be of value, not only to historians, but also those
who wish to illuminate their lectures and speeches with relevant
and interesting facts, some of which may be surprising. For exam-
ple, most associate the name of Doppler with the frequency shift
of sound or radar waves. However, Doppler’s original paper de-
scribed the color change associated with a rotating pair of stars in
the heavens. Its audible proof for everyone was the frequency
change heard when a trumpeter was emitting sound when on a
passing train.

Within the various chapters, one finds a smorgasbord of fasci-
nating information on the background of many “modern” med-
ical techniques. For example, mouth-to-mouth resuscitation was
in use in the mid 1700s. Electric stimulation was used slightly later
to resuscitate subjects with respiratory arrest. Long before the first
implanted cardiac pacemaker appeared in 1960, stimulation for
cardiac arrest was performed in the late 1800s. These and many
other historic tidbits are found in the many very readable chapters.

Each chapter concludes with a perspective that places the dis-
covery nicely in the history of medicine. It tells about the knowl-
edge prior to the discovery, thereby enabling the reader to identify
creatively and ingenuity of the discoverer. The perspective does
not confine itself to prior medical history; it covers contemporary
and prior relevant discoveries in related scientific areas. 

The reader will find the book difficult to stop reading. In fact
this reviewer found it addicting and it will be found on my book-
shelf that contains my most valuable reference books.

Foreword by Leslie A. Geddes
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Medicine is at the center of human civilization. Medicine is at
the cross-roads of science and technology, ethics and philosophy,
language and sociology, politics and economy, and many facets
more that as a whole determine the nature of our culture. Medi-
cine has arisen from man’s existential desire not to be incapacitat-
ed by disease, and to escape an untimely early death. Medicine
has, in addition, come to be applied not only to improve the quali-
ty of human life of those who suffer from illness or malformation,
but also to help mankind to transgress the borderlines of its natu-
ral habitat and to venture into the deepest oceans and the most
distant spheres of the universe. Medicine has been able to reach
this capacity because two and a half millennia ago a process was
started aiming at making use of the laws of nature for the benefit
of humanity. 

The beginning of a recognition of natural laws marks the be-
ginning of science and technology. The union of science and tech-
nology with health care marks the beginning of medicine as we
know it today. It was in the aftermath of the European Renais-
sance that a new momentum arose in that fruitful development.
Increasingly, philosophers, physicians, and scientists drew conclu-
sions from their observations and arranged ever more skillful ex-
periments to test their hypotheses. 

The historiography of science has informed us that no direct
path leads to truth. Often enough, our view on nature is guided by
cultural stimuli rather than by an elusive reality. We cannot even
be certain about the relationship between scientific findings and
reality. We can be sure, however, of most welcome achievements
in the history of medicine that could never even have been
thought of without contributions by and the use of science and
technology. 

Andras Gedeon has provided, in his portrayal of “ninety-nine
publications from five centuries”, a fascinating panorama of what
may be identified as the most decisive “landmarks” in the history

Foreword by Paul U. Unschuld
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of modern medicine. He begins with Albrecht Dürer’s book, pub-
lished posthumously in 1528, as “the first attempt to apply mathe-
matics to the description of the proportions and forms of the hu-
man body”, and he concludes his list with Michael Phelps’ presen-
tation of “a prototype system of a positron emission transaxial to-
mograph”. Within the 450 years separating these two publica-
tions, innumerous individual naturalists and research groups have
offered their contributions to “science and technology in medi-
cine”. For the first three centuries, this has been an all-European
endeavor; with the extension of the scientific world view beyond
the borders of the European continent, it has become a global ef-
fort shared by all who seek to expand knowledge and to adapt hu-
man life to ever changing existential conditions. 

A listing of the top 99 seminal publications marking the ab-
solute highlights of the influence of science and technology on
medicine between the early 16th and the late 20th century should
be considered a difficult task. Too many authors come to one’s
mind that deserve an eternal place in our collective memory. And
yet, it is the historian’s prerogative to value one against another
and to present a personal choice. Andras Gedeon’s account repre-
sents a most valuable and representative selection, and constitutes
a timely record. It is most valuable because it demonstrates the
broad international and multidisciplinary foundations of progress
in science and technology for the benefit of medicine. It is repre-
sentative, because it would be difficult to come up with a markedly
different list of essential contributions to the progress in medicine
as it has been stimulated, in the period under review, by new find-
ings in chemistry, physics, and biology, and by new applications of
mathematics and technology. Finally, it is a timely record because,
as has happened before, voices are raised nowadays demanding a
preference, in medicine, for beliefs over science. It is to be hoped
that this book will contribute to a recollection of the multi-faceted
scientific and technological origins of today’s status of medicine.
In addition, it should stimulate young people from all scientific
and technological disciplines and in all nations to continue on this
path and to further the development of medicine—at the center of
civilisation.
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Preface and acknowledgements

Five hundred years ago, a young German painter named Al-
brecht Dürer left his hometown of Nuremberg and started on a
journey to Venice, a city at its peak of wealth and influence. Here
he met with Luca Pacioli, famed mathematician and theorist of
art, and he also got closely acquainted with the first printings of
Euclid’s geometry and Vitruvius Pollio’s classical work on archi-
tecture. On his return home, Dürer immersed himself in the study
of the spatial representation of objects and specially the form, pro-
portions and movements of the human body. His work “Hierinn
sind begriffen vier bücher von menschlicher Proportion”, which
was published in 1528, just after his death, became the first system-
atic application of mathematics to the problem of how to create an
image of the human body and its movements.

Dürer’s study is one of the ninety-nine landmark publications
that form the basis of an attempt made in this book to describe the
historical progression of important contributions of science and
technology to the field of medicine. In each case considered, a
summary of the contents of a publication and a short presentation
of the author are given. Then the significance of the discovery and
its influence on later developments are outlined. Using references
to subsequent key advances, the level of knowledge in the field is
traced up to modern times. Although necessarily not exhaustive, it
is hoped that this approach will highlight the evolution of many
important results in science and technology that have played a di-
rect and important role in the progress of medicine over the past
five hundred years. 

Any selection of topics or specific discoveries is justly subject to
criticism. Considering ninety-nine books rather than an even one
hundred is intended to be a symbolic invitation to the reader to re-
flect on how the present framework could be modified according
to his or her own knowledge and preferences. Some names and
discoveries described here will be well known to many, while
others may be unknown to most. Hopefully all readers will find a
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significant amount of new and interesting information. An equally
important ambition of the book is to provide excitement and en-
tertainment by giving a glimpse of the intricate patterns of evolu-
tion that have gradually transformed past contributions of science
and technology to medicine into what we see around us today.

If all this could, even in the slightest way, further a better un-
derstanding of future developments in this multidisciplinary en-
deavour, then the effort of publishing this book would be more
than amply rewarded.

Many individuals and organisations have kindly contributed il-
lustrative material to this book. For a complete list, the reader is re-
ferred to the “Image sources and credits” section. The Hagströmer
Medico-Historical Library at the Karolinska Institute in Stockholm,
the University of Uppsala Library and particularly the Biblioteca
Walleriana in Uppsala and the Medical Photographic Library of
the Wellcome Library in London have together supplied the bulk
of the information used in the book. The competent and always
willing help of Gertie Johansson, Harriet Wallman and Clive
Coward at these respective libraries is gratefully acknowledged. 

Other public organisations that have provided valuable materi-
al include the Chemical Heritage Foundation in Philadelphia, the
Max Planck Gesellschaft in Berlin, the Science Museum in Lon-
don, the Deutsches Museum in Munich and in Bonn, the Biblio-
thèque de l’Académie national de Médecine in Paris, the British
Library in London, the Institut fur Geschichte der Medizin der
Universität Wien in Vienna, the Universitätsbibliothek in Basel
and the University of Pennsylvania Library in Philadelphia.

Assistance and difficult-to-find picture material have been re-
ceived from several company archives, among which mention
should be made of the Carl Zeiss Archiv in Jena, Corning Inc.
Archives in Corning, archives at the General Electric Healthcare
facility in Stockholm, Merck KGaA in Darmstadt and Siemens
Medical Solutions Archives in Erlangen.

I am indebted to several of the prominent scientists mentioned
in the book for their generous help, notably professors Mitchell
Albert, William Bennett Jr, Per-Ingvar Brånemark, the late Dr
Francis Crick, Dr Vinton Cerf, Dr Raymond Damadian, professor
Gunnar Fant, Dr Robert Kahn, and professors Paul Lauterbur,
Michael Phelps, Peter Wagner and John West. 

Additionally, important photographic material and printed
matter have been given by Dr Eric Blackwell, Dr Jeffrey Cooper,
professors Anna-Liisa Brownell, Håkan Elmqvist and Gert Nils-
son and by Lars Forsmark, Brian Högman and Bengt Stånge. 

I would like to thank professor Åke Öberg for valuable com-
ments on the draft version of the manuscript and professor
Lennart Mathiasson for reviewing the contents of the sections
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with topics involving chemistry. The sections involving Nobel
Laureates have benefited greatly from the expert scrutiny of profes-
sor Anders Bárány. I am also indebted to Daniel Gedeon for care-
fully reading the text from the educated, non-specialist viewpoint.
His comments have been most helpful when attempting to make
the presentation more easily accessible for the general public.

Book designer Lars E. Pettersson and Magnus Winbladh at
Raster Förlag in Stockholm have co-operated to skilfully trans-
form the bare contents into a book presentation with, it is hoped,
an appealing form. The steady interest of Beth Campbell at the
Springer-Verlag New York Inc. for this book project has been a
most appreciated source of encouragement during the work.

Finally, I would like to express my gratitude to the contributing
experts, to Ove Hagelin who suggested the Bibliography section
and also wrote it in its entirety, to Jeremy Norman for his many
helpful comments and suggestions on all aspects of writing and
publishing on topics related to the history of science and medicine,
to Paul Unschuld for reviewing and commenting on the list of
landmark publications and to Leslie Geddes, who not only drew
my attention to valuable literature but also, when initially in-
formed about the plan for the book, called the undertaking a
“heroic task”, thereby cementing my resolve to go through with it. 
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Introduction by Jeremy M. Norman

The practice of medicine was considered both an art and a sci-
ence at least as far back as Hippocrates. The art, intuition, and hu-
man considerations required in the practice of medicine may be
among the reasons why medicine developed a distinct culture, a
distinct educational system, and a distinct literature of its own
while it incorporated discoveries from other sciences and technol-
ogy in the advancement of medical science. Organizing and classi-
fying this distinct medical literature led to the earliest bibliogra-
phies of scientific literature, to early knowledge classifications
written by physicians that identified the scope of medicine within
universal knowledge, to the development of medical libraries, and
decades before the Internet, to online indexing and abstracting
services that attempted to organize and classify millions of cita-
tions covering all medical knowledge. Andras Gedeon’s book, Sci-
ence and Technology in Medicine, documents the origins of some of
the most significant discoveries in science and technology that
were incorporated into medicine. Some of these discoveries were
made by physicians and others were not.

Concerning the inevitable difficulties of the practice of medi-
cine, Hippocrates wrote, “Life is short and art is long, occasion
fleeting, experience deceptive, and judgment difficult.” 1 For mil-
lennia before most effective drugs, scientific diagnostic tools, and
other elements of modern high-tech medicine, it was often the ba-
sic processes of careful observation, and of caring—the art of medi-
cine—that healed the sick as much as any proven remedy. With
limited powers to heal, early physicians became acute observers of
the processes of life from birth to death, and of the relationship of
life to disease. The wide range of ailments which physicians were
expected to treat, the complexity of medical experience, and the
central importance of medicine to society, may have been ele-
ments contributing to the early development of medical schools
separate from other educational institutions, to the development
of an extensive and distinctive body of medical knowledge, and to

1. Jeremy M. Norman (ed.) Morton’s Med-
ical Bibliography, fifth edition, (Aldershot,
England: Scolar Press, 1991) 13.
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the development of medical libraries separate from other libraries.
Apart from humanitarian considerations, one of the reasons

that some physicians may have elected to practice medicine, rather
than devote their lives to other scientific work, was that until the
growth of industrialization that took place in second half of the
nineteenth century the practice of medicine was a primary means
by which a person educated in science could earn a living through
science rather than by teaching. Prior to the industrial develop-
ment that occurred in the second half of the nineteenth century,
most scientists, other than physicians, were men of inherited
wealth, or dependent upon a wealthy patron, or in religious or-
ders. For centuries, the central importance of medicine to society,
and the economic independence that the practice of medicine usu-
ally brought, made physicians among the best-educated, and
among the wealthiest and most respected members of their com-
munities. These factors continued to the reinforcement of medi-
cine’s distinct culture.

After the introduction of and spread of printing in the second
half of the 15th century, the rapid growth of information in-
evitably required efforts to organize and classify knowledge. The
first science to benefit from these efforts was medicine. The first
bibliography on any scientific subject was the French physician,
Symphorien Champier’s, De medicine claris scriptoribus (c.1506–
1507), a bibliography of about 400 works. This was also an early
effort at a history of medicine 2. Later in the sixteenth century, the
first great bibliographer and systematizer of knowledge in general
was the physician, Conrad Gesner, author of the pioneering Bib-
liotheca Universalis (1554–55).3 This listing and classification of
12,000 writings was published when the author was only twenty-
nine years old. Among his prolific writings, which ranged from
theology to natural history, in addition to medicine and bibliogra-
phy, Gesner prepared an edition of Galen’s writings that included
a bio-bibliography of Galen’s writings. This was, most probably,
the first modern bio-bibliography of any author. The physician,
Israel Spach, followed Gesner in producing a universal survey of
the knowledge of his time. His Nomenclator scriptorium philo-
sophicorum atque philologicorum (Strassburg, 1598) was called
“probably the most important subject bibliography of the 16th
century, and a truly amazing summary of contemporary knowl-
edge … [which] established the method followed by all subse-
quent bibliographers.” 4. 

Organizing knowledge, whether it occurred in bibliographies
or in the building of book collections in medical libraries, in-
evitably ran up against the problem of defining medicine as dis-
tinct from other sciences, since medicine incorporated informa-
tion from so many different sciences. In prior centuries, much as

14

2. Norman, op. cit., 6742.99. 

3. Norman, op. cit., 6743

4. Bernard H. Breslauer and Roland Folter,
Bibliography, its History and Development
(New York: The Grolier Club, 1984) 39.
Norman, op. cit., 6743.2.
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today, the education of physicians typically included training in
general science, such as mathematics and physics, as well as the
standard medical curriculum such as anatomy, physiology, botany,
pharmacology, chemistry, biology and other topics that we might
associate with medicine. As an example of early physicians’ back-
ground in general science, the first 133 pages of volume one of Al-
brecht Haller’s extensively annotated edition of Herman Boer-
haave’s guide to the study of medicine, his Methodus Studii
Medici (2 vols., Amsterdam, 1751,)5 contain an annotated biblio-
graphy of works pertaining to mathematics and physics. This is a
surprisingly comprehensive selection of works in general science
that one might not associate with medical training. The author of
the original guide, Boerhaave, was a pioneer in chemistry as well as
in the teaching of medicine.6Having a good education in science,
physicians frequently contributed both to the science and technol-
ogy of medicine and to scientific fields outside the direct purview
of medicine. They also willingly applied advances from the non-
medical sciences to the science and practice of medicine.

In reviewing the landmark works in Science and Technology in
Medicine, and also reviewing the works footnoted “in perspec-
tive,” I was impressed by how many of the contributions were
made by physicians. Conversely it was informative to see how
many contributions of scientists trained outside of medicine were
applied to medical problems. Because of medicine’s distinct cul-
ture, and the historic separation of medicine from other sciences,
the non-medical origins of some of these contributions may have
been forgotten. In addition it is surprising to see how many dis-
coveries that we associate with non-medical science were actually
made by physicians.

Among aspects of this book that I find most intriguing are: 

As early as Euclid, applications of physics and optics were applied
to the study of vision. 

What has long been considered the first work of experimental sci-
ence written in England, De Magnete, a work on electricity and
magnetism, was by the physician, William Gilbert.

The French physician Pierre Borel contributed to the discovery of
both the microscope and the telescope. Incidentally, he also
wrote the first independent bibliography of chemistry and
alchemy.

The chemist Joseph Black practiced and taught medicine.
Both Thomas Young and Hermann von Helmholtz, developers of

the “Young-Helmholtz” theory of color vision, were trained as
physicians. Among his contributions, Helmholtz worked in the 
“pure” science of physiological optics, and in its clinical appli-

5. Norman, op. cit., 6746.

6. Norman, op. cit., 666.1.



cations through his invention of the ophthalmoscope. In addi-
tion to deciphering Egyptian hieroglyphics, Thomas Young
wrote on the physiology of vision and on medical bibliography,
as well as his encyclopedic work, A Course of Lectures on Nat-
ural Philosophy and the Mechanical Arts (2 vols, 1807). 

The mathematician and physicist, Daniel Bernouilli, whose work
on hydrodynamics has applications to fluid flow in the human
body, as well as to such subjects aeronautical engineering, was
first trained in medicine. 

The chemist, Humphrey Davy, was apprenticed to a surgeon and
apothecary, and self-educated in chemistry.

The astronomer Johannes Kepler contributed to the study of vi-
sion.

Francis Hauksbee, researcher in electricity, and Antoni van
Leeuwenhoek, pioneer microscopist, both made their livings
in the cloth trade. 

Stephen Hales, student of respiratory physiology and blood flow,
was a country minister in the village of Teddington. 

The chemist Joseph Priestley, a Unitarian minister, published ex-
tensively on theology, education, and politics, as well as on sub-
jects in physical science.

Wilhelm Conrad Röntgen’s discovery of X-rays was almost im-
mediately adopted by the medical community as the first
method of imaging the interior of the human body. A professor
of physics, Röntgen never again contributed to medicine.

Also documented in this book are the origins of the parallel devel-
opment of electronic computing and molecular biology after
World War II. These two fields of science and technology brought
increasing amounts of mathematics and quantum physics into
medicine and biology. Because of the enormous complexity of bio-
logical systems in which single protein molecules may contain as
many as 10,000 atoms, and the presence of over 100,000 different
proteins in the human body, solutions of the structures of pro-
teins, and the study of their intricate interactions were impossible
before high speed electronic computers. Prior to electronic com-
puting, humans could not do the calculations for the structures of
even very simple non-biological molecules without immense time
and effort:

The production of electron density maps for structure analysis involves very
heavy calculations on large quantities of numerical data, and the state of the art
during the early 1940s was such that the limits of human ability in this area were
reached at structures containing not more than about 10 crystallographically dis-
tinct atoms. The determination of a 10-atom-type structure involved, in the early
1940s, about six weeks of experimental work followed by anything up to three
years of hand computation for a group of human “slaves”.7

16

7. Andrew D. Booth, Computers in the
University of London, 1945-1962. Quoted
in Diana H. Hook & Jeremy M. Norman, 
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Development of electronic computing in the first decade after
World War II opened endless doors in every scientific field. It is es-
timated that in the operational life of the world’s first electronic
computer, the ENIAC, from 1945 to the early 1950s, this huge and
comparatively slow machine, operating at only 100,000 times the
speed of man, performed more calculations than all of mankind
had done in the centuries preceding it.8 By 1960 there were ap-
proximately 10,000 mainframe computers operating around the
world, of which 6,000 were in the United States. The ability to ap-
ply mathematics and quantum physics to biological problems
through electronic computing was responsible for endless ad-
vances in fields such as medical imaging, pharmacology, bioinfor-
matics and genomics. The first truly useful application of electron-
ic computing to clinical medicine was in medical imaging. The
first system of digital imaging applied to medicine was computed
tomography. Its inventor, Geoffrey Hounsfield, was an electrical
engineer. His work was based to a large extent on the researches on
image reconstruction by the mathematician, Alan Cormack.

From the late 1950s medical libraries had to cope with an explo-
sive growth of medical information published in new books and in
many new periodicals. This presented an exceptional challenge to
the National Library of Medicine in Bethesda, Maryland, which
had been chartered since 1879 with the task of indexing and ab-
stracting in the Index Medicus all of medical literature. Faced with
an increasingly daunting challenge, NLM was among the earliest
institutions to apply electronic computing to problems of infor-
mation retrieval rather than strictly to the solution of mathemati-
cal problems or accounting. Work at NLM and by independent
contractors led in the early 1960s to the development of medlars

(Medical Literature Analysis and Retrieval System). Using some
of this technology, there was the parallel development in the pri-
vate sector of the first electronic information services such as
Lockheed’s dialog. As a field which incorporated advances from
other sciences and technologies throughout its history, it seems fit-
ting that medicine, which invented the bibliography of science, and
pioneered in the classification of universal knowledge, also led the
way toward online information services—precursors of the virtual
library of universal information that is developing on the Internet. 

Origins of Cyberspace: A Library on the
History of Computing, Networking, and
Telecommunications (Novato, CA: histo-
ryofscience.com, 2002). 

8. Jeremy M. Norman, From Gutenberg to
the Internet: A Sourcebook on the History
of Information Technology (Novato, CA:
historyofscience.com, 2005).
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1. 1528 Dürer Mathematics applied to human proportions and to spatial representation of the body.
2. 1575 Paré New surgical methods and devices including artificial body parts and prosthesis. 
3. 1590 Paracelsus The introduction of chemistry in medicine, the discovery of the effects of ether. 
4. 1603 Santorio The first use of quantitative measurements for diagnostics in medicine. 
5. 1604 Kepler The mechanism of image formation and vision correctly explained for the first time. 
6. 1614 Santorio The first quantitative study of the fluid balance of the body. 
7. 1625 Santorio Introduction of the quantitative measurement of temperature in medicine. 
8. 1652 Van Helmont The first time gases are named and the first description of carbon dioxide. 
9. 1655 Borel The first publication describing the compound microscope and its use in medicine. 

10. 1665 Wren Introduction of controlled techniques of infusion 
11. 1667 Hooke The first systematic study of the physiology of artificial ventilation. 
12. 1680 Borelli The first study of the mechanics of movements and the heart seen as a mechanical pump. 
13. 1684 Kircher Early study of the generation and propagation of sound and its medical use. 
14. 1684 Boyle The first work devoted entirely to the biochemistry of blood.
15. 1709 Hauksbee Introducing apparatus for studying electrostatics, electric discharges, and light.
16. 1719 Leeuwenhoek Microscopic investigations leading to many new discoveries in medicine and biology.
17. 1727 Hales The first accurate blood pressure measurement and about gases in chemistry and physiology. 
18. 1738 Bernoulli A theory of gases and fluids, and the first calculation of the work performed by the heart.
19. 1748 Jallabert The first use of electricity for treatment of paralysis.
20. 1756 Black The discovery and properties of carbon dioxide.
21. 1777 Scheele The discovery of oxygen and many other new elements and organic acids. 
22. 1777 Priestley The discovery of oxygen, nitrous oxide, nitric oxide, and the composition of water. 
23. 1788 Kite The first demonstration of electric resuscitation with artificial ventilation. 
24. 1789 Lavoisier Introducing the modern science of chemistry and the study of oxygen uptake in man. 
25. 1791 Kempelen The first apparatus for producing speech sounds for letters and words. 
26. 1800 Volta The invention of the battery and the electric stimulation of hearing. 
27. 1800 Herschel Infrared radiation discovered. 
28. 1800 Davy The properties of nitrous oxide and a proposal for its use in surgery. 
29. 1806 Sertürner The discovery, isolation and properties of morphine and other alkaloids. 
30. 1806 Legendre The first use of a statistical method, the least squares technique, in experimental science.
31. 1819 Laennec The invention of the stethoscope and the introduction of auscultation as a clinical tool. 
32. 1822 Fourier A powerful new mathematical method applicable to problems in science and medicine. 
33. 1825 Labarraque The introduction of chlorine solutions as a disinfectant. 
34. 1827 Civiale The development of a new device—the lithotriptor—for crushing bladder stones. 
35. 1828 Poiseuille The mercury manometer introduced for blood pressure measurement. 
36. 1835 Dumas A new theory of chemical reactions leading to the correct formula for chloroform. 
37. 1837 Magnus The first quantitative blood gas determinations. 
38. 1839 Daguerre The invention of photography—photomicroscopy—and its early uses in medicine. 
39. 1842 Liebig The application of organic chemistry to the basic life processes. 
40. 1842 Doppler The Doppler effect discovered. 
41. 1846 Hutchinson The invention of the spirometer, and its use for lung function diagnosis. 
42. 1848 Du Bois-Reymond Exploration of the physiology of electric conduction of nerves and muscles. 
43. 1850 Helmholtz The first measurement of the velocity of nerve impulses. 
44. 1851 Weber Blood flow explained using a new wave theory. 
45. 1852 Helmholtz The invention of the ophthalmoscope. 
46. 1856 Fick The first general overview of the role of physics in medicine. 
47. 1858 Snow The introduction of the scientific approach to anaesthesia. 
48. 1858 Czermak The invention and introduction of laryngoscopy as a useful clinical tool. 
49. 1862 Kirchhoff The discovery of spectral analysis for the determination of the chemical elements. 
50. 1862 Pasteur Demonstration of airborne bacteria and the introduction of the germ theory of disease. 

Ninety-nine landmark publications at a glance
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51. 1862 Hoppe-Seyler Haemoglobin discovered and its properties and spectra studied. 
52. 1863 Marey Measurement and registration of the arterial pulse and other physiological parameters. 
53. 1866 Mendel The laws of heredity explained. 
54. 1867 Lister The introduction of antiseptic surgery. 
55. 1868 Maxwell Control theory established as a science. 
56. 1870 Fick A new method for measuring the cardiac output. 
57. 1871 Trendelenburg A new technique and device for intubation and anaesthesia. 
58. 1875 Voit Accurate apparatus for measuring gas exchange to assess the utilisation of foodstuff. 
59. 1878 Bert Physiology at high and low pressures. The dissociation curve of oxygen established. 
60. 1879 Nitze The invention and development of cystoscopy and related techniques. 
61. 1881 Koch The foundation of the science of bacteriology and modern sterilisation techniques. 
62. 1884 Arrhenius The explanation of the properties of electrolytes. 
63. 1885 Van’t Hoff A theory for understanding osmotic pressure and chemical equilibrium. 
64. 1886 Abbe A new theory and its implementation for much improved optical microscopy. 
65. 1887 Waller The demonstration of electric signals from the skin produced by the beat of the heart. 
66. 1889 Curie The discovery of piezoelectricity and its use in sensors and transducers. 
67. 1895 Röntgen The discovery of X-rays. 
68. 1896 Riva-Rocci The introduction of the modern technique of blood pressure measurement. 
69. 1897 Thomson The discovery of the electron and the development of the Mass-spectroscope. 
70. 1898 Curie The discovery of radioactivity and new radioactive elements. 
71. 1902 Einthoven The construction of the modern ECG recorder. 
72. 1903 Fischer The discovery of the hypnotic effects of barbiturates and the study of purines. 
73. 1903 Tswett The invention of the technique of chromatography. 
74. 1906 Fischer The syntheses of amino-acids and peptides. 
75. 1910 Ehrlich The foundation of modern chemotherapy, the discovery and clinical use of Salvarsan. 
76. 1913 Laue X-ray diffraction from a crystal observed and explained for the first time. 
77. 1914 Abel Successful dialysis is demonstrated in dogs. 
78. 1920 Staudinger A theory is proposed for the mechanism of polymerisation, and applied to synthesis rubber. 
79. 1922 Aston The development of masspectrometry and the discovery of the isotopes. 
80. 1929 Carothers The invention and production of industrial polymers, particularly polyamide (nylon).
81. 1931 Van Slyke The first exhaustive review of clinical chemistry as used in medicine. 
82. 1933 Zworykin The invention of the television and the scanning electron microscope. 
83. 1938 Ruska The development of the transmission electron microscope 
84. 1941 Martin The invention of partition chromatography and gas chromatography. 
85. 1945 Eckert, Mauchly ENIAC, the first programmable electronic computer. 
86. 1946 Kolff The introduction of the artificial kidney and other artificial organs. 
87. 1951 Engström The first device for volume controlled artificial ventilation suitable for long term treatment.
88. 1953 Watson, Crick The structure of the DNA molecule established. 
89. 1953 Fant Major advance in electronic speech analysis and synthesis. 
90. 1954 Edler, Hertz Introducing ultrasound echo cardiography.
91. 1959 Elmqvist, Senning The presentation of the first fully implanted pacemaker. 
92. 1960 Maiman The description of the first LASER and its mode of operation. 
93. 1969 Brånemark Titanium implants in medicine and dentistry. 
94. 1971 Damadian Discovery and apparatus for differentiating biological tissue using NMR techniques. 
95. 1973 Hounsfield The inventions of X-ray CT-imaging. 
96. 1973 Lauterbur A new general method of imaging biological tissue exemplified by the MRI technique.
97. 1974 Wagner, West A new method of analysing the ventilation and perfusion conditions in the lungs. 
98. 1974 Kahn, Cerf A generally useful internet protocol for communication between data networks. 
99. 1975 Phelps The invention of the modern PET imaging technique. 
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Albrecht Dürer (1471–1528) makes the first attempt to apply mathematics 
to determine the proportions of the human body.

1:1
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ürer was born in 1471 in Nuremberg, where he first stud-
ied goldsmithing with his father and then painting
with Michael Wolgemut, a leading church painter. As
a young man he travelled to Italy, where he was influ-

enced by teachings of Euclid’s geometry (1.1) and Vitruvius
Pollio’s architecture (1.2). His meeting in 1505 with Pacioli, the
mathematician and theorist of art, (1.3) also greatly influenced his
future work. As an artist he devoted much time to studying
perspective and the spatial representation of objects (1.4). All
these accumulated insights allowed him to apply mathematical
techniques to creating images of the proportions, forms and the
motion of the human body. His results were published in 1528 just
after his death. The editor of the book, Pirckheimer, was a friend of
Dürer, who painted his portrait in 1524. 

dürer’s presentation is the first attempt to apply mathemat-
ics to the description of the proportions and forms of the human
body. These forms, according to Dürer, should be “constructed
geometrically or arithmetically and made beautiful by the applica-
tion of some canon of proportion” (1.5). The book is made up of
four separate sections, the last of which is of greatest interest since
here, he attempts to treat the movement of bodies in space, a prob-
lem involving new, complex and difficult analysis of descriptive
spatial geometry. Dürer is believed to be the first to have taken on
this challenge (1.5).

in perspective:

Dürer was a contemporary of Leonardo da Vinci and both made significant ad-
vances in producing truthful images of the human body. However, Dürer’s sys-
tematic approach to finding general mathematical rules to guide this work set him
apart and in contrast to the anatomical work of Leonardo da Vinci, Dürer’s math-
ematical treatment of the human form exerted significant influence for centuries.
Only fifteen years after Dürer’s death, Andreas Vesalius published his famous
anatomical work describing the structure of the entire human body (1.6). Al-
though such anatomical atlases grew more and more detailed, accurate and artistic
over the following centuries (1.7), it is only with the advances in chemistry (1.8)
and as a result the advent of photography (1.9) about three hundred years later,
that the imaging of the human body and its motions could be studied with entire-
ly scientific techniques, thereby reaching a significantly higher level of accuracy
and sophistication (1.10)

Hierinn sind begriffen vier Bücher von
menschlicher Proportion. 

W. Pirckheimer, Editor. Nuremberg: Hieronymus Andrea 

Formschneider for Dürer’s widow, 1528.

D
Albrecht Dürer 

1.1 Euclid. Elementa geometriæ.Venice; 1482.
1.2 Vitruvius Pollio M. De architectura. Rome; 

1486.
1.3 Pacioli L. De divina Proportione. Venice; 

1509.
1.4 Dürer A. Underweysung der messung … 

zu nutz allen kunstlieb haben. Nuremberg; 
1525.

1.5 Dictionary of Scientific Biography IV p258.  
New York; 1970–1990.

1.6 Vesalius A. De humani corporis fabrica libri 
septem. Basel; 1543.

1.7 Bidloo G. Anatomia humanis corporis & 
quinque tabulis, per artificiossis. Amsterdam; 
1685.

1.8 Scheele CW. Sämtliche physische und 
chemische Werke Vol I, II. Berlin; 1793. See 
also #21 Scheele page 120.

1.9 See #38 Daguerre page 202.
1.10 See #52 Marey page 272.

Albrecht Dürer, self-portrait 1498. 
Dürer was the first artist in Western
art to make self-portraits.

1:2
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Luca Pacioli (1445–1514) Franciscan friar, mathe-
matician and theorist of art, illustrating a theorem
of Euclid.

The first printing of Euclid’s Elementa geometria
appears in 1482 in Venice.

1:3

1:4
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Dürer illustrates how to make a spatial rep-
resentation of the female body.

The geometrical and arithmetical pro-
portions of the female body. Dürer also 
attempts to treat the movement of bodies
in space, a difficult problem of descriptive
spatial geometry.

1:5
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Dürer’s famous illustrations of
geometric methods to reproduce
objects in space.

1:7

1:8
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The proportions and projections
of the head and body of a child. 

1:9 1:10

1:11
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The new weapons of the 16th century confronted surgeons with problems unknown to the ancient medical
authorities. Ambroise Paré (1510-1590) introduces new methods of wound treatment and designs prostheses
for upper and lower extremities as well as artificial noses and eyes of gold and silver. He also constructs a 
mechanical hand using springs and catches.

2:1
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2.1 See #3 Paracelsus page 32 and ref. 1.6.
2.2 Milne JS. Surgical Instruments in Greek and 

Roman times. Oxford; 1907.
2.3 Brunschwig H. Chirurgia. Strassburg; 1497.
2.4 von Gersdorff H. Feldbuch der wundarztney. 

Strassburg; 1517.
2.5 See #60 Nitze page 310.
2.6 Middeldorpf AT. Die Galvanokaustik. 

Breslau; 1854.
2.7 d’Arsonval A. Action physiologique des 

courant alternatifs. Arch Physiol Norm. Path. 
1893;5:401.  

2.8 De Forest L. Cautery. U.S.Patent 874,178 
Dec. 17; 1907.

2.9 See #78 Staudinger page 400, #80
Carothers page 410 and #93 Brånemark 
page 480.

2.10 See #85 Mauchley-Eckert page 438.

aré was born in Laval, France in 1510 and already as a
young boy he became apprentice to a barber-surgeon.
At the age of twenty-six he became master barber-sur-
geon and entered military service. For more than three

decades he followed the military campaigns of the Wars of Reli-
gion, serving King Henry II and later Charles IX and Henry III as
the “first military surgeon”. His unorthodox methods of wound
treatment and his lack of knowledge of Latin (with little formal
education the only language he knew was French) put him con-
stantly at odds with the Medical Faculty of the University of Paris,
which tried in vain to surpress his writings. Paré was an honest,
compassionate person, much liked by his patients. He was deeply
religious and had as his motto “I treated him, God cured him”.

in his collected works Paré gives a famous account of how he ran
out of boiling oil at the siege of Turin in 1536 and replaced it with
an improvised wound dressing made up of egg yolk, oil of roses
and turpentine and found it to be superior in reducing infection
and promoting wound healing. He opposes cautery for achieving
haemostasis and advocates ligature of blood vessels. He also intro-
duces new techniques in obstetrical surgery. In his collected works
he describes prostheses of his own design for upper and lower ex-
tremities and a hand operated by springs and catches, as well as ar-
tificial noses and eyes of gold and silver.

in perspective:

Paré, just like his contemporaries Vesalius and Paracelsus (2.1), was able to break
away from authority and pioneer the developments that would grow strong dur-
ing the following century. The new weapons of the 16th century confronted sur-
geons with problems unknown to the ancient medical authorities. However, most
of the instruments and techniques available remained similar to those used since
Greco-Roman times (2.2)(2.3)(2.4). Major advances first came during the 19th
century, when progress in science and technology added new and more sophisti-
cated functionality to surgical instrumentation (2.5). As an example, Middeldorpf
introduced galvanocautery in 1854 (2.6). The effect of high frequency currents on
tissue was first investigated by d’Arsonval in 1893 (2.7) and the first electrosurgical
unit was conceived by De Forest in 1907 (2.8). The development of modern pros-
thetic engineering is to a large extent based on advances in material science (2.9)
and the explosive progress in microelectronics and computers (2.10) during the
second half of the 20th century.

Ambroise Paré

Les œuvres. Avec les figures & 
portraicts tant de l’Anatomie que des
instruments de Chirurgie, & de 
plusieurs Monstres.    

Paris: G. Buon, 1575.

P

Ambroise Paré at the age of 
seventy-five.
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Surgical instruments on display in the first illustrated book on surgery written by 
Hieronymus Brunschwig (1450–1512) in 1497.

Roman vaginal speculum (top) and a vagi-
nal speculum from 1517 according to von
Gersdorff (1455–1529). Although from
entirely different epochs, the instruments
are strikingly similar.

2:3
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Instrument and method for opening the skull as described in 1517 by von Gersdorff.

2:6
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Cauterisation by hot iron in
1517 according to von Gers-
dorff.

2:7
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The first instrument for galvanocautery introduced by Albrecht Middeldorpf (1824–1868) in 1854.

2:8

2:9
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The collected works of Paracelsus (1493–1541), printed around 1590,
where he says about ether: “sulphur derived from vitriols and salts is
stupefactive, narcotic, analgesic and hypnotic. It acts in a mild and
transient way, unlike hyoscyamus, poppy and mandragora.” Further
down the page he notes: “Chicken will eat it, whereupon they sleep
for a moderately long time and wake again without injury.”

3:1

3:2
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3.1 Dioscorides P. De materia medica.
Johannes of Medemblick Colle; 1478. See 
also Der Wiener Dioscorides. Codex 
Medicus 1,2 Akademische Druck- u 
Verlagsanstalt: Graz; 1998–1999.  

3.2 Paracelsus. Der Buecher und Schriften. 
Vol.VII; 1590. p172.

3.3 Gesner C. Annotationes in Pedacij 
Dioscoridis … De Medica Materia. De 
artificiosis extractionibus. Strassburg; 
1561.

3.4 See #8 van Helmont page 60, #14 Boyle 
page 88 and #75 Ehrlich page 386.

3.5 See #4 Santorio page 36.
3.6 Turner M. An Account of the extraordinary 

medical fluid called Aether. Liverpool; 1761.
3.7 Long CW. An Account of the First Use of 

sulphuric Ether … Southern Med Surg J. 
1849;5(12):705.

3.8 Jackson ChT. A Manual of Etherization. 
Boston; 1861.

3.9 Morton W. Remarks on the Proper Mode 
of Administering Sulphuric Ether by 
Inhalation. Boston; 1847.

3.10 Bigelow HJ. Insensibility during surgical 
operations produced by inhalation. Bost 
Med Surg J. 1846; XXXV(16): 309

aracelsus was born in 1493 in Einsiedeln, Switzerland.
His early education in mineralogy, botany and natural
philosophy was given by his father. Later, he studied un-
der prominent clergy and at Italian universities. He

travelled widely but finally settled in Basel where his practice of
medicine was initially highly successful. In 1527 he was appointed
professor and municipal physician, but the year after he was re-
moved from his duties and expelled from the city because of his ex-
treme views and outrageous behaviour. At the time of his death he
was a wandering lay preacher. Paracelsus was a brilliant but highly
controversial person who could alienate even his best friends. He
was a hard drinker, never short of money, and treated the poor for
free while demanding high fees from the rich. 

these are Paracelsus’ collected works, based directly on his own
writings, in ten volumes. Paracelsus attacks alchemy and tradi-
tional medicine based on the four humours (blood, phlegm, yel-
low and black bile). He rejects the herbal remedies of the ancients
(3.1) and introduces compounds of mercury, lead, arsenic, anti-
mony and sulphur in the pharmacopoeia. He directs his therapy
against the causes rather than the symptoms of diseases. Paracel-
sus sees a unity between cosmos and medicine with chemistry as a
means of improving practical treatment. He writes on occupa-
tional (miners’) disease and in the work De Naturalibus Rebus (ca
1540) he reports for the first time the anaesthetic effects of ether
(3.2), a substance probably first produced by Cordus (3.3).

in perspective:

After his death Paracelsus’ teachings were widely spread and heatedly debated for
about a century. In the end, chemical therapy became increasingly accepted in
medicine and his ideas were blended into the move towards chemical physiology,
as pioneered by men like van Helmont and Boyle (3.4) His vehement criticism of
the ancient authorities foreshadowed the fundamental changes towards a mecha-
nistic approach to science and medicine that took place during the following cen-
tury (3.5). More than two hundred years after Paracelsus’ observations on the ef-
fects of ether, Turner recommended sniffing it up the nostrils to combat
headaches (3.6). Long first used ether for minor surgery in his dental practice in
1842 (3.7). However, not until his colleague Morton introduced it with the help of
Jackson (3.8)(3.9) in the surgical theatre of the Massachusetts General Hospital in
1846 (3.10) did ether gain general acceptance and widespread use.

Paracelsus

Der Buecher und Schrifften …        
Ioannem Huserum. Basel: C. Waldkirch, 1589–1590.

P
Theophrastus Bombastus von Ho-
henheim, also named Paracelsus.  

3:3
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Valerius Cordus (1515–1544), botanist and apothe-
cary who discovers a method of synthesising ether.

In 1761 Matthew Turner, a surgeon in Liverpool,
manufactures and sells ether as an oral remedy for
many ailments, i.e. most nervous diseases, gout,
rheumatism, pains in the stomach and whooping
cough. For headache, however, he recommends it 
to be snuffed up the nostrils, which gives him a
place in the history of inhalation anaesthesia.  

3:4

3:5

3:6

An early English translation of alchemical texts that includes Conrad Gesner’s
(1516–1565) description of Cordus’s procedure for producing ether: Equal
parts of spirit of wine (alcohol) which has been rectified three times and sul-
phuric acid are allowed to remain in contact for two months, and then the mix-
ture is distilled from a water- or sand-bath; the distillate consists of two layers of
liquid of which the upper one is the oleum vitrioli dulce verum or sweet oil of
vitriol (ether). 
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William Morton (1819–1868), his ether inhaler
and a note of gratitude to the surgeons of the
Massachusetts General Hospital, published in
his account of the first use of ether in 1846.

3:7

3:8

3:9

3:10

Charles Jackson’s (1805–1880) treatise on
ether. Jackson accidentally inhales ether in 1841
and discovers its analgesic property. Later he
teaches William Morton chemistry and makes
claim to the priority of having discovered the
benefit of ether for surgical anaesthesia. 
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Santorio Santorio (1561–1636) introduces
quantitative measurements in medicine
and describes methods and instruments
for measuring the pulse.  

4:1

4:2

4:3



4.1 Aristotle. Opera …Venice; 1482. Collected 
scientific writings printed in Augsburg 
1518.

4.2 Galenus C. Omnia quae extant opera. Venice; 
1550.

4.3 Descartes R. De homine figuris. Leyden; 
1662.

4.4 Galilei G. Discorsi e demonsrazioni matema-
tiche, intorno a due nuoue scienze, … Leiden; 
1638.

4.5 Newton I. Philosophia Naturalis Principia 
Mathematica. London; 1687.

4.6 Boyle R. The sceptical chymist or chymico-
physical Doubts & Paradoxes. London; 1661. 
See also #24 Lavoisier page 134.

4.7 Stahl G. Theoria Medica. Vera Halle; 1708.
4.8 Bernard C. Introduction à l’etude de la méde-

cine expérimentale. Paris; 1865.
4.9 von Helmholtz H. Das Denken in der 

Medizin. Berlin; 1877. Also #42 Du Bois-
Reymond page 224.

4.10 Schrödinger E. What is life? Cambridge; 
1944. 

4.11 Reiser SJ. Medicine and the reign of technology.
Cambridge University Press: Cambridge; 
1978. See also #98 Cerf-Kahn page 508.

antorio was born in Slovenia in 1561, the son of a noble
family. After studies of classical languages and litera-
ture, he turned to philosophy and medicine, earning his
doctorate in 1582. He practised medicine in Croatia and

then in Venice, where he made the acquaintance of the physicist
Galileo Galilei. With an increasing reputation as a practitioner
and supported by the nobility, he was appointed professor of theo-
retical medicine at the University of Padua. At the end of his sec-
ond term in 1624 he returned to Venice, where he spent the rest of
his life. Santorio was an excellent orator and a popular teacher. He
had a cautious, restrained personality and his original ideas were
always presented as part of accepted doctrine. With no family and
little interest in personal comfort, he amassed a personal fortune
during his life.

in this book of practical medicine Santorio describes methods to
avoid making mistakes in the art of healing. He introduces the
concept of specific, defined disease states and calculates them to be
80,085 in number. More importantly, he says that “number, posi-
tion and form” greatly influences the living organism and thus
deserves study. For this purpose he designs instruments (here for
the measurement of the pulse), thereby introducing quantitative
measurements in medicine. He summarises his philosophy thus:
“One must believe first in one’s own senses and in experience,
then in reasoning, and only in the third place in the authority of
Hippocrates, of Galen, of Aristotle and other excellent philoso-
phers” (4.1)(4.2).

in perspective:

Santorio was the first exponent of the mechanistic view of the body, which was
fully developed by Descartes (4.3), encouraged by the remarkable advances in
physics during the 17th century (4.4)(4.5). Also, Boyle’s later call for well-defined
quantities and concepts in chemistry and his insistence on scientific experiments
to verify hypotheses catalysed the change from alchemy to the chemical revolu-
tion of Lavoisier (4.6). During the 18th century physiological observations that
could not be explained by the mechanical approach gave rise to “vitalism”, insist-
ing on living matter containing “sensitive soul” and a “vital force” (4.7). Howev-
er, by the mid 19th century progress in many branches of science and physiology
made it increasingly clear that there was no need to seek explanations based on
such an ill-defined notion (4.8)(4.9). During the 20th century the increasing in-
fluence of science and technology stimulated (4.10) and greatly empowered the
practice of medicine but also gave rise to new dilemmas (4.11).

Santorio Santorio

Methodi vitandorum errorum omnium
qui in arte medica contingunt.       

Venice: F. Barilettus, 1603.

S
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Santorio Santorio
4:4
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Aristotle (384–322BC) and his ideas
about the location of sensory functions
in the brain. Illustration from Aristotle’s
collected scientific writings printed in
the early 16th century.

The ancient authorities of medicine, (from left to right) Hippocrates (460–377BC) Galen (130–200AD) and
Avicenna (980–1037AD). Their dogma is respectfully challenged by Santorio.

4:5
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The location and mechanism of some sensory functions
according to René Descartes (1596–1650). Illustrations
from what is known as the first book in physiology from
1662, where Descartes attempts to cover all functions of
the body.

4:8

4:9

4:10

Title page of Robert Boyle’s (1627–1691) important
work The Sceptical Chymist, where he insists on the use
of clear language, well-defined concepts and scientific
experiments to verify any hypothesis. He thereby
ushers in the transition from alchemy to the modern
science of chemistry.
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Georg Stahl (1660–1734) introduces a
new concept, vitalism, to account for
many of the shortcomings of the
mechanistic view of the human body.

Herman von Helmholtz (1821–1894)
(left) and Claude Bernard (1813–1878),
leading figures in the scientific move-
ment that during the 19th century
greatly advanced knowledge of physi-
ology and made vitalism obsolete. 

4:11
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Erwin Schrödinger (1887–1961), one of the
founders of quantum mechanics, and his influential
book on a physicist’s view of what life is. Later, all
three recipients of the 1962 Nobel Prize in medicine,
James Watson, Francis Crick (see #88) and Maurice
Wilkins, testified to how Schrödinger’s book turned
their interest towards what later became known as
“molecular biology”.  
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Johannes Kepler’s (1571–1630) description
of the anatomy of the eye (left) is based on
the work of the Arabic scholar Alhazen
(965–1039AD) which was available to him
as a Latin translation from the 12th centu-
ry. Below, Alhazen’s drawing of the cross
section of the eye. 

5:1 5:2
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5.1 Euclid. Optica & Catoptrica. Paris; 1557.
5.2 Alhazen – Witelo. Opticae thesaurus. Basel; 

1572.
5.3 Descartes R. Discours de la méthod … La 

Dioptrique. Leyden; 1637.
5.4 Bacon R. Perspectiva … Frankfurt; 1614.
5.5 Bartisch G. Ophthalmoduleia. Das ist, Augen-

dienst. Dresden; 1583.
5.6 Kepler J. Dioptrice seu demonstratio eorum 

quae visui & visibilibus propter conspicilla.
Augsburg; 1611. See also #9 Borel page 
64.

5.7 Scheiner C. Oculus hoc est:fundamentum 
octicum, …Oeniponti, D. Agricola; 1619. 

5.8 Daza de Valdes B. Uso de los Antoios para 
todo genero de vistas: … Sevilla:por Diego 
Perez (1623).

5.9 Beiträge zur Geschichte der Brille. Carl Zeiss 
Oberkochen, Marwitz & Hauser Brillen-
macher: Stuttgart; 1958.

5.10 Efron N, Pearson RM. Centenary Celebra-
tion of Fick’s Eine Contactbrille. Arch 
Ophtalmol. 1988;106: p1370, p1373.  

5.11 Young T. On the theory of light and 
colours. Phil Trans Part 1; 1802. p12.

5.12 Young T. A course of lectures on natural 
philosophy and the mechanical arts. 
London; 1807.

5.13 von Helmholtz H. Handbuch der 
physiologischen Optik. Allgemeine 
Encycklopädie der Physik IX Bd. Leipzig; 
1867. See also #45 Helmholtz page 236.

ohannes Kepler was born in Weil der Stadt in Germany in
1571. His father, a criminally inclined mercenary, left the
family when Kepler was seventeen years old. Although in-
tent on becoming a clergyman, Kepler was requested by the

University of Tübingen to accept a job in Graz as a school teacher
in mathematics. With too few students, his interest first turned to
astrology and then to astronomy, setting him off on his famous
discoveries of the laws of planetary motion. Kepler was a small,
sickly person, restless and eager to distinguish himself. He was
deeply religious and believed that God created the universe for
order and harmony, and that God’s work could be revealed
through the tools of mathematics.

kepler writes this treatise (Supplement to Witello, Expound-
ing the Optical Part of Astronomy) after having observed the par-
tial solar eclipse of the year 1600. Using a pin hole camera, he
determines the diameter of the moon, which requires a careful
analysis of how the image is formed by the light rays. Overcoming
the errors of earlier work, Kepler postulates that each point on the
object has a corresponding point in the image and that the image
point falls on the retina after refraction in the eye. Using the novel
concept of “focus” and “pencil of light”, Kepler shows that the im-
age on the retina is unfocused and inverted. He also formulates for
the first time the photometric inverse-square law.

in perspective: 

Euclid wrote on the reflection and refraction of light and on vision in about 300
B.C. (5.1). The Arabic scholar Alhazen studied lenses and the structure of the eye
in about 1000 A.D. and Witelo investigated in around 1270 A.D. what later be-
came known as the sine law of refraction (5.2)(5.3). At about the same time, Bacon
studied image formation and suggested the use of convex lenses for magnification
(5.4). In 1583 Bartisch published the first book on the equipment and methods of
ophthalmology (5.5). Kepler’s work, which he developed further after the inven-
tion of the telescope (5.6), laid the foundations of the theory of vision and was
soon followed by Scheiner’s study of the accommodation of the eye (5.7). Eye
glasses, first described in 1623 (5.8), have been in use at least since the 14th centu-
ry (5.9), while contact lenses were introduced by several investigators first in 1888
(5.10). Helmholtz developed a model for colour vision previously introduced by
Young (5.11)(5.12) and wrote a classic monograph on physiological optics (5.13).

Johannes Kepler

Ad Vitellionem Paralipomena, quibus
Astronomiae Pars Optica traditur.       

Frankfurt am main: C. Marnius & heirs of J. Aubrius, 1604.

J

Johannes Kepler
5:3
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Illustration from the first printing from 1614 of Roger Bacon’s (1214–1292) studies of
image formation and the function of lenses.

René Descartes (1596–1650) derives the
sine law of refraction and applies it to the
optics of vision. This treatise forms part of
his famous tract introducing new ideas
about the proper scientific method.  
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In 1623 Benito Daza de Valdes
(1591–1636) applies, for the first
time, advances in optics and in
the understanding of vision to
the design of eyeglasses. 
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Early representation of eyeglasses (left to right).
The first woman with eyeglasses, from a painting
by Geertgen van Jans, The Holy Family, from
1470. The first man with eyeglasses, fresco show-
ing Cardinal Hugo of Provence from 1352 and
the first book on the equipment and methods of
ophthalmology by Georg Bartisch from 1583.

Different models of eyeglasses from the 18th
century.
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Illustrations of the nature of
colours from Thomas Young’s
(1773–1829) lectures in 1807.
In 1802 Young presents a 
theory of colour vision that 
has stood the test of time. It
was based on the three funda-
mental colours red, green and
blue and the assumption that
corresponding sensitive areas
were located in the retina.
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Santorio Santorio (1561–1636) sit-
ting in the balance that he constructs
to determine the net weight change
over time after intake and excretion
of foodstuffs and fluids. Practical
methods used by him to collect and
measure excretions are illustrated
above.
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antorio was born in Slovenia in 1561, the son of a noble
family. After studies of classical languages and litera-
ture, he turned to philosophy and medicine, earning his
doctorate in 1582. He practised medicine in Croatia and

then in Venice, where he made the acquaintance of the physicist
Galileo Galilei. With an increasing reputation as a practitioner, he
was appointed professor of theoretical medicine at the University
of Padua. At the end of his second term in 1624 he returned to
Venice, where he spent the rest of his life. Santorio was an excellent
orator and a popular teacher. He had a cautious, restrained per-
sonality and his original ideas were always presented as part of ac-
cepted doctrine. With no family and little interest in personal
comfort, he amassed a considerable fortune during his life.

santorio believes in the traditional teaching that health and
disease depend on the balance between the four humours (blood,
phlegm, yellow and black bile). However, breaking away from tra-
dition, he insists that this balance must be measured. To do so he
constructs a chair scale in which he can determine the daily varia-
tions in his own body weight. He finds that a significant part of the
excretions occur invisibly through water evaporation from the
skin and through breathing (perspiration insensibilis). He also
notes the various factors that effect these losses, for instance that
they increase due to fever. Santorio reports here his observations
together with a series of aphorisms. For almost two centuries this
book was considered the most perfect of medical texts and was
reprinted many times. (6.1) 

in perspective:

Water loss through the skin and the associated phenomenon of heat loss (6.2) still
remains an active field of study in modern times, being of importance in various
clinical areas such as surgery, (6.3) treatment of burns (6.4) and in the care of new-
born babies (6.5). Two and a half centuries after Santorio’s work, Grehant was
able to measure the amount of water lost in expired air (6.6). Aschenbrandt soon
made more accurate observations and also studied both the heat and moisture
conservation and the filtration properties of the nose (6.7). More recently, the in-
vestigations of Ingelstedt (6.8) have lead to the development of clinically useful
heat moisture exchanging (HME) devices (artificial noses)(6.9). Highly efficient
designs incorporating hygroscopic material (6.10) are now widely used to humid-
ify dry respiratory gases in anaesthesia and intensive care. To a large extent these
modern devices mimic the intricate functionality of the nose of a camel (6.11).

Santorio Santorio

Ars de statica medica aphorismorum
sectionibus septem comprehensa.       

Venice: N. Polo; 1614.

S
Santorio Santorio
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Apparatus for determining water loss. Santorio finds that significant losses occur through the
skin and through breathing.
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Nestor Gréhant (1838–1910) makes
the first quantitative study of the
conditioning of expired gas using the
apparatus shown left. 

6:8
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Modern techniques for measuring
evaporative heat and water loss from
a new-born using thermistors and 
capacitive humidity sensors operated
in a differential mode.
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The experiments of Theodor Aschenbrandt in 1886 provide the first quantitative results on both
the heat moisture exchanging and the filtrating properties of the nose and the upper airways.

The first heat moisture exchanger apparatus construct-
ed in 1958 for conditioning inspired gas in posttracheo-
tomy care.

6:12 6:13

6:11



[6]  Santorio    53

Hygroscopic condenser hu-
midifiers developed during
the 1980s operate in a way
similar to the nose of the
camel and provide humidifi-
cation in demanding clini-
cal settings. Here a baby is
shown breathing through
such a device (the white
plastic part) when connect-
ed to a ventilator in a Neo-
natal Intensive Care Unit.

The extremely efficient
heat moisture exchange in
the nasal cavity of the
camel is due to its large
surface area and its hygro-
scopic properties. 
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Santorio’s thermometer utilises a graduated scale for
showing the displacement of a liquid column as the
gas volume changes with body temperature.  

Prince Leopold (1617–1675), Duke of Tuscany, 
an amateur scientist who in 1657 founds the first
scientific academy, the Accademia del Cimento.

Apparatus developed by the Accademia del
Cimento. Thermometers of Santorio’s
(I–IV) and Galileo’s (V) design and a con-
densation hygrometer (VI). Left, an illustra-
tion from 1667, and above the thermometers
as they appear today.
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antorio was born in Slovenia in 1561, the son of a noble
family. After studies of classical languages and literature
he turned to philosophy and medicine, earning his doc-
torate in 1582. He practised medicine in Croatia and

then in Venice, where he made the acquaintance of the physicist
Galileo Galilei. With an increasing reputation as a practitioner, he
was appointed professor of theoretical medicine at the University
of Padua. At the end of his second term in 1624 he returned to
Venice, where he spent the rest of his life. Santorio was an excellent
orator and a popular teacher. He had a cautious, restrained per-
sonality and his original ideas were always presented as part of ac-
cepted doctrine. With no family and little interest in personal
comfort, he assembled a considerable fortune during his life.

in order to determine the balance of the “humours” in the body
(7.1), Santorio constructed instruments for the measurement of
time, air and water flow, humidity and temperature. In this book
he describes, for the first time, the principles of construction of
these instruments. Although Santorio reveals few details of the
designs, some illustrations are provided to explain the methods of
measurements. As was his habit, the presentation is integrated
with material from established medical doctrine. Here Santorio
also comments on the first book of the al-Quanun (Canon of
Medicine), written by the Iranian philosopher and physician Ibn
Sina (Avicenna) at the beginning of the 11th century.

in perspective:

The quantitative relationship between the volume and the temperature of a gas
utilised in Santorio’s thermometer was established two centuries later by Gay-
Lussac (7.2). Santorio’s devices were further developed during the 17th century,
particularly by the members of the first Scientific Academy (Accademia del Ci-
mento) (7.3). Martine evaluated many different temperature scales and he also
considered their potential clinical usefulness (7.4). Although Currie put Mar-
tine’s ideas into medical practice in 1797 (7.5), it remained for Wunderlich to ex-
plore the full significance of the temperature changes during illness 1868 (7.6).
Farenheit manufactured the first mercury in glass thermometer in 1714 and from
the 1820s temperature could also be measured using thermocouples (7.7). Hu-
midity levels were first determined by water condensation (7.3). Hook designed a
hygrometer using oat beard and about a century later Saussure developed the hair
hygrometer, which remained in use for many years (7.8). Psychrometers using
thermocouples in a differential mode (7.9) and thin film capacitive sensors (7.10)
have, in more recent times, significantly improved humidity measurements.

Santorio Santorio

Commentaria in primam Fen primi libri
Canonis Avicennae.

Venice: J. Sarcina; 1625.

S

Santorio Santorio
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Anders Celsius (1701–1744) and
his thermometer (below) and
his proposal for a new ther-
mometer scale (right).

Celsius sets the two fixed points
of the temperature scale as the
boiling and freezing points of
water so “one can be sure that
several such thermometers,
placed in the same air, should
always show the same degree
…”.
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Carl Wunderlich (1815–1877) ex-
plores the significance of tempera-
ture changes for diagnosing vari-
ous diseases. His work establishes
the field of clinical thermometry. 

George Martine (1702–1741) publishes an
essay (left) where he evaluates the many dif-
ferent temperature scales that were in use in
the 1740s. He also discusses, for the first
time, their use in medicine.
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Horace Saussure (1740–1799)
presents his invention, the
hair hygrometer. Although
not particularly accurate, the
principle of this instrument
remained in use for almost
two centuries.

A century before Saus-
sure’s invention (see
bottom of this page),
Robert Hooke proposes
the use of the wild-oat
beard for measuring hu-
midity. His description
of the function of such a
hygrometer is repro-
duced below.
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The hygrometer according to a
drawing by Saussure from 1783
(left) and the instrument as it ap-
pears today.

Modern methods of hygrometry.
Wet and dry thermoelements used
differentially (left and middle) and
a differential capacitive sensor (be-
low).
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Robert Boyle (1627–1691) proves (compare
columns D and E in the table left) that the
pressure of a gas is inversely proportional to
its volume. (Boyle’s law). The title page of this
famous publication from 1662 is shown below.

Blaise Pascal (1623–1662) studies the equi-
librium of liquids in a valley and on the top
of a mountain and explains the effects of 
atmospheric pressure.
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8.1 Mesmer FA. Memoire sur la Decouverte du 
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8.5 Guericke O. Experimenta Nova (ut vocantur) 

Magdeburgica De Vacuo Spatio … Amster-
dam; 1672.

8.6 Boyle R. New experiments physico-mechanical,
touching the spring of the air and its effects. Ox-
ford; 1662. and ref. 4.6.

8.7 See #18 Bernoulli page 104.
8.8 Dalton J. Experimental essays on the con-

stitution of mixed gases; … Mem Lit Phil 
Soc Manchester 1802; 5:535. See also ref. 
18.6.

8.9 See #11 Hooke page 72.
8.10 See #20 Black page 116.

elmontwas born in Brussels in 1579, the child of a pro-
minent family. He studied philosophy, geography and
law, finally receiving a degree in medicine in 1599.
Married into money, he turned down tempting offers

of attractive positions and decided to do research of his own rather
than as he said “live on the misery of my fellow men” and “accu-
mulate riches and endanger my soul”. Some of his writings
aroused the wrath of the Theological Faculty of Louvain, but he
admitted being in error and escaped with a temporary house ar-
rest. Helmont had a mild personality with a fondness for dreams
and visions. Being an occult mysticist who was sceptical to logical
thinking, he nevertheless strived to explain the secrets of life in
purely chemical terms. 

this is the most complete collection of Helmont’s medical and
alchemical writings. While studying fermentation and combus-
tion of solids, Helmont finds that the smoke produced was specific
to the original substance. He calls the escaping smoke “gas” (after
“chaos”) and identifies several of them, most notably carbon diox-
ide, which he named “gas sylvestre”, meaning “wild”, because it
tended to break closed glass vessels on expansion. Helmont con-
siders each disease as a specific condition and he looks for causes,
including those of psycho-physical origin. He makes advanced ob-
servations on asthma, tuberculosis and tissue irritability. He be-
lieves fever to be a reaction to irritation and to be beneficial for the
healing process. 

in perspective:

Helmont’s scientific views are intertwined with his mystical religious meta-
physics. His ideas about wound treatment using magnetism inspired Mesmer’s
teachings of “animal magnetism” during the 18th century (8.1). Mesmerism in
turn has left its mark on the modern practices of hypnosis. Strongly influenced by
Paracelsus (8.2), Helmont’s work represents the transition from alchemy to
chemistry as a science, which in the modern sense starts with the work of Lavoi-
sier (8.3).Within three decades of Helmont’s death, Pascal had explained the
barometric pressure (weight) of air (8.4) and Guericke had developed the first air
pump (8.5). Boyle established the quantitative relationship between the volume
and the pressure of a gas and also published a critical essay that dealt alchemy a se-
vere blow (8.6). The first microscopic model of gases was presented in 1738 by
Bernoulli (8.7) and further developed by Dalton (8.8). The mechanism of breath-
ing and its importance in sustaining life was soon under intense study (8.9) and in
1754 Black prepared and closely examined carbon dioxide for the first time (8.10).

Jean Baptist van Helmont

Ortus Medicinae. Id est, initia physicæ
inaudita.

Edente Authoris Filio, Francisco Mercurio van Helmont 

Amsterdam: Louis Elzevir;1652.

H
Jean Baptist van Helmont
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Otto Guericke (1602–1686) and the
title page of his book from 1672
where he describes the invention of
the air pump, the first electric gen-
erator and his experiments on static
electricity.
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In 1802 John Dalton (1766–1844)
investigates the properties of gas
mixtures and establishes the law
of partial pressures.  

Illustration of the first kinetic
theory of gases proposed in 1738
by Daniel Bernoulli (1700–1782)
to explain the basic gas laws. 

Franz Mesmer (1734–1815)
(portrait above) introduces the
idea of “animal magnetism” as a
method of healing. Influenced
by the ideas of van Helmont, he
treats patients with magnets and
hypnoses. Initially successful, he
is later declared a fraud by a Roy-
al Commission of doctors and
academicians in Paris 1794. To
the right, an operator puts his
patient into a crisis.
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Zacharias Janssen (1580–1638),
the inventor of the compound
microscope.

The construction of the com-
pound microscope as explained
by Pierre Borel (1620–1671).

Borel reports microscopic obser-
vations on the gonorrhoea
worm. “A friend of mine ob-
served venomous gonorrhoea on
the penis of a soldier. It was a
small snaillike infection almost
invisible but its progression
looks almost like a worm and ap-
peared more pronounced on cer-
tain parts of the body. It pro-
duced 30 or 40 eggs in the micro-
scope. Small prickly worms ap-
peared from some of these eggs.
They were marked to distinguish
them from the eggs mentioned
above. On compression they
produced a milklike liquid.”
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orel was born around 1620 in Castres, France, where he
practised medicine until 1653, when he moved to Paris
and became “médecin ordinaire du roy”. He is credited
with the first description of brain concussion and is also

known to have recommended the use of concave mirrors in the
diagnostic examination of the nose and throat (9.1). Borel was an
ardent collector of plants, minerals, antiquities and books. He was
an energetic man with wide ranging interests and comprehensive
knowledge of many subjects. In an effort to establish the priority
to certain inventions and scientific discoveries, he published a
book which is the first full account of the invention of both the mi-
croscope and the telescope.

borel describes here, for the first time, the discovery and con-
struction of the telescope and the compound (multiple lenses) mi-
croscope. He claims that Janssen, a Dutch spectacle maker, invent-
ed the microscope sometime during the period 1590–1610. Borel
presents evidence to support this claim (which is considered today
to be correct) that he had obtained from the Dutch ambassador to
France, who had actually seen the compound microscope in 1619.
In a separate section of the book dated 1656, Borel also reports one
hundred medicophysical observations, some of them illustrated,
that he made with such a microscope.

in perspective:

The compound microscope was soon further developed by Hooke, who used it to
study and depict minute details of insects and plants (9.2). At about the same
time, van Leeuwenhoek built very good quality single lens microscopes and was
able to observe many important biological objects including bacteria, blood cells
and spermatozoa for the first time (9.3). The compound microscope evolved into
a more practical and frequently used instrument during the18th century (9.4). In
the beginning of the 19th century the technique of chromatic compensation of
lenses was fully developed (9.5) and electric light sources for illumination of ob-
jects were invented (9.6). Progress was also made in understanding the wave na-
ture of light (9.7) and in examining and improving the properties of optical mate-
rials (9.8). Abbe in Germany brought these advances together and developed a
new concept for microscopic image formation that lead to superior microscope
designs (9.9). In the 20th century, the phase contrast method (9.10), optical coat-
ing technologies, new light sources and sophisticated scanning techniques (9.11)
have all contributed to making optical microscopy an indispensable tool in many
fields of study including medicine.

Pierre Borel

De vero telescopii inventore, cum brevi
omnium conspiciliorum historia … ac-
cessit etiam centuria Observationum
microcospicarum. /sic/

The Hague: A. Vlacq; 1655–1656.

B

Pierre Borel, Portrait by J Pauthe
1850 after an original painting
now lost.
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An Italian 17th century com-
pound microscope as compared
to Robert Hooke’s famous draw-
ing from 1665 of his own micro-
scope (right).   

Robert Hooke (1635–1703) in-
troduces the term “cell” when
studying the structure of cork. 
He writes “I could exceedingly
plainly perceive it to be all perfo-
rated and porous, much like a
Honey-comb, but that the pores
of it were not regular … these
pores, or cells,… were indeed 
the first microscopical pores I
ever saw …”
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A century after Hooke’s early
design, the compound micro-
scope develops into a more so-
phisticated instrument, as illus-
trated by this microscope from
Augsburg.

Leon Foucault (1819–1868) in-
vents the electric light regula-
tor, a major advance, as these
voltaic arc lamps can maintain
a strong and steady illumina-
tion of the microscope object.
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Infusion and transfusion experiments report-
ed by Johann Elsholtz (1623–1688) in 1665.
Infusion (top left) and transfusion from ani-
mal to man and from man to man (top right).
The best way to perform these procedures is
explained in the panels to the right. Because
of the death of a patient (probably not due to
the procedure), transfusions of blood to hu-
man beings were prohibited by law in 1670. 

10:1 10:2

10:3 10:4



[10]  Wren    69

10.1 See #14 Boyle page 88 also ref. 4.6 and ref. 
8.6.

10.2 Elsholtz JS. Clysmatica nova; oder newe 
Clystier-Kunst. Berlin; 1665.

10.3 Lower R. The method observed in trans-
fusing the blood out of one animal into an-
other. Phil Trans 1666; 1:353.

10.4 Lower R, King E. An account of the exper-
iment of transfusion, practiced upon a man
in London. Phil.Trans 1667; 2:557.

10.5 Denis J. A letter concerning a new way of 
curing sundry diseases by transfusion of 
blood. Phil.Trans 1667; 2:489.

10.6 Pravaz CG. Sur un nouveau moyen d’opé-
rer la coagulation du sang dans les artères. 
C R Acad Sci 1853; 36:88.

10.7 See #29 Sertürner page 162.
10.8 Wood A. New method of treating neural-

gia by the direct application of opiates to 
the painful joints. Edinb Med Surg J 1855; 
82:265.

10.9 Oré PC. Études cliniques sur l’anesthésie 
chirurgicale par la méthode des injections de 
chloral dans les veines. Paris; 1875.

10.10 Roehr ZM. Hypodermic syringe. US Patent 
2,728,341 1955. (appl.1951) and Disposable 
needle assembly. US Patent 2,953,243 1960 
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10.11 Murdoch CA. Means for use in the administer-
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US Patent 3,207,157 1965 (appl.1962).

ren was born 1632 in East Knoyle, England. With a
strong family tradition of learning he went to Oxford
to study. Here, his many talents for scientific work
soon attracted attention. He became a highly skilled

demonstrator of anatomy, an exceptional draftsman and, accord-
ing to Newton, one of the best mathematicians (geometers) of his
time. He was appointed professor of astronomy in Oxford 1657
and played a leading role in the formation of the Royal Society of
London in 1662, being elected its third president. Knighted in
1673, Wren is best known today as an architect. Among his many
achievements in this field is the construction of St Paul’s Cathe-
dral in London, where he is also buried.

oldenburg, the secretary of the newly formed Royal Society
gives “An account of the rise and attempts, of a way to conveigh
liquors immediately into the mass of blood” by “the Learned and
Ingenious Dr Christopher Wren” and it is observed that the “No-
ble Benefactor to Experimental Philosophy Mr Robert Boyle”
(10.1) ordered the necessary apparatus to be built. In the experi-
ments, which were first attempted 1656 in the home of the French
ambassador, Wren ligates the veins of a dog and then introduces a
syringe into an opening of the side of the ligature. The syringe is
made from animal bladder to which a quill is attached filled with
various liquid solutions, most notably one containing opium. He
observes that in this case the dog was stupefied but not killed.

in perspective:

These initial experiments were soon followed by transfusions of blood between
animals and also from animals to man. In 1665 Elsholtz performed such experi-
ments (10.2) and soon others followed (10.3)(10.4)(10.5). Because of the death of
a patient (probably not due to the procedure), transfusions of blood to human be-
ings were prohibited by law in 1670. At the beginning of the 18th century Anel
constructed a syringe similar to those used for rectal injection, but much smaller.
In 1853, Pravaz adopted this device to infuse coagulants into the bloodstream
(10.6). Together with Wood, who injected opiates (10.7) into joints for pain relief
(10.8), Pravaz is credited with having introduced the hypodermic needle into
medical practice. Systematic studies of intravenous delivery of anaesthetics for
pain relief were reported by Oré in 1875 (10.9). In 1955 Roehr Products Co intro-
duced the “Monoject”, the first disposable plastic syringe (10.10) and the prefilled
disposable syringe was invented by Murdoch (10.11). 

Christopher Wren

Philosophical Transactions of the 
Royal Society London. 1665; 1
(December 4):128.

W

Sir Christopher Wren
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The syringe shown above is used by Dominique
Anel (1679–1713) for cleaning wounds and irrigat-
ing body cavities, as is illustrated to the right. It can
be considered a precursor to the much smaller sy-
ringes developed by him, as shown below.

The lachrymal syringe of
Anel. It is used to remove
obstructions in the canals
leading from the eye to the
nose to allow the natural
progress of tears.
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Above, the original hypodermic needle of Alexander Wood (1817–
1884) used to inject opiates into joints for pain relief. Wood shares
the credit for introducing the hypodermic needle with Pravaz. 

The patent applications for the first dispos-
able hypodermic syringe (left) and needle
assembly (above) invented by Zbislaw
Roehr during the early 1950s. The syringe
was introduced on the market in 1955 un-
der the name of Monoject.

To the right, in 1853 Charles Pravaz (1791–1853) develops a hypo-
dermic needle to inject blood coagulating agents with precision.
The picture shows a Pravaz-type glass and silver hypodermic nee-
dle from the late 19th century. 
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Robert Hooke’s (1635–1703)
account of his ingenious 
experiments with artificial
ventilation of the lungs.
Hooke’s observations and
conclusions are still valid 
today. 

11:1
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11.5 Mayow J. Tractatus quinque medico-physici. 

Oxford; 1674.
11.6 See #20 Black page 116. 
11.7 See #21 Scheele page 122.
11.8 See #24 Lavoisier page 134.
11.9 Spallanzani L. Mémoires sur la respiration … 

traduits en Francais, d’après son manuscrit in-
édit, par J. Senebier Geneva; 1803.

11.10 See #24 Lavoisier page 134, #37 Magnus 
page 196 and #58 Voit page 300.

ooke was born in Freshwater on the Isle of Wight in
1653. Even as a boy he demonstrated exceptional skills
in constructing ingenious mechanical devices. After
formal studies in Oxford he became assistant to Boyle

(11.1) and joined the brilliant group of men that founded the Roy-
al Society in 1662. (11.2) As the curator of the experiments at the
meetings of the Society he made numerous inventions and origi-
nal scientific observations. His theory of celestial mechanics and
gravitation initiated Newton’s own work. Being a friend of Wren
(11.2), he also participated in the rebuilding of London after the
great fire. Hooke was a difficult, quarrelsome person who engaged
in long and bitter fights with his colleagues. A genuine hypochon-
driac, he lived in a stormy relation with his niece and died at the
age of sixty-seven. 

in this treatise entitled “An account of an Experiment made by
M. Hook, of Preserving Animals alive by blowing through their
Lungs with bellows” Hooke connects a dog with open thorax to
two bellows. Using one bellows only he demonstrates repeatedly
for an hour that it is “the supply of fresh Air” that keeps the dog
alive. Using both bellows, the second to produce permanent posi-
tive pressure through rapid pumping, he shows that if the lungs are
perforated, a continuous flow of air occurs across it and that this
alone is sufficient to keep the dog alive. Thus he proves that “the
bare Motion of the Lungs without fresh Air contributes nothing
to the life of the Animal”. 

in perspective:

Using a pregnant sow, Vesalius was the first to describe the effects of artificial ven-
tilation (11.3). Boyle, assisted by Hooke, had previously shown that animals per-
ish in an enclosed space when air is evacuated (11.4). Mayow found that only a
portion of the air is used in respiration, since the gas volume was only reduced by a
small fraction on breathing (11.5). He argued that the lungs transferred particles
from the air to the blood where they were combusted and gave rise to the temper-
ature of the body. With the discovery of carbon dioxide and oxygen (11.6)(11.7)
(11.8), Spallanzani was able to show that oxygen is taken up and carbon dioxide is
given off from animals, their tissues and organs (11.9). He also demonstrated that
this process is influenced by activity and temperature and by the nature and quan-
tity of food ingested. Quantitative studies of gas exchange and blood gases almost
half a century later confirmed his observations (11.10).

Robert Hooke

Philosophical Transactions of the 
Royal Society London. 1667; 2 
(October 21): 539.

H
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Continuation of Hooke’s
account of his experiments
with artificial ventilation
where he concludes that
“the bare Motion of the
Lungs without fresh air
contributes nothing to the
life of the Animal.” This
apparently simple observa-
tion was all but forgotten
for more than a century.

Andreas Vesalius (1514–1564) describes artificial ventilation
for the first time. He writes in 1543: “To proceed: the vivisec-
tion I promised a little while ago to describe, you should per-
form on a pregnant sow or bitch. It is better to choose a sow
on account of the voice. For a dog, after being bound for
some time, no matter what you may do to it, finally neither
barks nor howls, and so you are sometimes unable to observe
the loss or weakening of the voice. First, then, you must fas-
ten the animal to the operating table as firmly as your pa-
tience and your resources allow, in such a way that it lies upon
its back and presents unimpeded the front of its neck and the

11:3

11:4

trunk of its body.” Then having pierced “the inner lining of
the ribs” Vesalius points out how the lung collapses, though
the thorax continues to move just as before. Finally he
teaches “But so that life may in some measure be restored to
the animal, you must attempt an opening in the trunk of the
trachea and pass into it a tube of rush or reed, and you must
blow into this so that the lung may expand and the animal
draw breath after a fashion; for at a light breath the lung in
this living animal will swell to the size of the cavity of the
thorax, and the heart take strength afresh and exhibit a
great variety of motions.”



[11]  Hooke    75

John Mayow (1645–1679) proves that a certain por-
tion of air is made up of “nitro-aerial” particles (later
recognised as oxygen). He finds them to be less abun-
dant in exhaled air but necessary to sustain combus-
tion. He writes in his book from 1674 depicted above,
“let a burning candle be placed in water … and let an
inverted cupping-glass of sufficient height be put over
the light and plunged immediately into the water sur-
rounding the light … and you will presently see,
while the light still burns, the water rising gradually
into the cavity of the cupping-glass.” Mayow also con-
siders “nitro-aerial” particles as essential for breath-
ing (also for the foetus) and for performing muscular
work. His experimental arrangements are shown by
the illustrations on the left.
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Giovanni Borelli (1608–1679) is the first to apply the new science of mechanics introduced by Galileo
Galilei (1564–1642) to physiology. He does this when analysing the movements of the human body and
the movements of its muscles.

12:1
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orelli was born in Naples in 1608, the son of a Spanish in-
fantryman. Borelli’s early years were tumultuous due
to the general political turmoil and the private difficul-
ties of his father. As a young man in Rome he made the

acquaintance of prominent scientists and patrons of the sciences.
Later, when Borelli was professor of mathematics in Pisa, he came
to play a leading role in the founding and activities of the “Accade-
mia del Cimento” (12.1). From 1637 he taught mathematics in
Messina, Sicily, becoming professor in 1649. The spread of epi-
demic fevers aroused his interest in anatomy and medicine. He
also got involved with politics, one time having a price on his head.
Robbed of all his possessions by a servant, he spent the last years of
his life in Rome teaching elementary mathematics.

this book, which is in two volumes, was published the years fol-
lowing Borelli’s death. Its printing was paid for by Queen Christi-
na of Sweden, to which the work is dedicated. The first part deals
with the external motions of the animal body due to the interac-
tion of bones and muscles. The second part deals with the internal
movements such as respiration and circulation. Here Borelli also
considers the origin of the muscle function. He recognises that an
explanation entirely based on mechanical concepts is inadequate.
He believes that chemical processes and neural stimulation influ-
ence the contraction of muscles in general and the heart in partic-
ular. His analysis of the working of the heart is based on Harvey’s
demonstrations (12.2) and a simple hydraulic model.

in perspective:

In the spirit of the times Borelli conceived the body as a machine to be understood
using the new mechanical sciences of Galileo Galilei (12.3) and in doing so he laid
the foundations of biomechanics. Borelli was also the first to view the working of
the heart as a hydraulic system, an approach soon to be expanded on by Bernoulli
(12.4). Strongly influenced by the teachings of Santorio (12.5), Borelli was a keen
observer and realised that biomechanics and physics alone could not explain all his
observations. He therefore introduced new ideas that would lead to the neuro-
genic concept of the heart’s action and muscular contraction (12.6)(12.7). During
the 19th century the physiology of movements and the physics of muscle function
were elucidated by the Weber brothers (12.8) and by Fick (12.9), and Marey con-
ducted detailed studies of animal motion using photographic and cinemato-
graphic techniques (12.10)(12.11).

Giovanni Borelli

De motu animalium.
Rome: A. Bernabo; 1680–1681.
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Although Borelli studies muscular control and movement from a mechanical viewpoint (see his diagrams
above), he realises that contraction and swelling of the muscles cannot be solely mechanical but must also
involve chemical processes. 

12:3
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Borelli is the first to argue that the heart beat is a result of a muscular contraction and that the circulatory
system can be represented by a simple hydraulic analogue, as illustrated above. 

12:4
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In 1836 the brothers Wilhelm Weber (1804–1891) and Eduard Weber (1806–1871) study and visualise the
mechanics and physiology of walking.

12:5
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Etienne Marey (1830–1804) develops new photo-
graphic techniques that allow detailed recording and
study of rapid motions of animal and man. In one of
his experiments a man is running in black cloths with
white stripes and dots against a black background
(top). Marey’s apparatus for taking these pictures, the
“chronophotographe” from 1882, is shown on the left.

12:6
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In 1673 Athanasius Kircher
(1602–1680) writes the first
book entirely devoted to the
nature and properties of
sound. The picture above
shows the elaborate title page
of the German translation of
this work. A detail of the fron-
tispiece (left) illustrates some
of the observations reported
in the book on sound propa-
gation and generations.

13:1
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13.1 Kircher A. Scrutinium physico-medicum conta-
giosae luis, quae pestis dicitur. Romae; 1658. 
See also #9 Borel page 64.

13.2 Kircher A: Magnes, sive, de Arte magnetica 
opus tripartium … Cologne; 1643. 

13.3 See ref. 8.6 Experiment 27.
13.4 Young T. Outlines of Experiments and 

Inquiries respecting Sound and Light. Phil 
Trans Roy Soc. 1800; Jan.16.

13.5 Chladni EF. Die Akustik. Leipzig; 1802.
13.6 See #25 Kempelen page 138.
13.7 See #32 Fourier page 176 and ref. 32.5.
13.8 See #26 Volta page 144 ref. 26.5 and ref. 

26.6.
13.9 von Helmholtz H. Die Lehre von den Ton-

empfindungen als physiologische Grundlage für 
die Theorie der Musik. Braunschweig; 1863.

13.10 Lord Rayleigh (Strutt J). The theory of sound.
London; 1878.

ircher was born in Geisa ad Ulster in Germany in 1602.
He studied humanities, natural science, mathematics,
philosophy, languages and theology and entered the
Society of Jesus in 1616. As professor of philosophy and

mathematics in Würzburg, he published the first of his forty-four
books dealing with his own physico-mathematical experiments
on magnetism. His extraordinary variety of interest and education
allowed him to write on nearly all fields of the humanities and sci-
ences. In 1633 he settled in Rome and carried out independent
studies there for the rest of his life. A polymath, he played a key
role during the 17th century in disseminating news about ad-
vances in various fields of knowledge, thereby promoting and in-
fluencing progress in the sciences and in medicine. 

this book, the German translation of Kircher’s “New way of
making sound” from 1673, is one of the first publications devoted
entirely to the study of the nature and properties of sound.
Kircher’s interest in acoustics arose from his intense study of mu-
sic, which he believed could provide important understanding and
knowledge about the world. As a Jesuit he believed that music
could produce strong emotional effects of benefit to the body and
soul. For instance, he transcribed the tarantella, music which was
customarily played and a dance performed as an “antidote” for the
bite of a venomous spider (Apulian tarantula).  

in perspective:

Kircher was an early microscopist and the first to make medical observations, ad-
vancing the idea that microscopic organisms caused infectious disease (13.1). In
his main treatise on magnetism and static electricity, “Loadstone or the magnetic
art”(13.2), he gave a comprehensive account of the use of magnetism in medicine.
Although Boyle had shown (13.3) that sound became extinct in an evacuated
space, a more detailed understanding of the nature of sound phenomena was
gained only at the beginning of the 19th century, when Young analysed sound
propagation and interference phenomena using an analogy with the wave proper-
ties of light (13.4) and Chladni demonstrated acoustic resonance patterns in plates
(13.5). A decade earlier, Kempelen had investigated the function of the human
speech generating organs and built a working mechanical model of them (13.6).
With a better understanding of wave phenomena, the mechanism of hearing
could be studied in detail (13.7)(13.8). In a major advance Helmholtz combined
the physiology of hearing with the science of sound (13.9) and Lord Rayleigh put
this science on a rigorous mathematical footing (13.10). 

Athanasius Kircher

Neu Hall- und Thon-Kunst, oder, 
Mechanische Gehaim-Verbindung der
Kunst und Natur …

Nördlingen: F. Schultes; 1684.
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Athanasius Kircher at the age of
seventy-six.
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Kircher discusses applications of sound amplification (top), the acoustics of buildings and the phenomenon
of echoes.
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The big horn used, according to Kircher, by Alexander the Great (356–323BC) to call out to his army (top)
and his own (contested) invention, the “speaking trumpet” (below).
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As a Jesuit, Kircher believes that music has a benefi-
cial effect on both body and soul. He transcribes the
tarantella (right), which is commonly played and
danced (see picture below) as an “antidote” for the
bite of a venomous spider (Apulian tarantula, de-
picted in the lower left corner of the picture).

13:9
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Kircher is the first to apply microscopy to medical research. In
1656 an outbreak of the bubonic plague in Rome turns his in-
terest to the cause of infectious diseases. Two years later he
publishes a famous tract (see the title page on the right) where,
under the heading “A detailed description of the origin of the
plague or the mechanism of its spread”, he argues that infec-
tion can be carried over through direct contact by microscopic
organisms both between man and when in contact with ani-
mals (reproduced in part above).
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In thirty paragraphs, Robert Boyle
(1627–1691) reports on the properties of
the human blood. This work can be con-
sidered the start of the science of physio-
logical chemistry.

14:1

14:2



[14]  Boyle    89

14.1 See ref. 4.6.
14.2 Hewson W. An experimental inquiry into the 

properties of the blood. London; 1771.
14.3 See #28 Davy page 156.
14.4 Berzelius JJ. Föreläsningar i djurkemien Vol. I,

Stockholm; 1806. p130–131. See also ref. 
51.3.

14.5 See #37 Magnus page 196.
14.6 See #51 Hoppe-Seyler page 268.
14.7 See #62 Arrhenius page 320.
14.8 Astrup P, Severinghaus JW. The history of 

blood gases,acids and bases. Copenhagen: 
Munsgaard; 1986. 

14.9 See ref. 14.8 Chapter XI. 
14.10 See #81 van Slyke page 416.
14.11 See #87 Engström page 450.

oyle was born in Lismore, Ireland, the son of the afflu-
ent and influential first Earl of Cork. After private tu-
ition, he studied at Eton, in Geneva and later at Oxford.
His early interest in astronomy soon yielded to prob-

lems in medicine, which led him to chemistry and physics. In 1668
he settled in London and soon turned his house, where his labora-
tory was located, into a centre for scientific activities. He was one
of the founders and the most prominent member of the Royal So-
ciety. A prolific writer on what he called “experimental natural
philosophy”, he was also a devout, scrupulous man who wrote ex-
tensively on “natural theology”, that is on the relationship be-
tween science and religion.   

this book marks the beginning of physiological chemistry.
Boyle describes a large number of experiments on the physical and
chemical properties of blood. He investigates its properties when
exposed to heat and cold, the density and viscosity of the different
components. The behaviour of blood in contact with various
chemicals, acids and alkali, is described and an attempt is made to
extract gases from it using an air pump (pneumatic engine). Boyle
also notes that on contact with air the dark colour of blood turns
to a more “pleasant” one. He discusses extensively the many possi-
ble uses of blood for medication. The detailed explanations of the
concepts and methods used reflect his novel ideas about how to
approach a problem in a scientific way (14.1).

in perspective:

Boyle’s work was always original and never dogmatic and it greatly influenced sci-
entific thought for almost a century following his death. At the end of the 18th
century, better separation techniques allowed Hewson to present the first valid
account of the mechanism of blood coagulation (14.2). Davy noted that blood
contained carbon dioxide and oxygen (14.3) and Berzelius analysed the separate
parts of blood, showing that it contained iron (14.4). Gustav Magnus was the first
to measure blood gases in a quantitative way in 1837 (14.5) and soon thereafter
Hoppe-Seyler isolated and studied haemoglobin (14.6). The work of Arrhenius
on ions in dilute solutions (14.7), steadily improved methods of blood gas analysis
(14.8) and the introduction of the pH concept at the beginning of the 20th centu-
ry (14.9) all contributed significantly to the development of modern clinical
chemistry (14.10). Its central role in the struggle against the polio epidemics in
Scandinavia in 1950–1953 (14.11) is one of many examples showing how clinical
needs generate technical innovations that in turn further progress in medicine. 

Robert Boyle

Memoirs for the Natural History of the
Human Blood, especially the Spirit of
that Liquor.

London: S. Smith; 1683–1684.
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Boyle describes experiments on the coagulation of blood (top) and his early observation of the colour change of
blood on oxygenation (below).
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In a series of reports starting in 1768, William Hewson
(1739–1774) describes the discovery of lymphocytes. He also
finds fibrinogen to cause the clotting of the blood.

In 1806 Jacob Berzelius (1779–1848) makes the first quanti-
tative determination of the iron content of haemoglobin
(“blodets färgämne”). About two decades later he reports
an iron content of 0.536% by weight (see below), which is to
be compared to the modern value of 0.347%.

14:6 14:8
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Two of Francis Hauksbee’s
(1666–1713) ingenious devices
built to generate and study elec-
tric charge and discharge. He
investigates the light produced
by the friction between glass
and different materials and
when electricity passes through
rarefied air.
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ittle is known about Hauksbee’s early life. He was probably
born in 1666 in Colchester, worked as a draper and mar-
ried in 1687. However, by 1703 he was considered an ex-
cellent instrument maker and skilled experimenter. New-

ton, the new president of the Royal Society, invited him to make
demonstrations at their weekly meetings. Hauksbee was elected
fellow of the Royal Society in 1705. An experimentalist of wide
ranging interest, he was not bent on theoretical work or in his own
words, echoing those of Newton, he “was not one to amuse him-
self with vain hypotheses which seem to differ little from ro-
mances”. A close and fruitful collaboration developed between
Newton and Hauksbee and lasted till Hauksbee’s death 1713. with
Newton often suggesting the experiments and offering possible
explanations of the results.

in this book, which presents the first systematic experimenta-
tion on static electricity, Hauksbee describes his apparatus and ob-
servations. The main aim is to understand the origins of light
(mercurial phosphorus) previously reported to arise from fric-
tions between glass and mercury. Hauksbee designs ingenious
equipment to generate this phenomenon, producing electric
charge in various ways and studying the light generated for differ-
ent materials and different circumstances. In the process he ex-
plores the properties of static electricity inside and outside evacu-
ated glass vessels. Hauksbee also investigates capillarity and ar-
gues that independent of the material of the capillary tubes, at-
tractive forces over small distances are at play giving rise to some
“Universal Establish’d Law of Nature”.

in perspective:

As the Greek word for amber “electron” suggests, static electricity was well know
to the ancients (15.1). Gilbert, in his important work on magnetism (15.2), also
investigated electrical phenomena and found new materials, notably phosphorus,
which were easily charged. Guericke used a rotating sphere of phosphorus to gen-
erate static electricity (15.3). Following Hauksbee’s work, many electrical ma-
chines were built of increasing sophistication and size (15.4)(15.5)(15.6). In a ma-
jor development, Musschenbroek invented the Leiden jar in 1746. His method of
accumulating charge in a glass bottle partially filled with water, as first described
by Winkler (15.7), would significantly increase the power of these early machines
(15.1). Electric induction of charge between bodies was first practised by Volta in
1775 (15.8) and a sensitive torsion instrument to measure charge was designed in
1785 by Coulomb (15.9). In 1748, Jallabert observed that electricity could be used
to stimulate the muscles and was the first to apply it to treating the paralyses of a
patient (15.10).

Francis Hauksbee

Physico-mechanical Experiments on
Various Subjects …

London: R. Brugis; 1709.
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In 1746 Johann Winkler (1703–
1770) gives the first description of
an experiment with what is known
as a Leiden jar (a waterfilled glass
jar acting like a primitive capaci-
tor). This device had just been in-
vented by Pieter van Mussen-
brook (1692–1761) and greatly
enhanced the electric effects pro-
duced with early electric ma-
chines.

1784 sees Martinus van Marum (1750–1837) build the largest electric machine of the 18th century. The two glass plates are 1.6 m
in diameter and the sparks between the brass electrodes can be 0.65 m long.

15:5
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The construction of a very sensitive torsion
balance (see illustrations to the left) allows
Charles-Augustin de Coulomb (1736–1806)
to measure the electrostatic forces between
charged bodies at different distances and to
establish what is now called Coulomb’s law.
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Antoni van Leeuwenhoek
(1632–1723) constructs a
very simple microscope with
high magnification using a
fixed lens (“l”) of his own
design and manufacture.
The object under study is
moved using a screw.

16:1

The first observation of spermatozoa as depicted in Leeuwenhoek’s report.

16:2
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eeuwenhoek was born in 1632 in Delft. He died at the age of
ninety-one, having spent nearly all of his life in that city.
After grammar school, Leeuwenhoek started work first in
the cloth trade, then as a shopkeeper and finally as a civil

servant. His scientific work began in 1671 and most of his impor-
tant discoveries were made during the following ten years. The
Royal Society elected him a fellow in 1680 and also translated his
letters, where he reported his results, into English. His scientific
achievements brought him fame and a generous pension. His fel-
low townsmen called him fondly a “magician” and so many pro-
minent nobility wanted to meet with him that he had to demand
introductory letters before seeing them.

leeuwenhoek’s collected work is made up of the 165 letters
that he sent to the Royal Society for publication. Grinding his own
lenses and using simple, single lens microscopes, he painstakingly
observes and documents organic and inorganic structures. His
best instrument has a resolving power of ~1 μm at about 500 times
magnification, a performance not surpassed for almost two cen-
turies (16.1). Leeuwenhoek’s most important findings are in the
field of general biology. He studies the spermatozoa of different
species and believes that they are the origin of all new life and that
fertilisation occurs as a result of its penetration of the egg. Other
observations of importance include those on blood corpuscles,
capillaries, bacteria and the structure of plants.

in perspective:

Lacking language skills and unwilling to travel, Leeuwenhoek was rather isolated
in his work. Malpighi, an eminent contemporary microscopist and friend of
Borelli (16.2), had observed the blood corpuscles already in 1665, but he believed
they were fat globules. Malpighi also studied the structure of the lung of a frog and
in the process made the first observation of the capillaries in 1661 (16.3)(16.4).
This discovery confirmed the theory of circulation of the blood as first proposed
by Cesalpino and subsequently demonstrated by Harvey (16.5). About a century
later, in patient and careful microscopic studies, Spallanzani made the first obser-
vations of mammalian arteriovenous anastomoses. Using a new innovative dis-
secting microscope (16.6), he was able to follow the development of the circulato-
ry system in a chick embryo (16.7). Whether life originated in the spermatozoa as
Leeuwenhoek believed or in the egg as argued by Harvey (16.8) was finally re-
solved in 1875, when Hertwig demonstrated that fertilisation occurred as a result
of a fusion between the two (16.9).

Antoni van Leeuwenhoek

Opera Omnia. Vol. I–IV.
Leiden: J.A. Landerak (A. Beman); 1719–1722.

L
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The first correct microscopic identification of the red blood corpuscles (in the capillaries) is made by
Leeuwenhoek in the year 1700. His illustration of this finding is shown above.
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Using a newly developed dissecting
microscope, Lazarro Spallanzani
(1729–1799) painstakingly follows the
evolution of chick embryos and ob-
serves for the first time mammalian
arteriovenous anastomoses (connec-
tion between artery and vein).

16:5

16:6

16:8

16:7

In 1661 Marcello Malphigi (1628–
1694) observes the capillary vascular
bed in the lung of the frog. This im-
portant discovery eliminates the miss-
ing link in William Harvey’s (1578–
1657) explanation of how blood circu-
lates in the body.
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Stephen Hales (1677–1761) introduces a new method of gas collection and storage. He experiments to
determine the effects of rebreathing gases and finds that breathing through caustic substances allows
longer rebreathing times. Hales’ work greatly influences subsequent developments in chemistry and 
contributes to the discovery of many of the most important medical gases.

17:1
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17.1 See #22 Priestley page 124.
17.2 See #15 Hauksbee page 92.
17.3 See #20 Black page 116.
17.4 See #21 Scheele page 120.
17.5 See #24 Lavoisier page 134.
17.6 Rutherford D. Dissertatio Inauguralis de Aere 

Fixo dicto, Aut Mephitico. Edinburgh; 1772.
17.7 See #28 Davy page 156. 
17.8 See #35 Poiseuille page 188. 
17.9 Vierordt K. Die Lehre vom Arterienpuls in 

gesunden und kranken Zustände, gegrundet auf 
eine neue Methode der bildlichen Darstellung 
des menschlichen Pulses. Braunschweig; 1855.   

17.10 See #52 Marey page 272.
17.11 See #68 Riva-Rocci page 350. 

ales was born into a distinguished family in Bekes-
bourne, England, in 1677. He studied at Cambridge,
where he was ordained as a deacon in 1709. He then
took up residence as minister in the village of Tedding-

ton, where he lived the rest of his life. Amid his parish duties he
carried out occasional scientific experiments for about twenty
years starting in 1713. Although a fellow of the Royal Society, he
devoted the last thirty years of his life only to the duties of a coun-
try minister. He was serene and cheerful of mind and anxiously
guarded the morals of his village. He actively promoted the Gin
Act of 1736, which was aimed at “stopping that profusion of spiri-
tuous liquors which threaten to ruin the morals and constitution
of the common people”.

in the chapter “Analysis of the Air”, Hales presents experiments
to determine the amount of air “fixed” to or given off from various
bodies. He develops a new method of collecting and storing gas,
later to be used by Priestley (17.1), where the gas first passes
through water to remove “the acidic spirit”. In rebreathing studies
he finds that breathing through caustic substances allows much
longer rebreathing times. He measures blood pressure by insert-
ing a canula fitted with a long glass tube into the femoral artery of
a mare and notes how high the blood rises in the tube. He also ma-
nipulates peripheral resistance by injecting among other things
brandy and studies the effects on the capillaries, the heart rate and
on the blood flow. Aware of Hauksbee’s experiments (17.2), Hale
speculates that electricity might cause the muscular action of the
heart, explaining the forces required to produce the blood pressure
observed.

in perspective:

In 1754, still during Hale’s lifetime, Black identified and studied carbon dioxide
for the first time (17.3) and before the end of the 18th century many other impor-
tant medical gases such as oxygen (17.4)(17.1)(17.5), nitrogen, (17.6) and nitrous
oxide (17.1)(17.7) were discovered and investigated. The first major improvement
in blood pressure measurements after Hale’s work was the introduction of the
mercury manometer by Poiseuille in 1828 (17.8). This was followed by the inven-
tion of sphygmographs (17.9)(17.10), which could display the arterial pulse, and
at the end of the 19th century by Riva-Rocci’s sphygmomanometer (17.11), which
operated according to modern principles. Thus, although just a sideline to his or-
dinary duties, Hale’s scientific studies exerted a profound influence on later devel-
opments in medicine.

Stephen Hales

Vegetable Staticks, Statical Essays:
containing Hæmastaticks; …

London: W. Innys, R. Manby, T. Woodward; 1727 and 1733.
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Hales’ influential experiments (shown above) that
demonstrate that air is “either generated or ab-
sorbed” on fermentation (figure 34) and is com-
monly given off when heating various substances
(figure 33). 

George Compte de Buffon’s (1707–1788) illustra-
tion (right) of Hales’ simple but ingenious method
of determining the quantity of air “destroyed by
respiration”, that is the difference between oxygen
uptake and carbon dioxide elimination during
breathing.

17:3

17:4
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In a number of pioneering experi-
ments, the first being partly repro-
duced above, Hales measures the blood
pressure and the intrathoracic pressure
in animals using his new invention the 
U-tube manometer. He also gives esti-
mates of the velocity of blood in the ar-
teries, veins and capillary vessels. 

Artist view of Hales’ experiment on a
mare that is partly reproduced above. 

17:5
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The title page of Daniel Bernoulli’s
(1700–1782) classical book from
1738, where he introduces the 
science of hydrodynamics (a word
first used here). He derives what
came to be called Bernoulli’s equa-
tion for the steady flow of an in-
compressible fluid and demon-
strates its validity through a num-
ber of experiments (some of them
illustrated below).

18:1

18:2
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18.1 Bernoulli D. “Oratio physiologica de vita ” 
1737. Reprint of original and German 
translation Spiess O, Vezár F. Verhand-
lungen der Naturforschenden Gesellschaft in 
Basel 1940/1941; 52:189.

18.2 See ref. 8.4, 8.6.
18.3 Dalton J. Experimental essays on the con-

stitution of mixed gases; … Mem Lit Phil 
Soc Manchester 1802; 5:535. Also see ref. 
7.2.

18.4 Gay-Lussac JL. Mémoire sur la combinai-
son des substances gazeuses, les unes avec 
les autres. Mém phys chim Soc d’Arcueil 
1809; 2:207.

18.5 Avogadro A. Essai d’une manière de déter-
miner les masses relatives des molécule élé-
mentaires des corps … Journal de physique
1811; 73:58.

18.6 Dalton J. A New System of Chemical Philoso-
phy. Manchester; 1827. See also ref. 8.8.

18.7 See #55 Maxwell page 286 and ref. 55.2.
18.8 Poiseuille JLM. Recherches expérimentales

sur le mouvement des liquides dans les 
tubes de très petits diamètres. Mém Acad 
Roy Sci. 1846; 9:433. See also ref. 35.10.

18.9 Weber EH, Weber W. Wellenlehre auf Expe-
rimente gegrundet … Leipzig; 1825.

18.10 See #44 Weber page 232.

ernoulli was born in 1700 in Groningen, where his fa-
ther Johann was professor of mathematics. First
Bernoulli studied medicine in Basel, but under his fa-
ther’s tutoring he soon turned to mathematics and

physics. In 1725, Empress Catherine I of Russia invited him to the
Imperial Academy of St Petersburg, where he stayed for eight years.
Winning the mathematical prize of the Paris Academy ten times,
he was appointed professor of physics in Basel in 1750. The Ber-
noulli family was prone to internal strife. Johann and his brother
Jakob I, also a famed mathematician, never got along well and Jo-
hann predated his writings about hydrodynamics in an unjust ef-
fort to deprive his son Daniel of the priority to his discoveries.

with this book Bernoulli names and founds the scientific field
of “hydrodynamics”. He gives a mathematical treatment of vari-
ous phenomena related to fluid flow. In chapter IX he analyses the
performance of pumps, a study that leads to the first adequate cal-
culation of the work performed by the heart (18.1). In chapter X he
considers “elastic fluids”, i.e. gases, and he presents the first mathe-
matical model and a kinetic theory of gases. From this theory he
deduces the basic gas laws known at that time (18.2) and calculates
the relationship between barometric pressure and altitude. Chap-
ter XII deals with stationary fluid flow in tubes and Bernoulli
points out that the results obtained (Bernoulli’s equation) can
also be applied to “the flow of blood in veins and arteries”. 

in perspective:

The Bernoulli family was instrumental in the very rapid development of mathe-
matical analysis during the 18th century. Daniel Bernoulli was the first to consis-
tently apply mathematical techniques to physical and physiological problems.
The basic laws of the physics of gases were discovered by Gay-Lussac, Avogadro
and Dalton at the beginning of the 19th century (18.3)(18.4)(18.5)(18.6).
Maxwell was then able to derive a formula for the velocity distribution of particles
in a gas, thereby establishing the connection between the microscopic processes
and the macroscopic, observable properties (18.7). Poiseuille studied experimen-
tally the flow of different liquids through capillary tubes. He found the law, now
named after him, that relates the flow to the pressure, the diameter and the length
of the tube and to the viscosity of the liquid (18.8). In 1851 the Weber brothers ex-
tended their previous investigation of wave propagation (18.9) to the study of
blood flow in the circulatory system (18.10). 

Daniel Bernoulli

Hydrodynamica, sive de viribus et mo-
tibus fluidorum commentarii.

Strasbourg: J. H. Decker; 1738.
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In the ninth chapter of
Hydrodynamica Ber-
noulli deals with “the
Motion of Fluids that are
Pushed forth not by their
own Weight but by an
Outside force, and partic-
ularly concerning Hy-
draulic Machines …”
(some of the arrange-
ments considered are il-
lustrated to the left). In
the introduction to the
book he notes, “In Physi-
ology those things that
pertain to the motion of
liquids in an animal body
are already better under-
stood …”

18:4

18:5



trunk by the action of the heart through the vessels of the
neck and I thereby estimate the height measured from the
heart as two feet. Finally, the number of pulse beats is estab-
lished by daily experience. Given these assumptions we
now see that in the period of an hour the muscular fibres
that compress the left chambers produce a force capable of
raising 16,000 ounces (500 kg) to a height of one foot or, to
put it another way, one pound (0.5 kg) to a height of 1,000
feet. If we then ascribe to the right ventricle one half of this
force, we may say that in one hour the entire heart produces
a force by means of which a weight of 1.5 pounds might be
raised to a height of 1,000 feet. This is thus the true measure
of the power of the heart.”

Note: Bernoulli’s calculation gives ~ 6000 m/kg for a 24
hour period which is about 1/3 of the correct value. The
main cause for this error is his gross underestimation of the
blood pressure, being unaware of the more correct values
reported by Stephen Hales a few years before (see #17).
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18:6

Part of Bernoulli’s manuscript of a speech that he delivers at
a doctoral dissertation on October 4 1737. Here he explains
for the first time how to calculate the work performed by the
heart. “I will first speak of the heart as the most important
organ of internal movement and then append an example
of movement from place to place. The method of which I
avail myself here is so simple that you will be able to follow
the entire course of the calculation if you will merely direct
your attention to it. 

We work from the premise that for every single beat of
the heart two ounces (0.0624 kg) of blood are expelled from
its left chambers at such a velocity that the blood could
thereby ascend to a height of two feet (see note below); we
further assume 4,000 pulse beats per hour. All these as-
sumptions are appropriate to persons of moderate stature.
The quantity of blood expelled by one systole is known
from numerous experiments; its velocity may best be ob-
tained on the occasion of a decapitation. Thus I once saw
how the blood was cast up approximately a foot above the

18:7
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Ernst Heinrich Weber (1795–1878) and
his younger brother Wilhelm Eduard
Weber (1804–1891) apply the wave theo-
ry of sound and light to the hydrodynamic
problems of the circulatory system. Their
work includes experimental and theoret-
ical investigations of fluid flow in both
stiff and elastic tubes. 

18:9
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Jean Jallabert’s (1712–1768) account of
the first successful use of electricity to 
reverse paralysis. Initially paralysed on
the right side, (below) a locksmith called
Nogues is treated with electric shocks
every day. After three months he is re-
ported to have regained the full use of his
arm (below right).

19:1

19:2 19:3
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19.1 Benguigui I. Théories électriques du XVIIe 
siècle. Isis 1985; 76:442.
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la pathologie et a la thérapeutique. Paris; 1855.

allabert was born in 1712 in Geneva, the son of a preacher
who was also professor of mathematics and philosophy. He
soon followed in his father’s footsteps. First a preacher and
then turning his interest to science, he was appointed profes-

sor of physics at the age of twenty-five. By 1752 he also held the
chair of mathematics and philosophy at the Academy of Geneva.
In addition he was made the City Librarian. His main interest was
in exploring and explaining the properties of electricity and he had
an extensive correspondence with his more famous colleague,
l’Abbé Nollet, on these topics (19.1). He also wrote on various me-
teorological observations.

after a succinct account of what is known about electricity, Jal-
labert describes his observations on how electricity can stimulate
muscles and reverse paralysis. Together with Guiot, a leading sur-
geon, he examines a locksmith called Nogues, and finds him paral-
ysed on the right side as a result of an accidental blow to the head
fourteen years before. The man could not move his arm, he had no
sensations in it and he had no control over the fingers of the hand.
Holding a Leiden jar (19.2) in his healthy hand and touching it
with his paralysed hand, Nogues was treated with electric shocks
for over an hour every day. Within two weeks an astonishing im-
provement in his condition was noted and three months later the
patient had regained full use of his arm.

in perspective:

In 1738 Stuart demonstrated reflex action on a decapitated frog by mechanical
stimulation of the medulla spinalis (19.3), but this and Jallabert’s observations
went largely unnoticed. Instead it was Galvani’s experiments with electrical stim-
ulation (19.4) that initiated the controversy that finally led to the breakthrough in
the understanding and use of electrical phenomena (19.5). Galvani believed that
electricity was generated in the animal tissue (“animal electricity”) (19.6) while
Volta, experimenting with different metals in contact with tissue, claimed that the
current was an external physical phenomenon (19.7). In 1804 Aldini, Galvani’s
nephew, summarised the observed effects of the galvanic current both on man and
on corpses (19.8). The first to study the reactions of nerves to stimuli in a system-
atic way was Humboldt, who investigated the effects of light, heat, magnetism
and electricity (19.9). Subsequently, using much improved instruments and
methods, Du Bois-Reymond explored the topic extensively and in depth (19.10).
The clinical application of electrical stimulus to the muscular and sensory systems
was pioneered by Duchenne de Boulogne (19.11).

Jean Jallabert

Experiences sur l’electricité avec 
quelques conjectures sur la cause de
ses effects.

Geneva: Barrilot & Fils; 1748.
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Luigi Galvani (1737–1798)
and his famous demonstra-
tion of muscular contrac-
tions in frog legs induced by
electric discharges.

In 1797 Alexander von Hum-
boldt (1769–1859) reports the
first systematic investigation
of how different factors such
as heat, light, magnetism and
electricity affect muscular
contractility. The illustration
left depicts some of his experi-
ments.
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Giovanni Aldini (1762–
1834), a nephew and strong
supporter of Galvani, per-
forms electrical experiments
on both living persons (top)
and corpses (below) and sum-
marises the state of the art in
the field of “galvanism” in a
book published in 1804.

19:9
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In the 1850s Duchenne du Boulogne (1806–1875) develops clinically useful apparatus for elec-
tric stimulation. Images show his prototype unit (top) and the final device (below) that he lat-
er uses in his pioneering electrophysiologic investigations.

19:13

19:14



[19]  Jallabert    115

In an extensive and meticulously docu-
mented study that lays the foundation of
electrotherapy, du Boulogne describes 
applications of localised electropuncture
either direct (to the muscle) or indirect (to
the nerve) (top). He is also among the first
to use photography for medical purposes.
In his book “The Mechanism of Human
Facial Expression”, he exposes a test person
to facial stimulation using the electrodes
(left).

19:15
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The title page of Joseph
Black’s (1728–1799) disser-
tation (top left), the second
part of which deals with the
discovery of carbon diox-
ide. In 1756 he publishes a
greatly expanded account
of his findings and thereby
establishes the foundations
of quantitative chemistry.
Black, well aware of the
work of Stephen Hales
more than two decades 
before, describes quantita-
tive experiments to find out
how much gas is expelled
from alkalis by acids.

20:220:1
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20.1 Black J. Dissertatio medica inauguralis De Hu-
more Acido a Cibis orto et Magnesia Alba.
Edinburgh; 1754.

20.2 Black J. The main work cited above p176.
20.3 See #17 Hales page 100.
20.4 See #22 Priestly page 124.
20.5 See #28 Davy page 156.
20.6 Keys TE. The Early Pneumatic Chemists 

and Physicians: Their influence on the De-
velopment of Surgical Anesthesia. Anes-
thesiology 1969; 30:447. 

20.7 See #24 Lavoisier page 134.
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Chapter 9 London; 1830. 
20.9 Robinson J. Lectures on the elements of chem-

istry. Edinburgh; 1803.

lack was born in 1728, the fourth of twelve children in
the family of a wine merchant of Scots descent living in
Bordeaux. At the age of sixteen, he started to study
medicine and chemistry at Glasgow University. He re-

ceived a medical degree in 1754 from the University of Edinburgh
with a now historic dissertation (20.1). In 1766, he was appointed
professor of chemistry and left all research to devote his time to
teaching. His many students testified to his great skill as a teacher,
to his pleasant personality and elegant appearance. A bachelor, he
enjoyed going to clubs and the company of his friends, among them
James Watt, the inventor, and David Hume, the philosopher. 

this treatise, an expanded version of the second part of his dis-
sertation (20.1), can be considered as the first quantitative study in
chemistry. Black’s investigation of magnesium carbonate (magnesia
alba) leads him to the discovery that a significant weight loss occurs
on heating both magnesium and calcium carbonate, because car-
bon dioxide (fixed air) is given off in the process. He notes that this
new gas puts out fire “as effectually as if it had been dipped in water”.
He also investigates the reverse reactions, for instance the forma-
tion of calcium carbonate (limestone) from calcium hydroxide
(quicklime slaked with water) and potassium carbonate (mild alka-
li). Black discusses the results using a table for the affinities or “elec-
tive attractions” of alkaline substances towards acids and fixed air.

in perspective:

As a medical thesis, Black’s aim with the study of magnesium carbonate was to
find an efficient substance for dissolving urinary calculi. This ambition failed
since magnesium oxide (magnesia usta) turned out to be insoluble in water. Black
prepared magnesium carbonate from potassium carbonate (fixed alkali or pearl
ashes) and magnesium sulphate (Epsom salt). Black knew (20.2) of Hale’s work
(20.3) and Hale had stated that potassium carbonate (fixed alkali) “abounds in
air”. Thus he was not surprised to find that a gas was formed on heating magne-
sium carbonate. However, his discovery that a gas could combine with a solid and
that this gas, carbon dioxide (fixed air), was chemically different from “air” was
revolutionary and soon led to the rise of “pneumatic chemistry” (20.4)(20.5)(20.6).
The new chemical theories of Lavoisier (20.7) were somewhat reluctantly accept-
ed by Black and in 1790 he wrote to Lavoisier telling him that he had incorporated
the new theories in his lectures (20.8)(20.9).

Joseph Black

Experiments upon Magnesia Alba,
Quicklime, and some other Alcaline
Substances. Essays and Observations,
Physical and Literary.

Edinburgh; 1756; 2:157.
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Black demonstrates that an “aeriform fluid” that he calls “fixed
air” (carbon dioxide gas) is part of such alkaline substances as
magnesium alba (magnesium carbonate), lime (calcium oxide),
potash (potassium carbonate) and soda (sodium bicarbonate).
He summarises that “ The above experiments lead us also to con-
clude, that volatile alkalis, and the common absorbent earths,
which lose their air by being joined to acids, but shew evident
signs of their having recovered it, when separated from them by
alkalis, received it from these alkalis which lost it in the instant of
their joining with the acid.”

20:6
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Torbern Bergman (1735–
1784), Scheele’s teacher and
mentor, a talented and multi-
faceted scientist who did not
provide his introduction to
Scheele’s book (the title page
of which is shown on the left)
in time and so delayed its pub-
lication by almost two years. In
the book Carl Wilhelm Scheele
(1742–1784) reports the dis-
covery of oxygen and many
other important chemical ex-
periments.   

21:1

21:2

Portrait of Johann Gahn (1745–
1818), chemist, mentor and
friend of Scheele, to whom this
copy of the book is dedicated.

21:3
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21.1 See ref. 1.8.
21.2 Wilson G. The Life of the Honourable Henry 

Cavendish. Chapter III London; 1851.
21.3 Nitrogen gas was discovered independently

by Daniel Rutherford. See ref. 17.6.
21.4 See #17 Hales page 100
21.5 See #38 Daguerre page 202.
21.6 Boklund U. Carl Wilhelm Scheele Bruna 

Boken. (Brown book) Stockholm; 1961.
21.7 Partington JR. A History of Chemistry Vol. 
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of Ed. 1961–1979.
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cheele was born in 1742 in Swedish Pomerania. With
an elder brother he studied pharmacy at Bauch, a com-
petent apothecary in Gothenburg. He went to Uppsala
in 1770 and here he made most of his major discoveries

(21.1) under the mentorship of the prominent chemists Gahn and
Bergman. In 1775 Scheele was elected a member of the Royal
Swedish Academy of Sciences and the same year he moved to the
small town of Köping to take over a pharmacy recently inherited
by a widow. Despite many flattering invitations from abroad he re-
mained the city pharmacist the rest of his life. Honest and simple
in character, Scheele kept himself out of the scientific jealousies
and quarrels of his times (21.2). The extensive exposure to toxic
chemicals that he synthesised is believed to have contributed to his
early death in 1786.  

this book, the publication of which was delayed two years be-
cause Bergman did not deliver his promised preface in time, re-
ports ninety-seven experiments, most of them made before 1773,
leading to Scheele’s discovery of oxygen (fire air). He produces
oxygen in different ways, for instance by strongly heating the ox-
ides of mercury and manganese or the carbonates of silver and
mercury. The carbon dioxide (aer fixus) produced in the process he
removes with an alkali such as potassium hydroxide, leaving pure
oxygen. He proves that air freed from carbon dioxide and water
vapour consists of oxygen (fire air), which promotes combustion,
and nitrogen (foul air) (21.3), which does not.

in perspective:

Like his contemporary Hales,(21.4) many of Scheele’s experiments on gases were
motivated by his interest in plant physiology. Scheele discovered seven elements
(N, O, Cl, Mn, Mo, Ba, and W), more than any other chemist, and his observation
that light darkened silver salts was of fundamental importance in the develop-
ment of photography (21.5). His highly original work in organic chemistry was
truly pioneering. Scheele was the first to prepare many organic acids (citric, lactic,
uric, oxalic and tartaric) by first crystallising their salts and then treating these
with diluted sulphuric acid. Heating olive oil and the oxide of lead, he found a
transparent syrupy liquid, glycerol, a principal component of all fats and oils and a
compound still of importance in the modern pharmaceutical industry. Working
essentially in isolation and making notes that are difficult to decipher (21.6),
Scheele’s results became widely known and cited (21.7), mostly through his friend
Bergman (21.8).

Carl Wilhelm Scheele

Chemische Abhandlung von der Luft
und dem Feuer.

Upsala, Leipzig: M. Swederus; 1777.

S

Carl Wilhelm Scheele (later portrait
probably of Scheele after a painting
by J Falander).
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Apparatus used by Scheele in his
experiments.

Some of the chemical symbols
and notations used by Scheele in
his research notebook.
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A page from Scheele’s research notes
(shown on the left-hand side above)
and the interpretation of its meaning
(on the right-hand side above). Taking
into account the meaning of the sym-
bols used by Scheele, the text says: “If
the remaining urea from which salts
and crystals have been eliminated is
dried, pulverised and distilled with
equal amount of concentrated sul-
phuric acid (oleum vitrioli), then one
gets a mixture of alcohol and ether,
with the ether floating on the alcohol.”

21:7
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Joseph Priestley’s (1733–1804) focus-
ing lens, which he uses in 1774 to heat
mercuric oxide (that is floating on 
mercury) to produce oxygen for the
first time. A later model of this experi-
mental set up is also shown in the pho-
tograph. 

Antoine Lavoisier (1743–1794) also
uses techniques very similar to those of
Priestley to produce and study new gas-
es. However, contrary to his contem-
poraries, he is able to draw far-reaching
conclusions from his observations
about the nature of the chemical trans-
formations.  
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orn in Birstal Fieldhead in England in 1733, Priestley
lost his mother at the age of six and spent his early life
with an aunt. He went to local parish schools but also
studied a wide range of subjects by himself. He became

a preacher, a Unitarian minister, but handicapped by a speech im-
pediment, he turned to teaching and writing. Often dissenting in
view, he published extensively on theology, education, science and
politics. Priestley’s first important scientific paper appeared in
1772 (22.1). He was later persecuted for his stance on religious and
political issues (he initially supported the French Revolution) and
a mob destroyed his laboratory in Birmingham in 1791. He emi-
grated to the United States in 1794 and died there ten years later as
a friend of president Jefferson.

in these three volumes Priestley describes his studies on gases,
including his discovery of those of major medical interest, oxygen
(dephlogisticated air), nitrous oxide (dephlogisticated nitrous
gas) and nitric oxide (nitrous air). He prepares oxygen and nitric
oxide by heating mercury oxide (mercurius calcinatus) (22.2) and
copper nitrate (green precipitate) respectively, using a burning
lens. Nitrous oxide is prepared by reacting mercury with a nitric
acid solution (spirit of nitre). He identifies sulphur dioxide and
ammonia and investigates the role of blood in respiration. Priest-
ley emphasises the need to always use proper equipment in an in-
vestigation. 

in perspective:

Priestley’s apparatus was simple but he employed it skilfully and followed up his
observations with great tenacity. His studies on the effect of plants on gases came
to stimulate the discovery of photosynthesis in 1779 (22.3). His interests and
methods were greatly influenced by the work of Hales (22.4). He was a true experi-
mentalist with a well equipped laboratory and access to the newly developed
eudiometer (22.5) for assessing the quality of an air sample (22.6). Priestley
thought that ingenious experimentation would lead to a few basic elements from
which all others could be obtained. In consequence, he was vigorously opposed to
Lavoisier’s new chemical theory (22.7), which allowed for the formation of very
many new substances. He expressed the hope that his research into different kinds
of air would lead to “applications of great medicinal use”. As it appears from the
prefaces to the books cited above and some of the letters that Priestley included
with his work, he was constantly involved with priority disputes regarding many
of his discoveries, such as the discovery of oxygen (22.8) and the constituent ele-
ments of water (22.9). 

Joseph Priestley

Experiments and Observations on 
Different Kinds of Air Vol. I–III.

London: J. Johnson; 1774–1777.
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Marsilio Landriani’s (1751–1815)
audiometer, which he sends to Priestley
for evaluation and which helps Priestley
in his investigations of the properties of
gases.

Apparatus from Priestley’s well-
equipped laboratory. His interest in the
effect of plants on gases leads directly to
the discovery of the mechanism of pho-
tosynthesis.
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Priestley prepares nitrous oxide, ammonia, nitrogen dioxide and sulphur diox-
ide and also studies the role of blood in respiration. He believes that his work
will have “applications of great medicinal use.”
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Charles Kite’s (1768–1811) pioneering
report on the electric stimulation and
conversion of the heart. The equipment
he uses is illustrated below.
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ite was born in 1768 in the town of Gravesend, England.
He practised medicine with great skill and was a mem-
ber of the Royal College of Surgeons in London. He
contributed regularly to the London Medical Journal

and published two books, one of them cited below, the other on
“select histories of diseases”. He died in Gravesend in 1811.

this essay was awarded the silver medal of the Royal Humane
Society (23.1). Kite describes the first use of electric shock to re-
vive a three year old child who was assumed dead after falling out
of a window. With this report he pioneers later work on the elec-
trical stimulation and conversion of the heart. Kite also empha-
sises the importance of immediate artificial respiration but be-
lieves incorrectly (23.2) that the respiratory movement in itself is
responsible for preventing “an apoplexy of the brain”. The book
also presents a plan for further research on resuscitation and de-
scribes apparatus for intubation and for delivering electric shocks.

in perspective:

In 1744 Fothergill reported with remarkable insight on a successful case of reviv-
ing a person by the mouth-to-mouth method (23.3). However, the technique
soon fell out of favour, only to be successfully reintroduced about two centuries
later. In 1767 a group of wealthy merchants in Amsterdam founded the first socie-
ty for promoting better methods for “saving drowned persons” (23.4). They of-
fered money to those following recommended procedures and even more money
to those successful in resuscitation. Soon, other cities established similar societies,
Lille, Vienna, Venice, Copenhagen in 1772, Paris in 1773 and London the follow-
ing year (23.1). A historic account and updated procedures were published by Her-
holdt and Rafn in 1796 (23.5). Kite received a silver medal for the work cited above
from the Humane Society, while the gold medal was given to Goodwyn, for stud-
ies on the importance of ventilation in resuscitation (23.6). Electrical stimulation
of the heart was first studied on recently guillotined victims of the French Revolu-
tion by Bichat and later by Aldini. (23.7). In 1812 Le Gallois demonstrated the ef-
fect of the vagi on the heart and noted for the first time that an area in the medulla
controlled breathing (23.8). Rapid progress in measuring techniques led to ad-
vances in electrophysiology and in particular to a better understanding of the elec-
trical function of the heart (23.9). This paved the way for techniques of electrical
conversion and pacing of the heart and the invention of the ECG (23.10)(23.11).

Charles Kite

An Essay on the Recovery of the Appa-
rently Dead.

London: C. Dilly 1788.
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John Fothergill (1712–1780)
describes below the first 
successful revival of a person
by the mouth-to-mouth
method. 

The announcement of book-
seller Pieter Meijer (1718–
1781) (whose portrait is shown
above), published in Amster-
dam in 1767, is shown on the
opposite page. Here a gene-
rous reward is offered for any-
body saving drowned persons.
The document also details
methods to be used, such as
keeping the body warm and
dry, sniffing on salt of ammo-
nia, giving alcoholic beverages
and blowing air or tobacco
smoke into the lungs.

23:3

23:4

23:5



[23]  Kite    131

23:6



132

An English resuscitator kit
from 1774. The recommend-
ed use of this equipment is to
revive “Apparently dead”
people by blowing tobacco
smoke into the lungs or up
the rectum.
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Above and on the page to the
left, illustrations show the
intubation sets and bellows
to be used for artificial respi-
ration for resuscitation as
recommended by Kite. 

The apparatus needed to
save drowning persons ac-
cording to Johan Herholdt
(1764–1836) and Carl Rafn
(1769–1808). They are early
to recognise the benefit of
oxygen and modify a venti-
lator apparatus so that it can
provide air-oxygen mixtures.
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The new chemical nomenclature
adopted by Antoine Lavoisier
(1743–1794) for his chemical 
system, which lays the founda-
tion for the modern science of
chemistry.

The calorimeter employed by
Lavoisier to study the heat pro-
duced in chemical reactions and
in the metabolic process. With
an animal in the centre cage, the
amount of melted ice from the
double-walled device is taken as
the measure of the heat lost from
the animal.24:1 24:2

24:3



[24]  Lavoisier    135

24.1 Lavoisier AL, et al. Mémoires de Chimie. 
Paris; 1803–1805.

24.2 Lavoisier AL, et al. Méthode de Nomenclature
Chimique. Paris; 1787.

24.3 Lavoisier A-L. Traité élémentaire de chimie, 
présenté dans un ordre nouveau et d’après les dé-
couvertes modernes. Paris; 1789.

24.4 See #17 Hales page 100.
24.5 See #21 Scheele page 120.
24.6 See #22 Priestley page 124.
24.7 Cavendish H. Experiments on air. Phil 

Trans Roy Soc 1784; 74:119. See also ref. 
21.2.

24.8 Grimaux E. Lavoisier 1743–1794. Paris; 1888.
24.9 Guerlac H. Lavoisier in Dictionary of Scien-

tific Biography VIII. New York; 1973. p66.
24.10 See #39 Liebig page 208.
24.11 See #58 Voit page 300.

orn 1743 in Paris, Lavoisier lost his mother at the age of
five and was raised by a loving maiden aunt. He re-
ceived an excellent basic education at the Collège
Mazarin, took a degree in law and soon got captivated

by mineralogy, physics and chemistry. Ambitious and extremely
energetic and craving public recognition, he entered the Academy
of Sciences in 1768, becoming a full member ten years later. Paral-
lel with his extensive scientific work, Lavoisier held many govern-
ment posts. Liberal in his views, he worked for tax reform, old-age
insurance and employment for the poor. He actively supported
the French Revolution, but in the wake of the Rein of Terror he
was executed on the guillotine 1794. Famed mathematician La-
grange paid tribute to Lavoisier by saying: “It took them only an
instant to cut off that head, and a hundred years may not produce
another like it”. After Lavoisier’s death his wife, who was not only
his collaborator and illustrator but also his most ardent supporter,
collected and published his many unfinished investigations (24.1). 

in this study, performed on and written together with Seguin,
Lavoisier measures combustion (oxygen uptake) in man. He
demonstrates that oxygen (air éminemment respirable or air vi-
tal) is taken up in the lungs and that the uptake increases with tem-
perature and during digestion and exercise. 

in perspective:

Lavoisier declared in 1773 that his work would bring about “a revolution in
physics and chemistry”. He did achieve this by first publishing a new nomencla-
ture for chemistry in 1787 (24.2) and then an account of the results of his extensive
experimental investigations in 1789 (24.3). He clarified the role of oxygen in com-
bustion and oxidation and explored the mechanisms of acid formation and water
decomposition. Lavoisier also measured combustion and carbon dioxide elimina-
tion in animals and, using an ingenious calorimeter, the heat produced due to
their metabolism (24.3). Although he was certainly inspired by the work of Hales
(24.4) and he may well have known of the discoveries of Scheele, Priestley and
Cavendish (24.5)(24.6)(24.7), he worked with great discipline along independent
lines of his own (24.8)(24.9). Contrary to other eminent chemists of his time, he
was intent on uncovering the basic rules of the chemical reaction. In time the
chemical foundation of metabolism was established by Liebig (24.10) and its rela-
tion to gas exchange was explored by Pettenkofer and Voit (24.11).

Antoine-Laurent Lavoisier

Premier Mémoire sur la Respiration
des Animaux.

Mémoire de l’Académie Royale. Paris: 1789. p566.
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Lavoisier measures gas exchange in man with Madame Lavoisier record-
ing the results at the desk. The subject, the chemist Armand Séguin
(1767–1835), is seen in the drawing below performing mechanical work
by pressing on a pedal. The drawing on the opposite page shows the
same experiment with the subject at rest. 
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Lavoisier with his wife Marie.
Madame Lavoisier is a skilled
artist, a competent research
assistant to Lavoisier and also
manages, despite very diffi-
cult times, to publish all of
Lavoisier’s work that is in
progress when he is beheaded
during the Rein of Terror of
the French Revolution. 
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Wolfgang Kempelen (1734–1804) describes his apparatus for generating speech sounds of letters and
words. The original device as it can be seen today is shown for comparison.
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empelen was born in Pressburg (Bratislava) in 1734. He
studied philosophy and law in Vienna and entered a ca-
reer as a civil servant. From 1786 he served as a counsel-
lor (“Hofrat”) at the office of the Austrian-Transyl-

vanian court. Kempelen had many talents. He constructed bridges
and canals, mechanical devices such as pumps and a printing ma-
chine for the blind, but he also made landscape engravings and
wrote several dramas. He is infamous for a mechanical automaton
“the Turk” which was ostensibly a chess-playing machine that
could say “Echeck”, but in reality a man inside a box manipulated
the pieces. From 1770 to the mid 19th century this hoax was a suc-
cessful illusion, much appreciated by the public (25.1).

kempelen first discusses in general terms the origins of lan-
guages and then considers the mechanisms and physiology of
speech generation. Finally, he describes a mechanical device that
took him twenty years to build and that can produce speech
sounds for letters and words. On the nature of language Kempelen
argues that human speech and reason are connected and that they
develop together over time and he rejects the theory that all lan-
guages come from a single (divine) source. He studies the function
of the organs of speech and discovers that the cavities over the lar-
ynx play the most important role in acoustic articulation. His ma-
chine comprises a pressure chamber for the lungs, a vibrating reed
for vocal cords, a leather tube, the shape of which helps to produce
different vowel sounds, and constrictions controlled by fingers for
generating consonants. For plosive sounds he includes movable
lips and a hinged tongue.

in perspective:

Leonardo da Vinci studied the anatomy and mechanism of sound generation in
about 1510 (25.2) and almost a century later Casserius first described the vocal
and auditory organs in detail (25.3). Kratzenstein, a contemporary of Kempelen,
designed acoustic resonators for producing vowel sounds (25.4). In the 1830s Bell
investigated the vocal organs (25.5) and Müller studied in a model the function of
the vocal cords (25.6). For another century, mechanical models similar to Kem-
pelen’s were still the state of the art in synthetic speech generation (25.7)(25.8),
but then the first electrical devices were conceived by Dudley (25.9). During the
1950s, fuelled by the rapid progress in electronics and digital computers, artificial
speech generation and analysis quickly developed into a highly sophisticated
scientific field with many applications (25.10). 

Wolfgang von Kempelen

Mechanismus der menschlichen
Sprache nebst der Beschreibung 
seiner sprechenden Maschine.

Wien: J. B. Degen; 1791.
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25:6

Julius Casserius (1552–1616)
publishes the first compara-
tive study of the organs of
speech and hearing. His
book is also notable because
of the accuracy and beauty of
the anatomical plates.
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Further details of Kempelen’s
apparatus as presented in his
book and (below), for compar-
ison, the original device as it
can be seen today.
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The top three illustrations on the op-
posite page show how Kempelen, in
order to study the origin of plosive
sounds, includes movable “lips” and
a hinged “tongue” in his device.

Opposite page below, Johannes
Müller (1801–1858) builds a model
of the vocal cords and determines the
physical conditions for generating
specific sounds.

In a major advance, 1939 sees Homer
Dudley (1896–1980) introduce the
electronic voice analyser and synthe-
siser, the Vocoder (below). The prin-
ciple of operation of the first version
of this device is shown diagrammati-
cally on the right.
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Alessandro Volta (1745–1827)
invents “the electro-motive”
apparatus that produces “end-
less circulation of the electric
fluid” which, he adds, “may 
appear paradoxical and even 
inexplicable, but it is no less
true and real and you feel it, as 
I may say, with your hands.”
Two configurations are dis-
cussed, the chain of cups and 
the stacked plates. The letter A
stands for silver plates and Z 
for Zinc plates.

A Volta stack from around 1800
that is used to dissociate water
and other early electro-chemi-
cal experiments.
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olta was born in 1745 in Como Italy, the son of a noble-
man of small financial means. When his father died in
1752, an uncle sent him to a Jesuit school to study the
classics. However, the phenomenon of electricity soon

caught his interest. In 1775 Volta invented a new way of accumu-
lating electric charge (the “electrophorus”) that brought him
recognition. From 1779 and for four decades, he was professor of
physics in Pavia and became a member of many learned societies.
He travelled widely and corresponded with many contemporary
scientists, particularly authorities on electricity (26.1). After his
invention of the electric battery in 1800, he devoted the rest of his
life to his family and his estate. Volta enjoyed the friendship of
Napoleon and other luminaries of his time.

in this letter, Volta describes his discovery of a way to generate a
constant electric current (perpetual motion of electric fluid) and
explores some of its physical and physiological characteristics. He
uses pairs of metals (such as silver and zinc) arranged as a chain of
cups (couronne de tasses), each filled with salt water, or as rods
(pile) made up by stacking alternating metal plates separated peri-
odically by moistened discs of paper. Volta tests the device on dif-
ferent parts of his body, including his eyes and ears. He feels acute
pain, sees flashes of light and hears a crackling, boiling sound.
When passing current between his ears he notes “the disagreeable
sensation” and “the shock in the brain prevented me from repeat-
ing this experiment”.

in perspective:

While Volta believed that his discovery would be “particularly interesting to med-
icine” and offer “a great deal to occupy the anatomist, the physiologist and the
practitioner”, his invention also produced fundamental scientific advances, in-
cluding Oersted’s discovery of electro-magnetism (26.2) while lecturing on Vol-
ta’s pile (26.3) and Faraday’s demonstration of electric induction (26.4). Savart
determined the frequency sensitivity of the ear (26.5), Duchenne du Bologne and
Brenner studied the hearing sensations produced by different electrical stimuli
(26.6) and the first audiometer was conceived by Hartmann (26.7). In the 1930s
sensitive amplifiers became widely available, introducing a new area in auditory
research (26.8). In 1957 the auditory nerve was directly stimulated in a controlled
way for the first time by Djourno (26.9). The advances in microelectronics, im-
planted multiple electrodes and sophisticated methods for speech analysis and
recognition have all contributed to the development of the modern, high-per-
formance cochlear implants (26.10)(26.11). 

Alessandro Volta

On the Electricity excited by the mere
Contact of Conducting Substances of
Different Kinds.

The Philosophical Magazine. London: September 1800.
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Alessandro Volta
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Michael Faraday (1791–1867)
reports his discovery of electro-
magnetic induction in 1832.

Two accounts of Volta’s famous
demonstration of his invention
for Napoleon Bonaparte. Lec-
turing at the Academie des Sci-
ences in Paris on 18 November
1800 (top) and in a private set-
ting (below).  

Hans Christian Oersted (1777–
1851) and the magnetic compass
used when, in the course of his
lecture, he discovers the phenom-
enon of electromagnetism. Below
his lecture notes from 1820 de-
scribing how to generate an elec-
tric current using a Voltaic pile .
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Arthur Hartmann
(1849–1931) conceives
the first audiometer in
1878. 

David Hughes (1831–1900) uses
an induction balance to design
the first practical audiometer,
“the sonometer”. The device
and its proper use as taught by
the periodical The Practitioner
in 1880 is shown.
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In 1957 the first controlled study of direct stimulation of the auditory nerve is
reported. Electrodes are placed on the nerve during an operation for chole-
steatoma (benign tumour). The patient can distinguish differences in pitch in
increments of 100 pulses/second and recognises words such as “pappa” “ma-
man” and “allo”.

A modern cochlear implant system is made up of the implant with the elec-
trodes and an external part housing the microphone, the batteries, and the mi-
croelectronics. The device has advanced speech processing and wireless com-
munication functions. Multi-channel designs with enhanced speech recogni-
tion capabilities were first implanted in 1978.
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Wilhelm Herschel’s (1738–
1822) experiments to measure
the effect of heat from the dif-
ferent spectral colours. Differ-
ent wavelengths of the radia-
tion are allowed to fall on ther-
mometers as a prism is rotated
(top) or a focusing mirror is
tilted (bottom).
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erschel was born in Hannover in 1738. As an oboist in
his father’s regimental band, he visited England in
1756 and fled there a year later when the French occu-
pied Hannover. In the beginning he supported himself

by playing and composing music, but soon became obsessed with
astronomy, wanting to understand “the construction of the heav-
ens”. He learned to design and manufacture large reflecting tele-
scopes superior to all other similar instruments of the time. With
his sister Caroline as an assistant, Herschel examined the stars, the
moon and the solar system. The discovery of the planet Uranus in
1781 brought him recognition and financial security. He married
when he was fifty and his only son John became a prominent scien-
tist and astronomer (27.1). Herschel was knighted in 1816, six
years before his death.

herschel reports here on some peculiar observations made
while studying the radiation from the sun. Using different combi-
nations of coloured glasses, he says that he “felt the sensation of
heat though I had but little light”. Studying the phenomena with
prisms and thermometers (27.2), Herschel finds that the radiant
heat is refrangible but that the maximum heat falls “even beyond
visible refraction”. Here and in two reports (27.3) immediately
following the cited work, he proves that the heat radiation,
whether from the sun or from artificial sources, follows the laws of
optics as established for light.

in perspective:

About two decades later, Fraunhofer noted that dark bands appeared when light
from the sun passed through a prism (27.4). This observation was explained in
1860 by Kirchoff and Bunsen as the spectra of elements (27.5). Spectroscopy was
developed by Vierordt, who also determined the spectral properties of blood
(27.6). In the 1970s pulse oximetry evolved into a major clinical tool (27.7) and
near infrared spectroscopy was introduced in medical research, particularly for
the study of brain function (27.8). Medical imaging with infrared radiation had to
await the advent of sufficiently fast and sensitive semiconductor detectors. The
first use was for the detection of breast cancer, as suggested by Lawson in 1956
(27.9). The 1970s brought new detector materials, improved optical designs and
new applications for diagnosing diseases that directly or indirectly affected the
microcirculation of the skin (27.10). More recently, infrared thermography has
greatly improved due to advances in microelectronics, detector materials and fo-
cal plane array detectors that can produce images quickly, with both high resolu-
tion and high temperature sensitivity (27.11).

Wilhelm Herschel

Investigation of the Powers 
of the prismatic Colours to heat 
and illuminate Objects, …

Philosophical Transactions of the Royal Society 

London. 1800; i:255.
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Wilhelm Herschel (1738–1822) dis-
covers the existence of infrared radia-
tion and studies the heating obtained
from various sources of radiation.

27:4
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In 1956 measurement of the skin
surface temperature is suggested by
Ray Lawson for the diagnosis of
breast cancer. The elevated tempera-
ture on the left breast demonstrated
in the photographs above is indica-
tive of carcinoma. 

The Pyroscan device is designated as
a high-speed scanner for clinical use
in 1964 and produces an image in
about 30–180 seconds.

27:7 27:8
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A functional diagram of the
first commercial infrared scan-
ner that produces 16 frames per
second and weighs 17 kg. 

The infrared scanner in medical
use at the Karolinska Sjukhuset
in 1966.
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Left, a demonstration of the effect of five min-
utes of smoking on the circulation in the fin-
gers. Dark areas correspond to lower skin tem-
perature as a result of the reduced peripheral
circulation.

Middle, colour images for breast cancer diagno-
sis from 1978. 

Bottom left, an IR-camera from 1974 with a
temperature sensitivity of 0.2°C and a weight
of 6 kg. Right, a modern battery-operated IR
camera with colour display. It has a temperature
sensitivity of 0.08°C and a weight of 2 kg.
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At the age of twenty-two Humphry Davy (1778–1829) pub-
lishes his observations on nitrous oxide. By testing the gas on
himself, he notes the alleviation of pain from a wisdom tooth
and observes that “it may probably be used with advantage in
surgical operations.” His comments are, however, over-
looked for another forty years. His breathing apparatus is
shown below.

28:1

28:2



[28]  Davy    157

28.1 See #24 Lavoisier page 134.
28.2 See #22 Priestley page 124.
28.3 Beddoes T, Watt J. Considerations on the 

Medicinal Use of Factitious Airs, and on the 
Manner of Obtaining Them in Large Quatities 
In two Parts. Bristol; 1794.

28.4 Mitchill SL. Remarks on the Gaseous Oxyd of 
Azote or of Nitrogene, … New York; 1795.

28.5 See #26 Volta page 144.
28.6 Keys TE. The History of Surgical Anesthesia. 

Schuman’s New York; 1945. p24.
28.7 Wells H. The discovery of etheral inhala-

tion. The Boston Med. Surg. J. 1847; 36(15): 
298. 

28.8 Lyman HM. Artificial Anaesthesia and 
Anaesthetics. New York: William Wood & 
Co.; 1881. p309.  

28.9 See #59 Bert page 304. See also ref. 28.6 p 
73.

28.10 See #47 Snow page 248.
28.11 Andrews E. The oxygen mixture, a new 

anaesthetic combination. Chicago Med. 
Exam. 1868; 9:656.

avy was born in Penzance, England, in 1778. On his fa-
ther’s death, at the age of sixteen, he was apprenticed
to Borlase, a surgeon and apothecary. He soon em-
barked on an ambitious self-education programme

that included the work of Lavoisier (28.1). In 1798 Davy was ap-
pointed superintendent at Beddoes’ “Pneumatic Institution”,
which was set up to explore the therapeutic uses of the new gases
(factitious airs) (28.2)(28.3). There, Davy completed his famous
study of the properties of nitrous oxide. He was appointed profes-
sor of chemistry at the Royal Institution in 1801 and was elected to
the Royal Society two years later. Davy was quick to seize on new
scientific challenges and opportunities. Accused of arrogance and
suffering from a stroke, he spent his last years in unhappy isolation
and died in 1829. 

davy starts his investigation of nitrous oxide by disproving the
assertion that it was a contagion (28.4). He experiments on him-
self and also asks friends to verify his observations. In this way he
firmly establishes the pain relieving effects of nitrous oxide. As an
example, having an inflamed tooth he notes: “on the day when the
inflammation was most troublesome, I breathed three large doses
of nitrous oxide. The pain always diminished after the first four or
five respirations …”. He also suggests that “as nitrous oxide in its
extensive operation appears capable of destroying physical pain, it
may probably be used with advantage during surgical operation in
which no great effusion of blood takes place”.

in perspective:

Davy worked quickly and with great experimental skill and made important dis-
coveries in electro-chemistry, a new field established by Volta’s invention of the
battery (28.5). The first clinical use of nitrous oxide for pain relief occurred in the
dental practice of Wells in 1844 (28.6). Unfortunately, he failed to demonstrate its
effect during general surgery, probably due to an inadequate dosage of the gas.
The patient woke up in pain and the method was declared a humbug by the sur-
geons (28.7) and fell quickly into disrepute. However, nitrous oxide was re-intro-
duced as an anaesthetic in dentistry by Colton in 1863 (28.8). The mechanism of
the anaesthetic action of nitrous oxide was studied, including at elevated pres-
sures, by Bert (28.9). More widespread use followed due to concerns over the in-
creasing anaesthetic mortality associated with chloroform (28.10) and also as a re-
sult of the favourable experiences reported when combining nitrous oxide with
oxygen (28.9)(28.11).

Humphry Davy

Researches, Chemical and Philosophi-
cal: chiefly concerning Nitrous Oxide.

London: J. Johnson; 1800.
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The breathing apparatus invent-
ed by James Watt (1736–1819)
for the medical use of the newly
discovered gases, particularly
oxygen. Watt reasoned, “it ap-
pears to me, that if it be allowed
that poisons can be carried into
the system by the lungs, reme-
dies may be thrown in by the
same channel.” 
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Thomas Beddoes (1760–1808) establishes the “Pneumatic Institution”
near Bristol for curing diseases by inhalation of gases. He and James
Watt report good results for many cases of asthma, epilepsy, headache,
ulcers, syphilis and other conditions including melancholia. The table
below summarises their experience with oxygen therapy. 
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Gardner Colton (1814–1898)
pioneers the medical use of ni-
trous oxide. In 1863 he intro-
duces it in dental practice,
where it quickly becomes high-
ly popular. 

Joseph Clover (1825–1882) is 
a pioneer and an eminent de-
signer of equipment for the 
delivery of inhalation anaes-
thetics. One of his early appara-
tus for combined ether and 
nitrous oxide administration is
shown on the opposite page. 

Method and equipment from the
1870s for the administering ni-
trous oxide. Below, delivering the
gas to the patient from a bag. On
the top of the opposite page, in-
halers designed for patient connec-
tion. 
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In 1806 Friedrich Sertürner (1783–1841) reports
his discovery of morphine (“opium acid”) as the
active substance of opium (left). Five years later,
his discovery largely ignored, he argues for the
proper use and medical benefits of morphine in the
paper shown below.
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ertürner was born in Neuhaus in 1783, one of six chil-
dren in a family of Austrian descent. His father worked
as an engineer and inspector for the prince-bishop of
Padeborn. After the father’s death in 1798, Sertuner was

apprenticed to the court apothecary Cramer. In 1803 he passed
with distinction his examination for the title assistant apothecary
and embarked on his study of opium. He moved to the town
apothecary of Einbeck in 1806 and, still as an assistant, he pub-
lished an extensive account of his findings on morphine that about
a decade later caught the attention of the world. In 1820 he took
over the town pharmacy of Hameln. He was happily married there
and had six children. A good father, honest and pleasant in charac-
ter, Sertürner was a hypochondriac and at the end of his life also
suffered mental disturbances. 

sertürner reports on his extensive investigation of “opium
acid”. In fifty-seven different tests he isolates the sleep inducing
factor (schlafmachenden Stoff, Principium somniferum) of opium
and elucidates its properties. He identifies nine different con-
stituents of opium and by testing the substances in different ways,
including on a dog, he finds the active part to be a crystalline mate-
rial that he calls vegetable alkali. He predicts that other plants may
also yield useful active pharmacological substances.

in perspective:

Opium (Papaver somniferum) has a long history in medicine. Theophrastus’ trea-
tise on botany ca 300 BC (29.1), Celsus’ encyclopaedia of all medical knowledge
ca 30 AD (29.2) and Avicenna’s influential collected writings ca 1000 AD, (29.3)
all give details on the preparation and use of opium. However, at the end of the
18th century the medical effects of opium extracts were still unpredictable and so
investigators looked for the pure, active component of the plant (29.4). The
French apothecary Derosne almost succeeded in isolating it, having prepared nar-
cotine (Salt of Derosne) in 1803 (29.5). Sertürner reported his first observations
in 1805 (29.6), but all his writings went largely unnoticed until 1817 after he had
published an extension of his previous work (29.7)(29.8) and introduced the word
morphium (after Morpheus, the Greek god of sleep) for the active substance
(29.8). In 1821 Magendie introduced the new family of alkaloid chemical com-
pounds into medical practice (29.9). It was soon noticed that the effect of mor-
phine increases when administered intravenously (29.4), but this method became
available in practice only after the invention of the hypodermic needle (29.10).

Friedrich Sertürner

Darstellung der reinen Mohnsäure
(Opiumsäure) nebst einer chemischen
Untersuchung des Opiums.

Journal der Pharmacie. Leipzig: J. B. Trommsdorf; 1806; 14:47.
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Dioscorides Pedanius (c. 40–90
AD) summarises in five books,
called De Materia Medica, the
preparation and properties of
about 600 plants. Most of them
he ascribes significant medical
value. 

Opium (papaver somniferum) as
depicted in the oldest extant il-
lustrated manuscript of Dio-
scorides’ work, from 512 AD.
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Francois Magendie (1783–
1855) introduces morphine and
other alkaloids (such as qui-
nine, atropine and strychnine)
into medical practice in 1822.
The illustration shows a chap-
ter on morphine from the first
American edition of his book
in 1824. 

Avicenna (Ibn sina) (980–1037), philosopher, scientist
and physician who writes a highly influential medical
text called The Canon of Medicine (the introductory
page is shown left), where he says that “it is desirable to
produce a deeply unconscious state, so as to enable the
pain to be born” and that the most powerful of the stu-
pefacients is opium.
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Adrien-Marie Legendre 
(1752–1833) conceives the
method of least squares, the
first mathematical technique
for evaluating experimental 
results that is based on statisti-
cal considerations. 

30:1
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egendre was born into a prosperous Parisian family in 1752.
He studied mathematics and physics and defended his
thesis in 1770 at the Collège Mazarin. In 1782 he won the
mathematics prize of the Berlin Academy and three years

later he was admitted to the French Academy. The small fortune
that allowed him to do his research full-time was swept away by
the French Revolution. A tireless worker, he put his finances in or-
der little by little with the help of his wife. Legendre’s timid nature
and competition from his even more brilliant fellow mathemati-
cians Laplace and Lagrange made his carrier advance slowly.
However, in 1813 he replaced Lagrange at the Bureau de Longi-
tude and remained there till his death two decades later. 

in this treatise dealing with the calculation of the orbits of
comets, Legendre announces the method of least squares. The
question of how to combine observations to confront theoretical
predictions on celestial mechanics had been one of great signifi-
cance for a long time (30.1) and it had occupied Legendre’s mind
for some years (30.2). Legendre applies here his new technique to
observations made to determine the length of the meridian quad-
rant through Paris. His presentation, “one of the clearest and most
elegant introductions of a new statistical method in the history of
statistics” (30.3), gained rapid and widespread acceptance. 

in perspective: 

Legendre’s work introduced statistical methods in the evaluation of the observa-
tions of experimental science. In 1809 Gauss showed that under certain assump-
tions observational errors had a normal (Gaussian) distribution (30.4). His claim
to have used the least squares principle of Legendre since 1795 led to animosities
since, as was often his habit, he did not publish his results but just wrote them
down in his notebook (30.5). Laplace immediately incorporated Gauss’ results
into his own research on the so-called central limiting theorem (30.6)(30.7),
thereby giving the least squares method and the normal distribution of the error
around the mean a more solid probabilistic base. Studying heredity and the prop-
agation of character from generation to generation, Galton developed intuitive
methods of dealing with statistical outcomes when many factors, each normally
distributed, are at play (30.8). He introduced the concepts of variance and regres-
sion (30.9) and made statistical techniques generally useful in many new fields
such as medicine and the social sciences. Subsequently Galton’s results were put
on a sound mathematical footing by Edgeworth (30.10). 

Adrien-Marie Legendre

Nouvelles Méthodes pour la Détermi-
nation des Orbites des Comètes; avec
un Supplément. Appendice sur la 
Méthode des Moindres Quarrés.

Paris: Courcier; 1806.
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Adrien-Marie Legendre
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Continuation of Legendre’s
text. Starting on the previous
page he writes, “Of all the prin-
ciples which can be proposed
for that purpose, I think there is
none more general, more exact,
and more easy of application,
than that of which we made use
in the preceding researches, and
which consists of rendering the
sum of squares of the errors a
minimum. By this means, there
is established among the errors
a sort of equilibrium which,
preventing the extremes from
excerpting an undue influence,
is very well fitted to reveal that
state of the system which most
nearly approaches the truth.”

30:3
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Carl Friedrich Gauss (1777–
1855) derives the “Gaussian” or
“Normal” distribution of the 
error in a single observation, 
assuming that the most probable
value is given by the arithmetic
mean of the observed values.
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Pierre-Simon Laplace (1749–
1827) incorporates the results of
Gauss and Legendre into his own
research on what is called The
Central Limit Theorem, thereby
giving the least squares method a
solid probabilistic base.

30:6

30:7



[30]  Legendre    171

Illustration of the intuitive method
used by Francis Galton (1822–1911)
to obtain the statistical outcomes
when many factors, each normally
distributed, are at play. Studying the
transmission of hereditary traits, he
introduces the concepts of variance
and regression. 
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René Laennec (1781–1826) describes
his invention, the stethoscope (right),
with his own device shown below.
The picture of Laennec listening with
his ear against the chest of a patient at
the Necker Hospital is from about
1816, the year when the invention
was made. 
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aennec was born in Quimper, France in 1781. Due to the early
death of his mother he was raised by an uncle, a physician
in Nantes. As a young boy he assisted in taking care of the
sick in the city’s hospitals. Bent on classical studies and on

playing the flute, he nevertheless went to Paris to study medicine
under Corvisart (31.1). Presenting a thesis in 1804, he was first a
private practitioner and later a physician at the Neckar Hospital.
Here he became interested in the diseases of the chest, which led to
his invention of the stethoscope in 1816. Later many honours
came to him, including membership of the Académie de Méde-
cine. Laennec was of poor health all his life, suffering from asthma,
headaches and dyspepsia. He succumbed to tuberculosis, a disease
he so effectively diagnosed, in 1826.

laennec describes how to diagnose diseases of the lungs and
the heart using auscultation. He also announces the invention of
the stethoscope, a tube of cedar wood that could amplify the
sounds, thereby making his “médiate” auscultation superior to
the traditional “immediate” auscultation when placing the ear di-
rectly on the chest. Using precise terminology, Laennec correlates
different sounds from the chest with different organs and their
diseases as established by later autopsy findings.

in perspective:

Hippocrates (around 400BC) recommended shaking patients (succussion) and
listening to the sound coming from their chests. In a major advance Auenbrugger
who, like Laennec, had a strong interest in music, introduced chest percussion, the
tapping on the chest with a finger and used the sounds for diagnostic purpose
(31.1)(31.2). However, his work went unnoticed for nearly half a century, until
Corvisart translated it into French, adding much explanatory material from his
own experience (31.1). Piorry modified and improved on the design of the stetho-
scope and introduced the pleximeter, a plate that when placed on the chest was
struck with a percussor, an arrangement that replaced Auenbrugger’s finger tap-
ping (31.3).The auscultation technique, although difficult to master, became
widely accepted after Skoda introduced a new improved sound classification sys-
tem based on physical acoustics and a simplified terminology (31.4). The binaural
stethoscope was introduced in the 1850s and soon after the invention of the tele-
phone (31.5), Stein could develope the sphygmophone, a stethoscope fitted with
an electric microphone (31.6). Defining the usefulness and limitations of auscul-
tation remains an active area of study (31.7)(31.8)(31.9)(31.10).

René Laennec

De l’auscultation médiate ou traité du
diagnostic des maladies des poumons
et du coeur, fondé principalement sur
ce nouveau moyen d’exploration.

Paris: J. A. Brosson, J. S. Chaudé; 1819.

René Laennec
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Forty-seven years after its first publication, Jean-Nicholas Corvisart (1755–1821) (centre
portrait) translates Auenbrugger’s work into French and adds many new clinical observa-
tions of his own. This work instantly establishes percussion as an important diagnostic
modality.

Joseph Skoda (1805–1881) improves the terminology and the sound classification system of
the percussion technique, which makes the method easier to teach and to use in the clinics.

31:5
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Leopold Auenbrugger (1722–
1809) discovers the diagnostic
value of chest percussion, pos-
sibly as an analogy to the
thumping of wine casks to 
determine their fullness, a
procedure that was practised
by his father, who was an inn-
keeper. His “Inventum
Novum”, published in 1761, 
is one of the great medical
classics.
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In 1826 Adolph Piorry (1794–
1879) invents the percussor
and the pleximeter. The
pleximeter plate is placed
against the chest and struck by
the percussor.

George Camman (1804–1863) constructs the first practical binaural
stethoscope in around 1855. The device shown is from the 1870s.

With the development of telephone technology, sensitive microphones
became available. In 1878 S. Stein connects such a microphone to a
stethoscope. The image shows his “Sphygmophone”, which allows 
electric registrations of the pulse and the heart sounds. 
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32:1

32:2 32:3

“The effects of heat are subject to immutable laws that
cannot be discovered without recourse to mathematical
analysis. The object of this work is to expound the laws
of the equilibrium and movement of heat.” With this
declaration Jean Fourier (1768–1830) introduces a new
mathematical technique of singular utility in science
and medicine that is now named after him. The sine se-
ries expansion of a function shown below is taken from
his publication from 1822 and demonstrates the appli-
cation of his method.  

Illustration of Fourier’s experimental arrangement to
study heat propagation across thin slabs (the object of
study is to be placed at c-c in the figure). 
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ourier was born in 1768 in Auxerre, France. By the age
of nine he had lost both his parents and he was sent to a
military school, where his talent for mathematics was dis-
covered. He played an active role during the French Revo-

lution and was arrested during the Terror, barely escaping with his
life. He was teaching mathematics at the École Polytechnique
when in 1798 he was asked to join Napoleon’s Egyptian campaign.
Napoleon, recognising the outstanding diplomatic and adminis-
trative skills of Fourier, appointed him to several important posts.
After Napoleon’s fall Fourier, who was previously only a part-time
scientist, devoted all his time to mathematics. In 1822 he became
secretary of the Académie des Sciences and the following year a
member of the Royal Society. He died in 1830 from a disease con-
tracted during his stay in Egypt.

fourier presents his analysis of how heat diffuses in bodies of
different shapes and under various boundary conditions. As an ex-
ample, combining great analytical skill and physical intuition,
Fourier solves the problem of determining the temperature distri-
bution in the semi-infinite strip that is uniformly hot at one end
and uniformly cold along the sides. The mathematical techniques
used to solve the partial differential equations involved imply that
an algebraic function can be represented over a finite interval by
trigonometric expansions. 

in perspective:

Fourier started to work on heat diffusion around 1807. In 1805 Gauss had already
used trigonometric expansions for interpolation in orbital calculations (32.1) but
as was often the case (32.2), his results remained unpublished for a long time
(32.3). An early application of Fourier analysis to temporally varying functions
were Ohm’s theory of the galvanic element (32.4) and his work in acoustics (32.5).
Spatial Fourier transform analysis applied to data from a Michelson interferome-
ter led in the 1960s to the development of high resolution spectroscopy (32.6).
Also, for decades structural determinations of complex molecules important in
medicine have invariably relied on X-ray diffraction data analysed with spatial
Fourier methods (32.7)(32.8). Because of the overwhelming computational bur-
den posed by many of these applications, rapid progress would have been impossi-
ble without advances in computer technology (32.9) and new numerical methods,
most notably the Fast Fourier Transform (FFT) algorithm (32.10). The FFT tech-
nique is also central in modern medical imaging such as MRI (32.11). Fourier said:
“Profound study of nature is the most fertile source of mathematical discoveries”.
History shows that his mathematical discovery has been remarkably useful in the
study of nature and in medicine. 

Jean Baptiste Fourier

Théorie Analytique de la Chaleur.
Paris: F. Didot, Père et fils; 1822.

Jean Baptiste Fourier

F

[32]  Fourier    177

32:4



178

The introduction in 1965 of
the Cooley-Tukey algorithm
(known as the Fast Fourier
Transform, FFT) greatly in-
creases the speed of calcula-
tions and thereby the useful-
ness of the Fourier methods. 
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The atomic positions (left) and the chemi-
cal structure of vitamin B12 (below right).

The electron density map of air-dried vita-
min B12 crystals, obtained in 1957 by
Dorothy Hodgkin (1910–1994) using spa-
tial Fourier analysis of X-ray diffraction
data. This is one of the first of the complex
molecular structures of importance in biol-
ogy and medicine that is determined using
Fourier techniques (see #76). 
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Antoine Labarraque (1777–1850) discovers 
the disinfecting effects of sodium hypochlorite.

In the introductions (left) he writes, “ The
disfavour that rightly accompanies those 
people who abuse the credulity of the public by
furnishing the impression of works within the
grasp of Everyman in which they extol marvel-
lous medicaments fit to cure any disease pre-
vented me from publishing a Monograph on 
the employment of chlorides in medicine at the
time of the first experiments on these agents,
despite their beneficial effects.”

The beginning of the instructions of use 
published by the Parisian police authority is 
reproduced below and reads, “Repeated experi-
ments have demonstrated that chloride of lime
dissolved in water has the property of disinfect-
ing the air and significantly slowing putrefac-
tion.”
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abarraque was born in Oléron, France, in 1777. He studied
at an apothecary in St-Jean-de-Luz and later in Montpel-
lier for Chaptal, a professor of chemistry and also a promi-
nent industrialist who owned and directed large chemical

factories. Labarraque moved to Paris and working as a pharmacist,
he proved that a sodium hypochlorite solution (eau de Labar-
raque) was an effective disinfectant. First used in slaughterhouses,
in 1823 the Paris police officially adopted his method of disinfect-
ing for handling corpses and latrines (33.1). The method was soon
used in morgues, dissecting rooms and also in clinical work, where
it was applied to hospital infections, gangrenes and ulcerations. In
1825 Labarraque was awarded the 3,000-franc prize of Baron
Montyon by the Academy of Sciences. In later life Labarraque ac-
tively promoted public health issues. He died in Paris in 1850.

in the very beginning of this privately printed account of the
uses of sodium hypochlorite solutions for disinfecting, Labar-
raque states that he did not publish his first successful medical ex-
periences with chlorine solutions out of fear of being counted
among charlatans with miracle cures. He then reprints the instruc-
tions for the Parisian Préfecture de Police on how to use the disin-
fectant and gives a number of examples of its use both in public
health and in specific medical cases. 

in perspective:

Chlorine was discovered by Scheele in 1774 (33.2) and first used as a bleaching
agent (potassium hypochlorite or Javelle water) by Berthollet and Chaptal (33.3).
De Morveau found hydrochloric acid effective in removing the smell from rotting
corpses and he designed an apparatus for disinfecting purposes which produced a
“gradual discharge of oxygenated muratic acid gas” (chlorine) (33.4). Interesting-
ly, just as Labarraque announced his discovery, Sérullas found another important
disinfectant, iodoform (33.5). Semmelweis demonstrated the benefits of disinfec-
tants for antisepsis, by ordering hand-wash with chlorinated lime (calcium oxide,
calcium hydroxide complexes with chlorine) before examining patients in a ma-
ternity ward (33.6)(33.7). In a major advance Lister, prompted by Pasteur’s dis-
covery of airborne contagion (33.8), introduced carboxyl acid (phenol) into oper-
ative practice, thereby ushering in a new era in surgery (33.9). Hypochlorite solu-
tions are strongly alkaline and thus irritant to the skin. In 1915 Dakin therefore in-
troduced boric acid as a buffer (Dakin’s solution) (33.10). Hypochlorite solutions
remain the core of many modern disinfecting products and chlorine is still widely
used for water treatment due to its high efficiency and ease of application.

Antoine-Germain Labarraque

De l’emploi des chlorures d’oxide de
sodium et de chaux.

Paris: L’Auteur, Huzard; 1825.

Antoine-Germain Labarraque
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In the first years of the 19th century Louis Guyton de
Morveau (1737–1816) discovers that hydrochloric acid
is effective in removing smell from rotting corpses. 
He designs apparatus, both stationary and portable, 
that produce a “gradual discharge of oxygenated mu-
ratic acid” (chlorine).

33:4
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In 1847 Ignaz Semmelweis
(1818–1865) introduces disin-
fectants for antisepsis by 
ordering hand-wash with
chlorinated lime for the doc-
tors and nurses of a maternity 
clinic in Vienna. The result is
a dramatic drop in patient
mortality, as demonstrated by
the last column of the table
from his book, first published
in 1861. 
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Jean Civiale (1792–1867) improves the
technique of lithotrity. He invents instru-
ments that can be introduced into the
bladder trans-urethally (as shown 
below) to drill into and then crush the
stone. In this way, the painful lithotomy
operations can be avoided.
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stones by shock waves. Lancet 1980; 2:1265.

34.11 Haupt G. Use of extracorporeal shock 
waves in the treatment of pseudarthrosis, 
tendopathy and other orthopedic diseases. 
J. Urol. 1997; 4:158.

iviale was born in Thiézac, France, in 1792 to peasant
parents. He studied medicine in Paris from 1817 under
the direction of Dupuytren, famed professor of clinical
surgery at the Ecole de Médecine. After a short spell as

a physician in Brioude, he returned to Paris to devote the rest of his
carrier to urology and specially to find improved techniques for
the removal of bladder stones (lithotrity) without having to resort
to a painful operation (lithotomy). His first success in a clinical
case in 1824 started a bitter controversy about the priority to the
procedure (34.1). Civiale was a poor lecturer but an excellent
writer. He wrote extensively on topics in urology and founded his
own department specialising in lithotrity at the Necker Hospital.
He performed more than 3,000 procedures and amassed a consid-
erable fortune. On his death in 1867 he left a significant part of it
to his department. 

this work is an extension of a shorter communication published
by Civiale the year before. Here Civiale describes his technique of
lithotrity and presents arguments to defend his theories and
method against its critics. At the end of the book Civiale includes a
report to the l’Académie Royale des Sciences summarising an in-
dependent investigation of Civiale’s claim of priority to lithotrity.

in perspective:

Celsus wrote on lithotomy (about 30 AD) and the Arabic surgeons Al Razi (about
900 AD) and Albucasis (about 1000 AD) can be considered as originators of the
field of lithotrity, since they developed special instruments and a drilling tech-
nique for crushing the stone (34.2)(34.3). Paré devoted ten chapters in his work
(34.4) to the removal of kidney stones, but significant improvements in instru-
mentation and procedures came only in the early 19th century through the work
of Civiale and his detractor Leroy d’Etoilles (34.5). Later Bigelow (34.6) intro-
duced lithotripsy (litholapaxy), the crushing of the stone, followed at once by the
washing out of the fragments. Early studies in the generation (34.7) and effects of
acoustic shock waves led to the first laboratory, non-contact destruction of a kid-
ney stone (34.8). Soon in vivo research followed (34.9) and culminated in the first
clinical use of extracorporeal shock wave therapy (ESWT) in man in 1980 (34.10).
Concerns about the safety of this technique have recently led to studies suggesting
that shock waves could also be useful as a therapeutic modality in orthopaedic dis-
ease (34.11).

Jean Civiale

De la Lithotritie, ou broiement de la 
pierre dans la vessie.

Paris: Béchet Jeune; 1827.

Jean Civiale
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Preparation for the removal of kidney
stones and a device for crushing the stone,
as described by Ambroise Paré in 1575.
(see #2) 

Henry Bigelow (1818–1890) invents an
instrument that, after crushing the stone,
also flushes it out. The picture shows his
lithotrite and evacuator for litholapaxy
from c. 1880.
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The first device, the
“Nierenlithotripter HM1”
built in 1982 for extracor-
poreal shock wave therapy.
The technique of crushing
stones with focused
acoustic waves is intro-
duced in 1976 by Christian
Chaussy and collaborators.

A modern lithotripter us-
ing electrohydraulic shock
wave technology.
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Jean Léonard Poiseuille’s (1797–1869) doctoral thesis from 1828.
He invents the “hémo-dynamometer”, which introduces the use
of mercury in a manometer. He studies the variation of blood
pressure with breathing and the distension of the arteries due to
the pulse. 
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oiseuille was born in Paris in 1797, the son of a carpen-
ter. He studied at the École Polytechnique and received
his degree as doctor of medicine in 1828 by presenting
the thesis cited below. His research in physiology won

him the Montyon medal (35.1) four times and in 1842 also mem-
bership of the Académie de Médecine. He wrote a number of re-
ports for the Académie on physiological topics and was also one of
the editors of the “Dictionnaire de médecine usuelle” from 1849.
In 1860 Poiseuille was appointed inspector of the primary schools
in Paris. He died in his native city in 1869.

after a short historic introduction of previous work on the
pumping effect of the heart, citing the work of Borelli (35.2), Kreill
(35.3) and Hales (35.4), Poiseuille describes his device (hemody-
namometer) and method for measuring blood pressure. He intro-
duces the use of a mercury manometer and employs potassium
carbonate to prevent coagulation of the blood. Poiseuille finds
that the blood pressure rises and falls with expiration and inspira-
tion and he is also able to measure the distension of the artery due
to the arterial pulse.

in perspective:

Poiseuille’s work represents a major advance in blood pressure measurement. A
further improvement was made in 1847 by Ludwig, who attached a float to the
surface of the mercury and arranged this to write on a drum at constant rotation
(35.5). The first recording showing the respiratory effects on arterial pulsation
were made this way. The slow response of this system was recognised as a problem
by Vierordt who, using Weber’s wave analysis of the blood flow in the arteries
(35.6), conceived the first sphygmograph in 1855 (35.7). This delicate device
worked by exerting a direct mechanical counter-pressure on the artery. Vierordt’s
concept was soon developed by Marey (35.8) into a device that was compact
enough to be attached to the forearm for clinical use. Poiseuille’s thesis work cited
above led him also to investigations of fluid flow in the capillaries. He determined
the influence of temperature on the flow of various liquids with an accuracy of
about 0.5% within modern values. Together with Hagen (35.9), Poiseuille estab-
lished the dependence of the flow on the driving pressure, the diameter and the
length of the tube and on the viscosity of the fluid (35.10). This relation, which is
named after him, is fundamental in all hydrodynamic considerations of the circu-
latory system.

Jean Léonard Poiseuille

Recherches sur la force du coeur 
aortique.

Thèse. Paris: Didot Jeune; 1828.

Jean Léonard Poiseuille
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In 1847 Carl Ludwig (1816–1895) places a float on the surface of
the mercury manometer and arranges a stylus to write on a drum
at constant rotation. In this way he makes the first registrations of
the effect of breathing on blood pressure.

35:4
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Karl Vierordt (1818–1885) makes the first 
attempt to determine blood pressure non-
invasively in 1855. His invention, the sphygmo-
graph, is a delicate device that indicates the 
arterial pressure by producing a mechanical
counter pressure that obliterates the radial 
arterial pulse. Two tracings are shown below
from his extensive account of the use of this 
instrument.  35:5

35:6
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A new way of looking at chemical reac-
tions is proposed by Jean Baptiste Dumas
(1800–1884) in 1835. His substitution
theory and careful measurements allow
him to determine the correct formulas
for many new organic substances, includ-
ing (as is shown above) that of chloro-
form CHCl3.
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36.1 See ref. 19.9 for an important work of 
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36.3 See #39 Liebig page 208.
36.4 Partington JR. A History of Chemistry. Vol. 

III Chapter. XI Mansfield Centre: Martino
fine books; 1999.

36.5 Berzelius JJ. Lärobok i kemien. Vol. 1–6 
Stockholm; 1812–1830.

36.6 Guthrie S. New mode of preparing a spiri-
tuous solution of Chloric Ether. Am J Sci 
and Arts 1832; 21:64 and p405 and On 
pure Chloric Ether. Am J Sci and Arts 1832; 
22:105.

36.7 Soubeiran E. Recherches sur quelques 
Combinaisons du Chlore. Ann Chim Phys
1831; 48:113.

36.8 Liebig J. Ueber die Verbindungen welche 
durch die Einwirkung des chlors auf Alko-
hol, Aether, ölbildendes Gas und Essiggeist
entstehen. Ann der Pharm 1832; 1:182.

36.9 Flourens P. Chloro-forme. Arch Gen de Med
4 ser. 1847; 13:549.

36.10 See #47 Snow page 248.
36.11 Simpson JY. Account of a New Anaesthetic 

Agent as substitute for sulphuric Ether in 
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umas was born in Alais, France, in 1800. As a teenager
he wanted to join the Navy, but he soon turned to sci-
ence and was apprenticed to an apothecary. In 1816 he
left for studies in Geneva. On the recommendation of

Humboldt (36.1), who noted his talent, he went to Paris in 1823 to
set up a small chemical laboratory and to lecture at the École Poly-
technique. In 1832 he was elected a member of the Academy of Sci-
ences, becoming its permanent secretary in 1868. Dumas was a
brilliant teacher and as professor of organic chemistry at the École
de Médecine and at the Sorbonne he trained a generation of dis-
tinguished French chemists. He had a mild, generous personality,
always looking for a compromise to resolve problems. After the
Revolution in 1848 he became politically active and as president of
the Paris Municipal Council he oversaw the transformation and
modernisation of the city. 

here dumas introduces a new way of looking at organic chemi-
cal reactions. His substitution or exchange (métalepsie) theory
sets up rules for how hydrogen is replaced in reactions by an equiv-
alent number of moles of another substance such as a halogen. Us-
ing this concept, Dumas is able to determine the proper composi-
tion of the newly discovered substances and gives them the now
accepted names chloroform, bromoform and iodoform (36.2). 

in perspective:

The disagreements and animosities between the three leading chemists of the
1830s, Dumas, Liebig (36.3) and Berzelius arose not only from different scientific
viewpoints but also from different personalities and to some extent due to nation-
alistic feelings (36.4). Dumas’ theory of substitution initiated the downfall of the
established dualistic (electronegative or acid versus electropositive or alkaline)
chemical system of Berzelius (36.5). In 1831, within a few months, a substance lat-
er called chloroform by Dumas was independently discovered by Guthrie (36.6),
Soubeiran (36.7) and Liebig (36.8). In 1847 Flourens demonstrated in animal
studies that chloroform and ether had similar anaesthetic effects (36.9). At the
same time in Edinburgh, Simpson with the help of Waldie, a chemist, was looking
for anaesthetics for use in midwifery that did not have the unpleasant smell of
ether, an agent that had just been introduced with great success for surgical anaes-
thesia (36.10). At the first clinical use of chloroform, Simpson reports that Dumas
happened to be present and “was, in no small degree, rejoiced to witness the won-
derful physiological effects of a substance with whose chemical history his own
name was so intimately connected” (36.11).

Jean Baptiste Dumas

Recherches de chimie organique 
relative à l’action du chlore sur l’alcool.
Loi des substitutions ou métalepsie.

Lu à l’Académie des Sciences 1835. Paris: F. Didot; 1835.
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In 1831 Eugène Soubeiran
(1793–1858) prepares chloro-
form, a substance he calls in-
correctly “éther bichlorique”.

At the same time as Soubeiran,
Samuel Guthrie (1782–1848)
also prepares chloroform, but
from whiskey (he had no alco-
hol) and chlorinated lime. He
uses the equipment shown
above and calls the new com-
pound chloric ether or sweet
whiskey.
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Justus von Liebig (1803–
1873), independently of
Soubeiran and Guthrie, syn-
thesises chloroform, also in
1831. He calls the substance
chloral.

Marie Flourens, (1794–1867)
discovers the anaesthetic ef-
fects of chloroform. This is
communicated in a very short
note in April 1847 (right) say-
ing, “Monsieur Flourens has
tried a new substance going by
the name of chloro-form. After
some minutes, an animal sub-
jected to its vapours is com-
pletely anaesthetised. These
phenomena have proven to be
the same as in anaesthesia with
sulphuric or hydrochloric
ether.”
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Gustav Magnus (1802–1870) reports the first quantitative determi-
nation of blood gases. He injects blood samples of horses into a
mercury funnel and extracts the blood gases by repeatedly applying
negative pressure using the equipment shown left. As appears from
his table below, he finds the arterio-venous difference to be positive
for oxygen and negative for carbon dioxide. He calculates the car-
bon dioxide balance over the lungs assuming a value for the cardiac
output and so uses (in reverse), for the first time, what later became
known as Fick’s principle (see #56).
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agnus was born in Berlin in 1802, the son of a wealthy
merchant. After private studies in mathematics and
natural sciences, he received his doctorate at the Uni-
versity of Berlin in 1827. He then spent a year in

Stockholm working in the laboratory of Berzelius, who became
his lifelong friend and mentor. Magnus returned to Berlin as a lec-
turer in chemistry and technology. He was appointed professor of
technology and physics at the University of Berlin in 1845, a post
he held the rest of his life. His main research interest initially lay in
the field of chemistry, but later his attention turned increasingly to
problems in physics, where he conducted significant experimental
work in many areas. 

in this paper Magnus determines the oxygen, nitrogen and car-
bon dioxide content of the arterial and venous blood of horses. He
introduces blood into mercury in a funnel and, by repeatedly ap-
plying negative pressure, he liberates the gases from the blood.
The mercury seal maintains the anaerobic conditions when trans-
ferring the gases to a eudiometer (37.1) for analysis. Magnus finds
a positive arterio-venous difference for oxygen and a negative dif-
ference for carbon dioxide. From this he concludes that carbon
dioxide is added not in the lungs but during circulation. He also
calculates the balance of carbon dioxide, assuming values for the
cardiac output and carbon dioxide elimination and the measured
arterio-venous difference. This is the first use of what later came to
be called Fick’s principle (37.2). 

in perspective:

Boyle showed back in 1662 that significant amounts of gas could be liberated from
blood using an air pump and Davy had observed that blood contains both oxygen
and carbon dioxide (37.3). Magnus’ work led to a long controversy regarding
whether combustion took place during circulation as argued by Magnus and
Pfluger (37.4) or at least partially in the lungs as argued by Ludwig (37.5). The
matter was settled by a series of papers by Marie and August Krogh in 1910, show-
ing that no other process than diffusion took place in the lungs (37.6)(37.7). The
specific oxygen binding capacity of blood was discovered by Meyer in 1857 and
soon after haemoglobin was isolated and studied by Hoppe-Seyler (37.8). At the
beginning of the 20th century Barcroft and Haldane improved the methods of
blood gas analysis (37.9)(37.10). The clinical importance of measuring blood gas-
es during the 1950s polio epidemics motivated the subsequent development of
modern blood gas electrode technology (37.11).

Gustav Magnus

Ueber die im Blute enthaltenen Gase,
Sauerstoff, Stickstoff und Kohlensäure.

Annalen der Physik und Chemie. Leipzig: 1837; 40:583.

Gustav Magnus

M

[37]  Magnus    197

37:3



198

Carl Ludwig (1816–1895) and
his improved blood gas appara-
tus. Ludwig argues, in opposi-
tion to Magnus, that at least
some of the combustion of oxy-
gen takes place in the lungs.

He is eventually proven
wrong in 1910 by the research
of August Krogh (1874–1949). 
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Nathan Zuntz (1847–1920) con-
structs an ingenious apparatus
(right) with which he can sample
simultaneously the arterial and
venous blood of horses. The skill
of his experimental work allowed
him to obtain accurate cardiac
output values that have stood the
test of time.

In 1898 John Haldane (1860–1936)
introduces improved techniques and
equipment for gas analysis that make
it possible to measure oxygen and
carbon dioxide concentrations down
to 0.005%. His methods remain a
cornerstone of respiratory gas analy-
sis for almost half a century.
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Krogh’s micro-tonometer (above) is used
to make accurate blood gas determinations
in vivo, without the need to extract blood
samples.

August and Marie Krogh (1874–1943)
study the simultaneous variation of the
alveolar carbon dioxide and oxygen tension
with time. Their results conclusively show
that diffusion alone can adequately explain
the gas exchange process in the lung.
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A functional diagram of the
first prototype unit from 1958
(shown below) of the elec-
trode technology developed
by Richard Stow and John
Severinghaus for the meas-
urement of blood carbon
dioxide tensions. A mem-
brane, permeable for carbon
dioxide, separates the blood
or gas to be analysed from the
silver-silver chloride elec-
trodes.
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Louis Daguerre’s (1787–1851)
presentation of the practical
procedures involved in his new
“Daguerréotype” process for
creating permanent photo-
graphic images.

Francois Arago (1786–1853), 
a physicist and an influential
member of the Chamber of
Deputies in Paris, is a staunch
supporter of Daguerre. He is
shown left announcing the
new invention of the photo-
graphic process in front of the
French Academie des Sciences
on 10 August 1839. 
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aguerre was born in Cormeilles-en-Parisis in 1787.
Showing talent for drawing, he was apprenticed in
1803 to a scene-painter at the Paris Opera. In 1822 he
met with instant success when establishing the Diora-

ma, a “magical” picture show that created illusions of reality by us-
ing printed screens and special light effects. In 1829, Daguerre en-
tered into partnership with the impoverished Niépce, to develop
his invention “heliography”, a slow and impractical process that
nevertheless could create permanent pictures on coated pewter
plates. In 1835 Daguerre accidentally discovered an efficient way
of developing the latent photographic image and two years later a
method to fix the image. Arago, physicist and influential member
of the Chamber of Deputies, announced the discoveries in 1839
(38.1), unleashing “daguerreotypomania” around the world. The
French government promptly purchased the rights to the process
and granted Daguerre a generous life pension. 

daguerre gives here a practical but rather superficial guide to
the “Daguerréotype” process. Niepce’s description from 1829 of
the heliographic technique is also reprinted, together with Da-
guerre’s explanation of the differences between the two methods.
Included are also the reports of the special committees (the politi-
cal, led by Arago and the scientific, led by Gay-Lussac) that were
appointed to evaluate the new technology.

in perspective:

The basic mechanism of photographic registration, the light sensitivity of silver
salts, was discovered by Scheele (38.2). The use of a portable “camera obscura”
that also plays a central role in the early developments of photography was con-
ceived by Hooke 1694 (38.3). Although Daguerre, thanks to his influential ally
Arago, quickly received due recognition for his work, able scientists and inventors
other than Niepce, such as Bayard, Herschel and Talbot, also made significant
contributions (38.4)(38.5) and by the time of Daguerre’s death in 1851 the wet-
colloid process of Archer was about to overtake the dominant position of the Da-
guerreotype (38.4). Only a few weeks after the appearance of the book cited
above, Donne and Foucault etched daguerreotypes of microscopic images using
nitric acid and made paper prints from the engraved plate that Donne used in his
medical courses at the Charité Clinic in Paris (38.6). Duchenne de Boulogne and
Darwin used photography to study the facial expressions in various physiological
and emotional states (38.7)(38.8) and Charcot made extensive use of photography
to differentiate hysteria from epilepsy (38.9) and to document the faces and other
physical characteristics of patients with neurological diseases (38.10). 

Louis Jaques Daguerre

Historique et description des procédés
du Daguerréotype et du Diorama.

Paris: Lerebours et Susse frères; 1839.

Louis Jaques Daguerre
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In 1694 Robert Hooke (1635–
1703) conceives the portable
camera obscura, an apparatus
that he calls a “Picture-Box”.
He recommends it to be used
with advantage during travel.

Daguerre’s drawings of his
camera (top right) and a picture
of a camera from 1839.
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The first photographic registrations for medical purposes of an image taken through a
microscope. These pictures are printed using plates that are etched daguerreotypes of
microscopic images. They show blood cells (top) and blood circulation in the tongue of
a frog (bottom). Only a few weeks after the public announcement of Daguerre’s inven-
tion, these pictures are incorporated at the Charité Clinic in Paris in a course on micro-
scopy in medicine. 
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In 1862 Duchenne de
Boulogne (1806–1875)
uses photography to docu-
ment the expressions pro-
duced when applying elec-
trical stimulation to facial
muscles.

A decade later Charles
Darwin (1809–1882)
makes photographic
records of the facial expres-
sions associated with dif-
ferent emotional states in
man and also in animals.
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For four decades, starting in the
1870s, Jean-Martin Charcot
(1825–1893) makes extensive
photographic documentation
of hysteria, epilepsy and the fa-
cial and the physical character-
istics of patients with neurolog-
ical diseases.

Patient with cerebral atrophy
and epilepsy (right).

Patient feeling ecstatic and threatened.
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Justus von Liebig (1803–1873) is the
first to investigate systematically the
chemical foundation of the life
processes. He studies and classifies the
constituents of foodstuffs and at-
tempts to explain nutrition, metabo-
lism, heat generation and respiratory
gas exchange in chemical terms. 

The famous “Kali-Apparat” of Liebig
from 1837. His equipment and
method for improved, standardised
organic elemental analysis soon be-
comes one of the cornerstones of sub-
sequent research in organic chemistry.
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iebig, the son of a drug and paint salesman in Darmstadt, was
born in 1803. Failing in school, he concentrated his efforts
on chemical experiments. After taking a degree at Erlang-
en 1822 he went to study in Paris. He stayed there for only

two years, but studying under Gay-Lussac (39.1) left a lifelong im-
pression on his work. Humboldt, recognising Liebig’s talent
(39.2), recommended him for a position in Giessen. Here, from
1825 as professor, he built up a large world-renowned chemical
laboratory and established a system of teaching and research that
became the forerunner of present day academic institutions.
Liebig was kind-hearted but had a sharp pen and used it freely to
criticise opponents. He had many bitter quarrels but bore no
grudges and when in error, he was able to admit it after some time.

liebig outlines some of the key chemical processes of the basic
organic functions. He discusses respiration and nutrition, meta-
bolism, heat generation and the motion of the body in chemical
terms. Liebig divides food into plastic (protein, nitrous sub-
stances) and respiratory (non-nitrous fats and carbohydrates). He
argues that the first type is for building up organs and for generat-
ing energy and the second type accounts for the generation of heat.
At the end of the book Liebig presents chemical formulas and ana-
lytical results in support of his theories. Aware of the complexity of
the topic, Liebig expresses the hope that the most important result
of his book will be to open up new directions for research. 

in perspective:

In 1840, after making formidable contributions to all aspects of organic chemistry
(39.3)(39.4) and wary of the acrimonious controversies particularly with Dumas
(39.3), Liebig decided to look for applications for the new knowledge in chemistry
(39.5). Studies of the composition of plants led him to an interest in physiology.
Liebig’s cited work had its roots in the experiments of Lavoisier (39.6), but more
directly in the early work on “animal chemistry” of Berzelius (39.7) and in Ma-
gendie’s studies demonstrating the importance of protein in the food supply of
mammals (39.8). By synthesising disparate facts, Liebig was able to cast new light
on the role of organic chemistry in the life processes. The ageing Berzelius, to
whom Liebig affectionately dedicated the book, called it “armchair physiology”
but Bischoff, Voit and Pettenkofer, who all later conducted important work on the
metabolism of different foodstuffs (39.9)(39.10), acknowledged the seminal im-
pact of Liebig’s book.

Justus von Liebig

Die organische Chemie in ihrer Anwen-
dung auf Physiologie und Pathologie.

Braunschweig: Vieweg F & Sohn; 1842.

Justus von Liebig
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Liebig’s world-renowned chem-
ical laboratory in Giessen
around 1840. Here he builds up a
method of teaching and research
that becomes a forerunner of
present day academic institu-
tions.
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Hypolite Fizeau (1819–1896)
independently discovers the
“Doppler effect” for sound
and predicts its existence also
for light sources.

In 1845 Christophorus Buys
Ballot (1817–1890) proves
Doppler’s theory for sound
waves using trumpeters on a
train between Amsterdam
and Utrecht.

The title page of Johann Christian Doppler’s (1803–1853)
landmark treatise, where he suggests that double stars show
different colours because they revolve around one another
and so one is moving towards the observer and the other
away from him. As appears from the inscriptions, Doppler
sent this copy of his work to Alexander Humbold (see #19), 
a scientist of wide-ranging interests, who later passed it on to
his friend Francois Arago (see #39) with a suggestion to com-
pare the results with the work of Buys Ballot (see above left).  

40:1

40:2

40:3



[40]  Doppler    213

40.1 Ballot B. Akustische Versuche auf der 
Niederländischen Eisenbahn nebst gele-
gentlichen Bemerkungen zur theorie des 
Hrn Prof Doppler. Ann Phys Chem 1845; 
66:321.

40.2 Fizeau MH. Sur le hypothèses relatives a 
l’éther lumineux. Ann Chim Phys 3ser. 1859;
57:385. 

40.3 See #92 Maiman page 474.
40.4 Yeh Y, Cummins HZ. Localized fluid flow 

measurements with an He-Ne laser spec-
trometer. Appl Phys Letters 1964; 4:176.

40.5 Riva C, Ross B, Benedek GB. Laser 
Doppler measurements of blood flow in 
capillary tubes and retinal arteries. Invest 
Ophtalmol 1972; 11:936.

40.6 Stern MD. In vivo evaluation of microcir-
culation by coherent light scattering. 
Nature 1975; 254:56.

40.7 Öberg PÅ, Shepherd AP, editors. Laser-
Doppler Blood Flowmetry (Developments in 
Cardiovascular Medicine DICM 107). Kluwer
Academic Publisher; 1990.

40.8 Satomura S. Ultrasonic Doppler Method 
for the Inspection of Cardiac Functions. J 
Acoust Soc Am 1957; 29:1181. See also ref. 
90.11.

40.9 Rushmer RF, Baker DW, Stegall HF. 
Transcutaneous Doppler flow detection as 
a non-invasive technique. J Appl Physiol 
1966; 21:554.

40.10 Gosling RG, King DH. Arterial assessment 
by Dopplershift ultrasound. Proc Roy Soc 
Med 1974; 67:447.

40.11 Lube M, Safarov Yu, Yakimenkov LI. 
Ultrasonic Detection of the Motions of 
Cardiac Valves and Muscles. Sov Phys 
Acoust 1967; 13:59.

40.12 Johnsson WL, et al. Detection of Fetal Life 
in Early Pregnancy with an Ultrasonic 
Doppler Flowmeter. Obst Gyn 1965; 26:305.
See also ref. 90.8.

40.13 Wells PN. A range-gated ultrasonic 
Doppler system. Med. & Biol. Eng 1969; 
7:641.

oppler was born in 1803 in Salzburg. Talented in
mathematics, he studied at the Polytechnique Insti-
tute in Vienna. In 1835, his intent to emigrate to
America was abandoned when he was offered a posi-

tion as professor of mathematics and practical geometry at the
State Secondary School in Prague. From 1841 he held the same
chair at the State Technical Academy and in 1850 he was named di-
rector of the Physical Institute at the University of Vienna.
Doppler’s health was always poor and he died of a lung disease
during a trip to Venice in 1853. 

doppler proposes that the different colour tones of double stars
that revolve around one another could be explained by the notion
that the wavelength of light would be shifted as a result of the differ-
ent relative motion of the two stars compared to the observer. He
gives the correct formula for the magnitude of this shift and points
out that the phenomenon should also be applicable to sound prop-
agation. Several incorrect examples given by Doppler in support
of his theory do not detract from the importance of his discovery. 

in perspective:

Ballot, using trumpeters on a train, proved Doppler’s theory for sound in 1845
(40.1). Fizeau independently discovered the “Doppler shift” of light and gave the
proper explanation of it. He was the first to determine in a laboratory the absolute
value of the speed of light and also its value in a moving medium (40.2). In 1964,
following the invention of the LASER (40.3), optical Doppler techniques were
able to be developed for the measurement of fluid movement and flow (40.4).
About a decade later the technology was applied in medicine, first to the blood
flow in the retinal vessels (40.5) and then to the microcirculation in a finger and
other parts of the body (40.6)(40.7). In the late 1950s Satomura showed the feasi-
bility of using the Doppler effect in ultrasonic waves for diagnostic purposes
(40.8) and within a decade continuous-wave Doppler ultrasound devices had
been developed for use in peripheral and arterial vessel studies (40.9)(40.10), in
cardiology (40.11) and in obstetrics (40.12). The first pulsed ultrasound Doppler
technique appeared in 1969 (40.13) and could differentiate between different
moving targets.

Johann Christian Doppler

Ueber das farbige Licht der Doppel-
sterne und einiger anderer Gestirne
des Himmels.

Prag: Borrosch & André; 1842.

Johann Christian Doppler
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The first laser Doppler
measurements for medical
purposes are made on blood
flow in the retinal arteries of
rabbits in 1972. The experi-
mental setup (top diagram)
and the power spectrum of
the scattered light from the
retinal arteriole (left) are
shown. 

The principle of laser Doppler measurements of microvascular
tissue perfusion. 
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An instrument for microvascular tissue perfusion
measurements from the early 1980s.

Modern laser Doppler perfusion imaging system
showing peripheral circulation in the hand and in
the heart during and after coronary by-pass sur-
gery.  
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Shigeo Satomura (1919–1960)
pioneers the use of ultrasound
Doppler techniques for med-
ical diagnostics. The photo-
graph shows his original equip-
ment from the late 1950s at the
Osaka University. His trans-
ducer and the registrations ob-
tained by him from cardiac
motions are shown below.  
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The principle of ultrasonic 
Doppler measurement of blood
flow, the transducer used by
Robert Rushmer (1915–2001)
and his collaborators in the mid
1960s and their demonstration
of the many possible applica-
tions of ultrasonic Doppler tech-
niques in cardiovascular dia-
gnostics.
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In 1846 John Hutchinson (1811–1861) invents
a spirometer and demonstrates that it offers a
“precise and easy method of detecting disease”
of the lungs. The illustrations show his appara-
tus and the recommended way of using it when
standing.
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utchinson was born in Newcastle upon Tyne in 1811.
His early interest was mechanical engineering, but later
he studied medicine. In 1836 he began working as a
physician to the Britannia Life Assurance Company

(41.1) and became a Fellow of the Statistical Society 1842. He mar-
ried in 1840 and had three children, but left his family in 1852 and
emigrated to Melbourne, Australia. Here gold deposits had been
discovered and Hutchinson was caught up in the “gold fever”
(41.2). In 1855 he reappeared in Australia as a consulting physi-
cian, but six years later he left for Fiji, where he soon developed
dysentery and became “careless of himself and fell into intemper-
ate habits” and died of “the combined effects of disappointment,
disease and the absence of all comforts” (41.2). 

after a short historic introduction, Hutchinson explains what
the “vital capacity” of the lung is. Then in seven chapters and more
than two hundred paragraphs he describes in detail a spirometer of
his own design and the measurements of the vital capacity of more
than two thousand individuals made with this instrument. He
studies the influence of the size of the thorax, the subject’s height,
weight, age, and sex and also the effect of phthisis, the fibrotic
complication of tuberculosis that reduces vital capacity by de-
stroying lung tissue. 

in perspective:

Lavoisier, Beddoes, Watt and Davy all used gasometers to study respiration
(41.3). However, Hutchinson’s device was a significant advance over previous
equipment and more importantly his extensive and systematically collected
measurements established spirometry as a diagnostic method. In 1864 Gréhant
was the first to study the gas composition of the expired volume in relation to the
gas distribution in the lungs (41.4) and a few years later Speck built much im-
proved spirometers for measuring gas exchange in man during exercise (41.5). In
1904 Tissot’s design (41.6)(41.7) reduced the resistance to breathing and made
the excursion of the bell of the device proportional to the volume change. His de-
vice became the “gold standard” in spirometry for more than half a century.
Hutchinson’s concept of vital capacity is still very much in use today (41.8). In
1980 a study of more than 5,200 men over thirty years of age showed vital capaci-
ty to be a useful predictor of pulmonary disease and cardiac failure (41.9).

H
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John Hutchinson

On the Capacity of the Lungs, and on
the Respiratory Functions, with a View
of establishing a Precise and Easy
Method of detecting Disease by the
Spirometer. 

Medico-Chirurgical Transactions. Roy Med Chir Soc, 

London. 1846; 29:137.

John Hutchinson
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Hutchinson defines the components of a tidal breath
in relation to the thoracic movement during breath-
ing. He then examines a large number of healthy sub-
jects (top table) and establishes the normal value of
the vital capacity of the lung. Based on this data, he is
able to show (left table) how spirometry can be used
to distinguish patients with phthisis, the fibrotic
complication of tuberculosis. 
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Carl Speck (1828–1916) describes a much improved spirometer, which he uses in 1871 to measure
respiratory gas exchange at rest and also during exercise, making him a pioneer of sport medicine.
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Jules Tissot (1864–1918)
constructs a spirometer in
1904 that remains the “gold
standard” for half a centu-
ry. It is designed to give low
respiratory resistance and a
linear relation between the
excursion of the bell and
the volume change. The
apparatus and a typical
tracing obtained from it are
shown. The spikes marked
“1, 2, 3” represent known
volumes of 1 litre, 0.5 litres
and 0.25 litres.
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Tissot also develops novel devices, with low resistance to breathing, to provide a tight
connection between man or animal and his spirometer. In many clinical applications
maintaining the integrity of the connection between apparatus and patient remains a
challenge even today.
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On the right Emil Du Bois-
Reymond’s (1818–1896)
“Willkurversuch”, where he
demonstrates the direction
of the current generated by
voluntary muscular contrac-
tion. Above some of the de-
vices and experiments of his
pioneering neurophysiologi-
cal investigations.
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u Bois-Reymond was born in Berlin in 1818. He attend-
ed French high school and later at the University of
Berlin he studied a wide variety of subjects from theol-
ogy, philosophy, psychology and literature to botany,

geology, natural sciences, logic and mathematics. Eventually, he
settled on medicine and soon took the study of the electrical phe-
nomenon in animals (42.1)(42.2) as a lifelong task. Thanks to
Humboldt’s interest in this topic (42.3), he was elected to the
Prussian Academy of Sciences in 1851. On the death of his teacher
Johannes Müller in 1858, he succeeded him as professor of physiol-
ogy in Berlin. Du Bois-Reymond had a great gift for language and
a sharp pen, blending French eloquence with German thorough-
ness. He considered the history of science the most important but
most neglected part of cultural history. His speeches on scientific
and cultural matters set a standard that few, if any, could rival in
his own time or later (42.4).

in these collected electrophysiological works, Du Bois-Reymond
describes many new phenomena related to nerve activity and mus-
cle contraction, including the existence of the “injury current” in
the muscle and the nerve and also the phenomenon of “negative
oscillations” in the muscle. He studies extensively the polarisation
that occurs when a current flows through the nerve (electrotonus)
and the polarisation that arises at the interface between different
electrolytes. He obtains these experimental results by careful
avoidance of many sources of measuring error and by developing
new instruments such as highly sensitive coils for detecting weak
currents, non-polarisable electrodes and special switching devices. 

in perspective:

Du Bois-Reymond continued the work initiated by Jallabert (42.5), Galvani
(42.6) and particularly Humboldt (42.3), but his interest arose as a direct result of
the book published by Matteucci in 1840 on animal electricity (42.1). Apart from
his discoveries in electrophysiology Du Bois-Reymond, together with his friends
Helmholtz (42.7), Ludwig and Brucke (42.8), introduced the broad use of physi-
cal methods and instrumentation to break new ground in physiology. In a famous
prologue to the first volume of the work cited above, Du Bois-Reymond once and
for all settled the dispute with the adherents of the theory of vital force (Lebens-
kraft)(42.9). One of his prominent disciples, Pflugger, continued his electro-
physiological studies and also made other important contributions, particularly
in respiration physiology and in the study of blood gases (42.10).

Emil Du Bois-Reymond

Untersuchungen über thierische 
Elektricität.

Band 1, Band 2 (2 Abteilungen) Berlin: Reimer G; 1848–1884.

Emil Du Bois-Reymond
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Carlo Matteucci’s (1811–1868) 
investigations in 1840 of the elec-
tricity generated in the torpedo
and in the frog nerve (illustrated
above) are the starting point of Du
Bois-Reymond’s work.

Johannes Müller (1801–1858) (see
also picture 25:12) directs Du Bois-
Reymond’s interest to electro-
physiology. On Müller’s death, Du
Bois-Reymond succeeds him in the
Chair of Physiology in Berlin.
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By developing sensitive instruments and with a careful experimental
design, Du Bois-Reymond discovers new neurophysiological pheno-
mena of fundamental importance such as the resting nerve current,
the “injury current” in the muscle and the nerve and the “negative
oscillations” in the muscle.
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In 1844 Claude Pouillet (1790–
1868) introduces the concept of
the ballistic galvanometer. By
generating a current at the firing
of a projectile and allowing the
projectile to interrupt the current
at various distances from the fir-
ing point, he is able to measure
the time of very short flight inter-
vals despite the use of rather
slowly responding instrumenta-
tion. 

Hermann von Helmholtz’s
(1821–1894) illustration of his
ballistic galvanometer, which he
designs to measure the propaga-
tion velocity of nerve impulses. 
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43.1 von Helmholtz H. Über die Erhaltung der 
Kraft, eine physikalische Abhandlung vorgetra-
gen in der Sitzung der physikalisches Gesell-
schaft zu Berlin am 23sten juli 1847. Berlin; 
1847.

43.2 For Humboldt’s influence see #36 Dumas 
page 192, #39 Liebig page 208 and #42 Du 
Bois-Reymond page 224 and also ref. 19.9.

43.3 See ref. 5.13 and also #45 Helmholtz page 
236 and ref. 19.3.

43.4 See #37 Magnus page 196.
43.5 von Helmholtz H. Die Thatsachen in der 

Wahrnehmung. Berlin; 1879 and also ref. 
4.9.

43.6 von Helmholtz H. Messungen über Fort
pfanzungsgeschwindigkeit der Reizung in 
den Nerven. Arch Ant Physiol Berlin; 1852. 
p199.

43.7 Günther RT. Early science in Oxford Vol.VI 
The life and work of Robert Hooke (Part I) 
Oxford; 1930. See also #11 Hooke page 72.

43.8 Hoff HE, Geddes LA. Ballistics and the In-
strumentation of Physiology: The Velocity 
of the Projectile and of the Nerve Impulse. 
J Hist Med 1960; 15:133.

43.9 Pouillet CS. Note sur un moyen de mésurer
des intervalles de temps extrémement 
courts, … C R Acad Sci 1844; 19:1384.

elmholtz was born in 1821, the oldest of four children
of a Potsdam college teacher. Helmoltz was drawn to
physics early on, but the family could only afford a
medical education, for which state scholarships were

available. After taking his degree in 1842, Helmholtz started his
eight-year duty as an army surgeon, a commitment he made to re-
ceive a stipend. In 1847 he presented his classic paper on the fun-
damental law of the conservation of energy (43.1). On Hum-
boldt’s (43.2) request, Helmholtz was soon released from his obli-
gations as a surgeon and was appointed professor of physiology in
Königsberg. For more than two decades he held similar positions
in Bonn and in Heidelberg, doing research primarily on sensory
physiology (43.3). In 1871, he succeeded Magnus (43.4) in Berlin
as professor of physics and devoted himself particularly to prob-
lems in thermodynamics and in electrodynamic action. He also
wrote extensively on philosophical issues particularly concerning
scientific methodology (43.5).

helmholtz describes an ingenious arrangement to deter-
mine the velocity of a nerve impulse. He generates inductively a
current that makes the muscle contract and thereby interrupt the
flow of the current. The slowly reacting galvanometer produces a
deflection in proportion to the duration of the current impulse. By
allowing the impulse to travel different lengths along the nerve he
calculates the velocity to be around 30 m/s. 

in perspective:

Helmholtz’s method (which he completed with a graphical technique two years
later (43.6)) may be traced back to the earliest efforts by Hooke to determine the
velocity of a projectile (43.7)(43.8). The basic idea of Hooke’s ballistic experiment
was that if the projectile hit and fused with a large enough body at rest the result-
ing motion of this body, as governed by the law of conservation of momentum,
would be slow enough to be measured. In analogy, Pouillet introduced the ballis-
tic galvanometer technique by generating a current at the firing of a projectile and
allowing the projectile to interrupt the current at various distances from the firing
point (43.9). The deflection of the galvanometer was then proportional to the du-
ration of the impulse. As stated in ref. (43.8) “a primary attribute of inventiveness,
if not genius itself, is the ability to recognise the broader applicability of concepts
developed by other sciences and to adapt them as tools for new purposes”.
Helmholtz, who was probably the last scholar fully embracing most of the sci-
ences, philosophy and the fine arts, was able to do just that.

Hermann von Helmholtz

Messungen über den zeitlichen Verlauf
der Zuckung animalischer Muskeln
und die Fortpflanzungsgeschwindig-
keit der Reizung in den Nerven.

Arch Anat Physiol Berlin: Veit; 1850. p276.

Hermann von Helmholtz
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Helmholtz’s improved equipment
from 1852, which allows him to
record the ballistic galvanometer
tracings and to obtain an accurate
value for the velocity of the nerve
impulse (see opposite page).

43:4
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The result of one of Helmholtz’s experiments for measuring
the velocity of the nerve impulse. An electric stimulation
starts the nerve impulse current, which is then interrupted
when the muscle contracts. The propagation lengths differ
by 40 mm and the corresponding time difference is deter-
mined to be 0.0013 seconds, which gives a velocity of 30.8
m/seconds.
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Wilhelm Weber (1804–1891) works in the 1820s,
together with his elder brother Ernst Heinrich, on
the experimental aspects of fluid dynamics in the
circulatory system. 

Ernst Heinrich Weber (1795–1878) determines
the arterial pulse velocity to about 9 m/second
and shows that the elasticity and resistance of the
blood vessels transform the pulsatile movement
of the blood in the aorta into a continuous flow
through the arterioles and the capillaries.

44:1
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eber was born in 1795 in Wittenberg, where his fa-
ther was professor of theology. As a boy he met
Chladni (44.1) and became interested in physics. He
started to study medicine in Wittenberg and received

his degree in Leipzig in 1817. Four years later he was appointed
professor of comparative anatomy, a position that he held for fifty
years, till his retirement. From 1840 to 1866, when he was succeed-
ed by Ludwig (44.2), he also held the chair of physiology. Weber
made many important contributions to anatomy. Some of the
structures that he discovered still bear his name. In physiology,
working with his youngest brother Eduard, he made the famous
demonstration of the inhibitory effect of the vagus nerve on the
heart (44.3). He also pioneered sensory physiology, particularly
concerning tactile sensations related to skin and muscle (44.4),
making him one of the founders of psychophysics (the study of
stimulus versus sensation).

weber sums up a decade of research starting in 1825 (44.5) on the
movement of fluids in elastic tubes as applied to the circulation of
the blood (44.6). Using tubes of rubber or small intestines as mod-
els, Weber studies flow and pressure in open and closed circuits of
flow. He explores the elastic nature of the arterial wall and its effect
on pulse wave propagation and the resistance to and the attenua-
tion of this wave by the capillary bed. He also discovers that the dia-
meter of the blood vessels is under muscular and nervous control.

in perspective:

The science of hydrodynamics started with the work of Bernoulli (44.7).Young
studied the blood circulation and the function of the heart from a hydrodynamic
standpoint in 1809 (44.8). Poiseuille established the laws of fluid flow in capillary
tubes with rigid walls in the 1840s (44.9). Weber was the first to investigate fluid
flow in elastic tubes in 1825, working together with a younger brother, Wilhelm
(who is most well-known for his work on earth magnetism, the unit of magnetic
flux being named after him) (44.5)(44.6). The paper cited above summarises his
results, which remain valid despite many thorough subsequent investigations.
They are still one of the cornerstones of modern concepts in haemodynamics. The
three Weber brothers, Ernst, Wilhelm and Eduard, were forerunners of the
“physico-mathematical” approach to physiology that was fully adopted by Du
Bois-Reymond, Helmholtz and Ludwig (44.10) and their disciples (44.11) during
the late 19th century.

44.1 See ref. 13.5.
44.2 See ref. 35.5 and ref. 37.5.
44.3 Weber E, Weber EH. Experimenta, quibus 

probaturnervos vagos … Ann Univ Med.
(Milano) 3ser. 1845; 20:227.

44.4 Weber EH. Der Tastsinn und das 
Gemeingefühl. R. Wagner Handwörter-
buch Physiol III part 2 1850. p481.

44.5 See ref. 18.9.
44.6 Weber EH. Programma, Pulsum arteria-

rum non in omnibus arteriis simul, … 
Annot anat physiol. 1 Leipzig; 1827.

44.7 See #18 Bernoulli page 104.
44.8 Young T. On the function of the heart and 

arteries. Phil.Trans. 1809; I:12.
44.9 See #35 Poiseuille page 188 and ref. 35.10.

44.10 See #42 Du Bois-Reymond page 224, #43 
Helmholtz page 228, and ref. 35.5 and ref. 
37.5.

44.11 Rothschuh C. History of Physiology. New 
York: R.E.Krieger; 1978.

Ernst Heinrich Weber

Ueber die Anwendung der Wellenlehre
auf die Lehre vom Kreislaufe des Blu-
tes und insbesondere auf die Pulslehre.

Arch Anat Physiol Berlin: Veit; 1851. p497.

Ernst Heinrich Weber
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Thomas Young (1773–1829) makes many important contributions both in physics and in physiol-
ogy (see #5). In this lecture from 1808 he discusses the properties of the circulatory system from a
remarkably modern standpoint. His work exerts significant influence on the subsequent studies
of the Weber brothers.

44:4 44:5
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In 1850 Hermann von
Helmholtz (1821–1894) an-
nounces the invention of the
ophthalmoscope. His illus-
tration of the device is shown
on the right. After eight days
of work Helmholtz has a pro-
totype instrument ready and
reports “I had the great pleas-
ure to be the first to observe
the retina in a living human
being.” He examined the eye
of his wife Olga.

Although the great ophthal-
mologist Alfred von Graefe
(1828–1870) declares
“Helmholtz has unfolded to
us a new world”, others are
less enthusiastic. Helmholtz
reminisced “As regards the
ophthalmoscope, a highly re-
garded surgical colleague told
me that he would never use
the instrument, that it was
too dangerous to allow its
harsh light to impinge upon a
diseased eye; another de-
clared that the ophthalmo-
scope might be of use to doc-
tors with bad eyes, but that he
had very good eyes and had
no call for it.” 

45:1



elmholtz was born in 1821, the oldest of four children
of a Potsdam collage teacher with strong aesthetically
and philosophical interests. He was drawn to physics
early on, but the family could only afford a medical

education, for which state scholarships were available. After taking
his degree in 1842, Helmholtz started his eight-year duty as an
army surgeon, a commitment he made to receive a stipend. In
1847 he presented his classic paper on the conservation of energy
(45.1). On Humboldt’s (45.2) request, Helmholtz was soon re-
leased from his obligations as a surgeon and was appointed profes-
sor of physiology in Königsberg. For more than two decades he
held similar positions in Bonn and in Heidelberg, doing research
primarily on sensory physiology (45.3). In 1871 he succeeded
Magnus (45.4) in Berlin as professor of physics and devoted him-
self primarily to problems in thermodynamics and in electrody-
namic action. He also wrote extensively on philosophical issues
particularly concerning problems of scientific methodology (45.5)

helmholtz first recounts how the work of Ernst Brücke led
him to the invention of the ophthalmoscope. He then explains his
line of thinking when solving the practical problems of observing
the retina from outside and then gives a description of the instru-
ment. He also derives a formula for the amount of light reflected
from the retina that reaches the eye of the observer.

in perspective:

Scheiner in 1619 was the first to locate the seat of vision as the retina (45.6). Cum-
ming and Brücke independently noted that the human eye could be made lumi-
nous and Cumming considered its diagnostic potential (45.7)(45.8)(45.9). Stim-
ulated by Brücke’s research, Helmholtz developed the ophthalmoscope in eight
days. He first used it to look into the eyes of his wife Olga and dedicated a copy of
his book to her with the words “in remembrance that her eye was the first whose
interior revealed itself to the searching eye”. Helmholtz said on the early recep-
tion of his invention (45.10): “one of my very famous surgical colleagues told me
that he would never use such an instrument, since in his opinion it was far too dan-
gerous to allow the entrance of such bright light into the eye”. The electric oph-
thalmoscope, with its built-in light source, was introduced in 1896. During the
following years many practical improvements were made (45.9) and in particular
the co-operation between Gullstrand and the Carl Zeiss company led to signifi-
cant advances in design (45.11) and also to many other new ophthalmologic in-
struments. 

45.1 See ref. 43.1.
45.2 On Humboldts influence see #36 Dumas 

page 192, #39 Liebig page 208 and #42 Du 
Bois-Reymond page 224 and also ref. 19.9.

45.3 See ref. 43.3.
45.4 See #37 Magnus page 196.
45.5 See ref 43.5.
45.6 See ref. 5.7 and also #5 Kepler page 42.
45.7 Cumming W. On a luminous appearance 

of the human eye, and its application to the 
detection of disease of the retina and psote-
rior part of the eye. Med.-Chir Trans Med 
Chir Soc London. 1846; 29:283. 

45.8 Brücke E. Über das Leuchten der menschli-
chen Augen. Anat Phys wiss Med 1847. p225.

45.9 Friedenwald H. The History of the Invention 
and of the Development of the Ophthalmoscope. 
JAMA 1902; 38(9):549.

45.10 See ref. 4.9 p.20.
45.11 Gullstrand A. Die reflexlose Ophtalmosko-

pie. Arch Augenheilkunde 1911; 68:101. See 
also #64 Abbe page 328. 

Hermann von Helmholtz

Beschreibung eines Augen-Spiegels
zur Untersuchung der Netzhaut im 
lebenden Auge.

Berlin: Förstner’sche Verlagsbuchhandlung; 1851.

Hermann von Helmholtz
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Christoph Scheiner (1573–1650) is the first to show that the retina is the seat of vision. He
demonstrates that accommodation is an active process and makes accurate diagrams of the
eye. The illustrations on the left are taken from his investigations.

The famous frontispiece of Scheiner’s book “Oculus hoc est fundamentum opticum” from
1619, which shows six small scenes (three on the right and three on the left) symbolising his
studies of vision and the image formation in the eye. 
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Ernst Brücke (1819–1892) ob-
serves the reflected light from
the eyes of rabbits, cats and
man, but fails to make the in-
vention of the ophthalmoscope
because, as Helmholtz put it,
“he did not ask himself how an
optical image is formed by the
light returning from the eye.”

Already in 1846 William Cumming (1812–1886) establishes
that every healthy human eye can be made luminous. He is also
the first to suggest the use of this phenomenon for the exami-
nation of the retina and the porterior portion of the eyeball. 
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Illustrations from Helmholtz’s detailed account of the properties and proper
use of ophthalmoscopes from his classical monograph on physiological optics,
published in 1867.
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Alvar Gullstrand (1862–1930)
presents a detailed mathemati-
cal analysis of the accommoda-
tion mechanism of the eye and,
in collaboration with the com-
pany Carl Zeiss, constructs a
superior ophthalmoscope in
1911 (right).

Top picture shows ophthalmo-
scope designed ca. 1860 by
Richard Liebreich (1830–1917),
who publishes an Atlas of Oph-
thalmoscopy in 1863. It is the
first iconography of the fundus
oculi. 
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Adolf Fick (1829–1901) gives, in “Die medici-
nische Physik”, the first comprehensive over-
view of the various applications of physics in
medicine. 

Fick sets up the diffusion equation and estab-
lishes the definition of the diffusion coefficient
“k”. He points out the analogy to Fourier’s
theory of heat flow (see #32).

46:1
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ick was born in 1829 in Kassel, where his father was mu-
nicipal architect. The youngest of nine children, he start-
ed to study mathematics and physics in Marburg, where
one of his brothers was professor of anatomy. He soon

turned to medicine and was guided not only by his brother but
also by Carl Ludwig (46.1). In Berlin Fick met and made friends
with Du Bois-Reymond and Helmholtz (46.2). In 1851 Fick ob-
tained his doctorate and left for Zürich to work as prosector in
anatomy with Ludwig and later as professor of anatomy and phys-
iology. He moved to the chair of physiology in Würzburg in 1868
and remained there till his retirement in 1899. Fick was a modest
man with strong convictions that he always stood by without hesi-
tation. Apart from his remarkably diverse scientific interests, he
also wrote on social issues. In particular he strongly opposed the
abuse of alcohol (46.3).

in eight chapters Fick gives a concise account of science and
technology as applied to medicine and physiology. The following
topics are covered: Molecular physics (diffusion of gases and liq-
uids), Mechanics (statics and dynamics of muscular action), Hy-
drodynamics (fluid flow in blood vessels, blood pressure), Sound
(propagation and auscultation), Heat (chemical processes of heat
generation, conservation of energy), Optics (geometrical optics
and its application to the eye, ophthalmoscopy and colour vision),
Electricity (currents and their role in nerve and muscle and elec-
trotherapy) and finally Useful instrumentation (sphygmograph,
microscope, ophthalmoscope, electric induction equipment, gal-
vanometer).

in perspective:

Fick mastered all advances in mathematics, physics and chemistry and was able to
apply them to problems in medicine and physiology (46.4). Thus he was the first
to approach muscular contraction from the principle of the conservation of ener-
gy (46.5) and to design a test of the chemical theory of the energy production in
the muscle, proposed by Liebig (46.6). Fick set up the diffusion equation and in-
troduced the collodion membrane in the study of diffusion through porous media
(46.7)(46.8). His contributions to haemodynamics include the introduction of
the principle of plethysmography (46.9) and the method of cardiac output deter-
mination that is named after him (46.10). He also developed the first practical de-
vice for intraocular pressure measurements (46.11). Fick and his generation of
19th century German physiologists (46.1)(46.2) worked with the simplest possi-
ble arrangements, under constant or controlled conditions, making observations
with scientific methods and measuring devices often of their own construction or
modified to suit the particular purpose of the experiment. 

46.1 See ref. 35.5 and ref. 37.5 also #42 Du Bois-
Reymond page 224 and #44 Weber page 
232.

46.2 See #42 Du Bois-Reymond page 224 and 
#43 Helmholtz page 228, #45 Helmholtz 
page 238.

46.3 Fick A. Die Alkoholfrage. (Vortrag 
Würzburg am 16 März 1892) Würzburg; 
1892.

46.4 Fick A. Gesammelte Schriften. Band I–IV 
Würzburg; 1903–1905.

46.5 Fick A. Experimenteller Beitrag zur Lehre von 
der Erhaltung der Kraft bei der Muskelzusam-
menziehung. Untersuchungen aus dem phy-
siologischen Laboratorium der Züricher 
Hochschule. Wien; 1869. 

46.6 Fick A, Wislicenus J. Ueber die Entstehung
der Muskelkraft. Vierteljahreschrift Zurch 
Natur Gesell Vol. X 1865. See also #39 
Liebig page 208.

46.7 Fick A. Ueber Diffusion. Ann Phys Chem
1855; 94:59. See also Tyrell HJ. The Origin 
and Present Status of Fick’s Diffusion Law. 
J Chem Ed. 1964; 41(7):397.

46.8 Fick A. Ueber Endosmose. Wiener med 
Wochenschrift 1857; 45:809/810.

46.9 Fick A. Die Geschwindigkeitskurve in der 
Arterie des lebenden Menschen. Unter-
suchungen aus dem physiologischen Labo-
ratorium der Züricher Hochschule Wien; 
1869.

46.10 See #56 Fick page 290.
46.11 Fick A. Ueber Messung des Druckes im 

Auge. Pfluger’s Arch ges Physiol 1888; 42:86.

Adolf Fick

Die medicinische Physik.
Braunschweig: Vierweg F und Sohn; 1856.

Adolf Fick
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Thomas Graham (1805–1869)
studies diffusion in gases and
solutions and discovers and
names the phenomenon now
known as the osmotic force.
He finds that certain sub-
stances (i.e. glue) pass more
slowly through membranes
than others (i.e. common salt).
He calls the former colloids
and the latter crystalloids and
introduces the notion of dialy-
sis to describe these observa-
tions. The beginning of his fa-
mous lecture “On osmotic
force” with illustrations of his
equipment is shown on the
right.
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Graham’s osmometer, where a semi-permeable membrane is fitted over the end of the bell jar.
Compare with drawings from his publication from 1854 on the opposite page.
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The graphs above show results from Fick’s experiment with
diffusion of a salt through a semipermeable collodion mem-
brane.

In 1846 Christian Schönbein (1799–1868) discovers how to
make pyroxylin (“guncotton”), a substance that soon finds im-
portant applications (see #38), including in medicine (see
#77). A solution of pyroxylin in alcohol or ether produces col-
lodion. Fick describes his experiment with a collodion mem-
brane, in this way “ … the exchange of heterogeneous, miscible
fluid though a structure—here the non-porous septa—which
must take place via the actual intermolecular interstices—oc-
curs in accordance with quite different laws from the exchange
of such fluids through a septum with actual pores or holes. In
order to investigate the first mentioned process, I availed my-
self of phials of collodion and in order to investigate the second,
septa from tuna; as heterogeneous fluids, I have hitherto used
water on one side and on the other solutions of various salts, in
particular chloride of soda.” 

46:10
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The first description
given by John Snow
(1813–1858) of his ether
inhaler in the London
Medical Gazette 1847.

47:1



ohn Snow was born in 1813 in York and became a general
practitioner in London in 1838. Having taken an interest in
respiration physiology and the design of equipment for re-
suscitation, he was soon able to improve on the methods of

administering the new inhalation anaesthetic agents, (sulphuric)
ether and chloroform, that were introduced in 1846–47. Snow,
was the first full-time specialist in anaesthesia. Renowned for his
insights and skills, he was invited to administer chloroform to
Queen Victoria at the births of two of her children. The Queen’s
satisfaction greatly contributed to the acceptance of chloroform as
anaesthetics in midwifery. Richardson, a prominent anaesthesiolo-
gist himself and a good friend of Snow, later wrote in a memoir of
Snow (from the book cited below): “the naked truth, for its own
sake, was what he sought and loved. No consideration of honour or
profit seemed to have power to bias his opinions on any subject”.

in this last and major work of Snow, he reports experimental an-
imal research on the physiology of the anaesthetic state and de-
scribes the first use of endotracheal anaesthesia. Snow investigates
the physical and chemical properties of the anaesthetic agents and
their concentrations in air and blood. The physiological effects of
these concentrations are also elucidated. Fatal outcomes of chlo-
roform anaesthesia are discussed and new improved inhalers for
ether and chloroform are described. 

in perspective:

Paracelsus at the end of 16th century already recognised the anaesthetic effect of
ether and Turner recommended it against headaches in 1761 (47.1). The clinical
usefulness of ether inhalation was established by Long in 1842 (47.2), but widely
accepted only after Morton’s demonstration of pain relief during surgery (47.3).
The first users of ether and chloroform were practical men with little scientific
training (47.4)(47.5), unused to handling more elaborate equipment. Therefore,
inhalation anaesthesia, particularly with chloroform, soon led to many fatal out-
comes raising justified concerns (47.6). While Snow put the administration of
anaesthetics on a firm scientific footing, prominent physiologists Longet and
Bernard investigated the mechanism of anaesthetic action (47.7)(47.8). Subse-
quently, new agents, improved equipment and advances in respiration physiology
have gradually improved the safety and efficacy of clinical anaesthesia. The evapo-
ration method used in Snow’s vaporisers is still the standard in modern equip-
ment (47.9), although other systems have also been developed using direct pneu-
matic (47.10) and electronic (47.11) injection of the anaesthetic liquid into the
breathing circuit.

47.1 See ref. 3.2 and ref. 3.6.
47.2 See ref. 3.7.
47.3 See ref. 3.9.
47.4 See ref 3.7, 3.9 and ref. 36.11.
47.5 Weiger J. Über Ether und Chloroform. 

Wien; 1850.
47.6 Report of the committee, appointed to in-

quire into the uses and the physiological, 
therapeutical and toxical effects of chloro-
form. Medico-Chirurgical Trans The Roy. 
Med Chir Soc London; 1864. See also ref. 
23.10, and 23.11.

47.7 Longet F-A. Expériences relatives aux effects 
de l’inhalation de l’éther sulphurique sur le sys-
tème nerveux. Paris; 1847.

47.8 Bernard C. Leçons sur les anesthésiques et sur 
l’asphyxie. Paris; 1875.

47.9 Dorsch JA, Dorsch SE. Understanding Anes-
thesia Equipment. Baltimore: Williams & 
Wilkins; 1994.

47.10 Gedeon A, Olsson SG. A new type of 
anæsthetic vaporizer. In: 30-th Ann Conf 
Eng Med Biol 1977; 19: 203. See also ref. 
47.9 p103.

47.11 Cooper JB et al. A new anesthesia delivery 
system. Anesthesiology 1978; 49:310.

John Snow

On Chloroform and Other Anaesthe-
tics: Their Action and Administration.

London; J. Churchill 1858.

John Snow
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Snow’s chloroform inhaler.

Left, description of the first intratra-
cheal anaesthesia that Snow performs on
a young rabbit, from 1858.

The mechanism of anaesthetic action is first explored in extensive animal ex-
perimentation by François Longet (1811–1871) (left). Later Claude Bernard
(1813–1878) studies the effects of chloroform on the central nervous system
using the frog preparation shown above.
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The principle and the realisation of a modern vaporiser for isoflurane. Basically the
devices shown on this page are developments and refinements of the draw-over
type of vaporiser that goes back to the original design of Snow illustrated in 47:1.

The principle and the realisation of a warm ether/chloroform vaporiser from 1916.
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The principle and realisation of a vaporiser employing an injector of the anaesthetic liquid which is driven by the
carrier gas flow. 

An electronic anaesthetic liquid injection system with the vaporising coil (left). Also shown when mounted into the
first electronic anaesthesia delivery unit from 1978.
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The vaporiser system of the first commercially
available electronic anaesthesia machine from
the late 1980s. The liquid anaesthetic is intro-
duced through a keyed connector at the back of
the unit. The liquid is vaporised in a tempera-
ture control chamber (below left) and the con-
centrated anaesthetic gas obtained in this way
is electronically injected into the fresh gas flow.   
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Johann Czermak (1828–1873) develops
laryngoscopy into a practical method of
examination. He substitutes artificial
light for sunlight, develops special mir-
rors and lectures extensively to pro-
mote the clinical use of the technique.   

48:1
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zermak was born in 1828 in Prague. His father, grand-
father and uncle were all physicians. As a boy he played
the piano and showed both practical and theoretical
talents. After the death of his father in 1843, he studied

medicine, first in Vienna and later in Breslau where Purkinje, a
friend of the family, became his life long mentor (48.1). In 1850 he
concluded his studies in Würzburg and became assistant to Purk-
inje at the newly founded Physiological Institute in Prague. He
was appointed professor of physiology in 1858 in Budapest, where
his interest in the mechanism of speech lead him to laryngoscopic
investigations. Two years later, unable to comply with the require-
ment to teach in Hungarian introduced by a new nationalistic
government, he resigned. During his last years he worked in
Prague, Jena and Leipzig and died at the age of only forty-five
from the effects of diabetes.

this is the first detailed account published by Czermak of his im-
provements to the mirror arrangement of Garcia for the investiga-
tion of the larynx. Czermak introduces the use of a large perforat-
ed concave mirror to reflect light onto the laryngoscopic mirror
and the use of artificial illumination to make the procedure easy to
perform. 

in perspective:

Fothergill gave a classic description of malignant sore throats in 1748 (48.2). In the
early 19th century the time was ripe to try to differentiate the various kinds of ul-
ceration of the larynx (48.3). To this end Bozzini (1807), Babington (1829), Lis-
ton (1837) and others developed more or less impractical instruments for the in-
vestigation of the larynx (48.3). However, in 1855 Garcia, a singing teacher in
London interested in the movements of his vocal cords when singing, described a
mirror arrangement that, with the sun as the light source, could be used for such
an investigation (48.4). Two years later, independently, Turk tried a similar mir-
ror arrangement on his patients (48.5), but soon abandoned it as impractical for
clinical work. Czermak borrowed Turk’s mirrors and improved both the mirrors
and the entire method. In the ensuing controversy with Turk over priority, Czer-
mak justly argued that without his efforts “laryngoscopy would have been a dead-
born child”. Subsequently, both Turk and Czermak wrote and lectured extensive-
ly on laryngoscopy, helping to promote its rapid dissemination (48.6)(48.7)(48.8)
(48.9). Mackenzie’s epoch-making work established the technique as a useful
clinical tool (48.10).

48.1 Kruta V. J. E.Purkyne (1787–1869) Physiolo-
gist. A Short Account of His Contributions to the 
Progress of Physiology With a Bibliography of 
His Works. Prag; 1969.

48.2 Foothergill J. An Account of the Sore Throat. 
London; 1748. See also ref. 23.3.

48.3 Stevenson RC, Guthrie G. A History of Oto-
Laryngology. Edinburgh; 1949.

48.4 Garcia M. Observations on the Human 
Voice. Phil Mag 1855; 10:218.

48.5 Turk L. Der Kehlkopfrachenspiegel und die
Methode seines Gebrauchs. Zeit k k Ges 
Aertzte zu Wien 1858; 1:401.

48.6 Czermak J. Der Kehlkopfspiegel und seine Ver-
werthung fur Physiologie und Medicin. 
Leipzig; 1860.

48.7 Turk L. Praktische Anleitung zur Laryngosko-
pie. Wien; 1860.

48.8 Czermak J. Gesammelte Schriften. Bd. I, II 
Leipzig; 1879.

48.9 Czermak J. Populäre physiologische 
Vorträge III Gesammelte Schriften Bd II, 
Leipzig; 1879. p60.

48.10 Mackenzie M. Essays on Growths in the Lar-
ynx. London; 1871. 

Johann Czermak

Physiologische Untersuchungen mit
Garcia’s Kehlkopfspiegel.

Sitzungsberichte d k k Akademie der Wissenschaften. 

Wien; 1858; 29:557.

Johann Czermak
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Manuel Garcia (1805–1906), a
singing teacher interested in
seeing the movements of his
vocal cords while singing, de-
scribes a mirror arrangement
that with the sun as the light
source can be used for such a
purpose.

Ludwig Turck (1810–1868)
attempts to use Garcia’s tech-
nique clinically, but finds it
impractical since he is de-
pendent on sunlight, as illus-
trated in his book from 1866
(left). Later a bitter dispute
develops between him and
Czermak about the priority
to have introduced clinical
laryngoscopy. 
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Equipment and method of self examination as recommended by Czermak.
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Gustav Kirchhoff (1824–
1887) discovers, together
with Robert Bunsen (1811–
1899), that the dark bands
observed when sunlight pass-
es through sodium vapour
coincide with the bright lines
emitted by sodium vapour.
Kirchhoff works to exhaus-
tion to explore the new in-
sights offered by spectro-
scopy. This is apparent from
his excuse at the bottom of
the page reproduced here
“My drawing encompasses
the part of the spectrum from
A to G; I must confine myself
here to publishing only a part
thereof since the remainder
still requires revisions that I
am unable to carry out in the
immediate future because my
eyes have been too much ef-
fected by the perpetual obser-
vations of the spectrum.” Be-
low part of the solar spec-
trum with elements identi-
fied for the first time.

49:1

49:2



orn in 1824 in Königsberg, Kirchhoff had a rather un-
eventful life. His father was a law counsellor and taught
Kirchhoff loyalty to the Prussian state but otherwise to
hold rather liberal values. Kirchhoff studied at the Uni-

versity of Königsberg and graduated in 1847. In 1851 he was
named professor of physics in Breslau, where he met and made
friends with Bunsen. In 1854, on Bunsen’s initiative, Kirchhoff
moved to Heidelberg, where they worked together on the devel-
opment of spectral analysis. Kirchhoff was an excellent teacher
and his lecture notes on theoretical physics set a standard at Ger-
man universities. He was of a somewhat reserved but cheerful
character, which he maintained even during a long illness at the
end of his life. When his failing health prevented experimental
work, he accepted the chair of theoretical physics in Berlin, a post
that he held till his death in 1887. 

it was an unexplained fact that the dark bands in the light of the
sun, as first reported by Fraunhofer (49.1), coincided with the
bright lines emitted by sodium vapour in a “Bunsen burner”.
Kirchhoff describes here his and Bunsen’s remarkable discovery
(49.2)(49.3) that these dark bands get even darker if the sunlight is
allowed to pass through the sodium vapour. This observation
leads them to the conclusion that emission and absorption spectra
uniquely identify an element such as sodium. 

in perspective:

The impetus to this work came from Bunsen’s desire to identify salts from their
colour in the flames of a “Bunsen burner”, a device that had very high temperature
but low luminosity (49.4). Beginning with coloured pieces of glass, on Kirchhoff ’s
suggestion he turned to spectrographic recordings. These studies soon led to the
discovery of several new elements such as caesium and rubidium (49.2)(49.3) and
eventually to Kirchhoff ’s law of the spectral distribution of radiation from a
“black body”. Although the colour of urine has been an important diagnostic in-
dicator for many centuries (49.5), the scientific techniques introduced by spec-
troscopy were first used in medicine by Hoppe-Seyler to determine the properties
of his newly isolated “Blutfarbstoffe” (haemoglobin) (49.6). In 1873 Vierordt de-
veloped a double slit spectrometer to allow for quantitative spectroscopy (49.7)
and he used this instrument for measuring the spectra of blood, bile and urine
(49.8). Fluorescence spectroscopy for tissue characterisation, photodynamic ther-
apy of malignant tissue and novel biosensors are but a few of today’s many appli-
cations of optical spectroscopy in medicine (49.9)(49.10).  

49.1 See ref. 9.8.
49.2 Kirchhoff G, Bunsen R. Chemische 

Analyse durch Spectralbeobachtungen. 
Ann Phys Chem 1860; 60:161.

49.3 Kirchhoff G, Bunsen R. Analyse chimique 
fondée sur les observations du spectre. Ann 
Chim Phys 1862; 64:257.

49.4 Bunsen R. Gesammelte Abhandlungen. Bd. 
1–3 Leipzig; 1904.

49.5 Pinder U. Epiphanie Medicorum. Nuren-
berg; 1506.

49.6 See #51 Hoppe-Seyler page 268.
49.7 Vierordt K. Die anwendung des Spectralappa-

rates zur Photometrie der Absortionsspectren 
und zur quantitativen chemischen Analyse.
Tubingen; 1873. 

49.8 Vierordt K. Die Quantitative Spectralanalyse 
in ihrer Anwendung auf Physiologie, Physik, 
Chemie und Technologie. Tubingen; 1876.

49.9 Svanberg S. Time-Resolved spectroscopic 
Techniques in Laser Medicine. In: Ultrafast 
Spectroscopy G. Mourou et al. Editors. 
Springer; 1994.

49.10 Sevick-Muraca E, Benaron D, editors. Bio-
medical Optical Spectroscopy & Diagnos-
tics (Trends in Optics & Photonics Vol. 3) Op
tical Society of America; 1996.

Gustav Kirchhoff

Untersuchungen über das Sonnen-
spectrum und die Spectren der 
chemischen Elemente.

Abhandlungen d K Akademie d Wiss zu Berlin Jahre 1861.

Berlin; 1862. p63.

Gustav Kirchhoff
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The diagnostic use of the colour of body fluids, particularly urine, has ancient tradi-
tions. Here a physician is shown demonstrating uroscopic analysis to a student in
1506. The twenty different colours of urine correspond to different diagnostics of the
movement of the heart and the pulse as well as fevers caused by disease or emotional
states.

A colorimeter with samples from the Bausch & Lomb Optical Co. from the early
1920s.
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Bunsen’s desire to identify
salts from their colour in the
flame of his “Bunsen burner”
led to the invention of the
spectrometer. Kirchhoff and
Bunsen soon used it to discov-
er new chemical elements,
sodium, rubidium and cae-
sium being among the first, as
shown below.
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Karl Vierordt (1818–1884)
invents new devices and
techniques often useful in
addressing medical prob-
lems (see #35). In 1873 his
double slit spectrometer al-
lows quantitative spec-
troscopy for the first time
(right). Three years later he
uses this technique to deter-
mine the spectra of blood
(see table), bile and urine.
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Anders Ångström’s (1817–1874) spec-
trometer, used in his work on the spec-
tra of the sun from 1868. The picture
shows the rapid development of these
instruments in the latter part of the
19th century.

An infrared spectrophotometer from 1905.
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Louis Pasteur’s (1822–1895) simple
but ingenious experimental appara-
tus for proving conclusively that
spontaneous generation did not oc-
cur or in his own words that “there
is no circumstance known in which
it can be affirmed that microscopic
beings came into the world without
germs, without parents similar to
themselves.” The flasks with long,
narrow, “swan-like” necks kept the
fermentable liquid in the flask ster-
ile even when open to the ambient
air, as long as the liquid did not
come into contact with the sides of
the neck. 

50:1

50:2



asteur was born in Dole as the only son of a tanner. In
elementary school he was a mediocre student and con-
sidered a career as an artist. His awakening interest in
chemistry and science made him prepare for and, in 1843,

enter the École Normale Supérieure in Paris. After receiving his
doctorate in 1848, he was professor of chemistry in Strasbourg and
Lille before he returned to the École Normale in 1857 as director of
scientific studies and later director of the laboratory for physiologi-
cal chemistry. Pasteur was ambitious, self-assured and opportunis-
tic and argued in scientific debates with devastating efficiency. Al-
though an excellent teacher, his authoritarian views strained his re-
lations with students. Pasteur had little interest in social, political,
philosophical or religious issues. He believed that his work resulted
inevitably from the underlying scientific truths, a view reflected in
his sayings that “experiment imposed the view on me” and “chance
favours a prepared mind”. He led the Institut Pasteur from 1888 to
1895, when a stroke ended his life. Many of his projects were exten-
sively supported by the French government, which also granted
him a generous life annuity and, on his death, a state funeral. 

pasteur gives a historic review of the controversy of sponta-
neous generation, that is the belief that living organisms can arise
without any immediate living parent from inorganic or organic
material. He then presents in eight chapters ingenious experi-
ments leading to convincing evidence that this concept is incor-
rect and that the growth of microbial life in previously sterile liq-
uids such as milk and urine is exclusively due to contamination by
micro-organisms carried by airborne particles.

in perspective:

Redi, a member of Accademia del Cimento (50.1), showed in 1668 that no mag-
gots arose spontaneously in rotting meat if flies were prevented from reaching the
meat (50.2). Spallanzani reported in 1765 (50.3) that if chicken broth was boiled
after evacuating the air from the bottle, no growth of organisms took place. How-
ever, none of these studies were entirely conclusive and the idea of spontaneous
generation could not be dismissed until Pasteur published his results. Although
Pasteur’s work on immunology and vaccination had direct and spectacular med-
ical applications (50.4)(50.5), his studies on fermentation (50.6)(50.7) and his ex-
periments for disproving spontaneous generation founded the science of microbi-
ology (50.8) and the germ theory of disease (50.9), which in turn led to the devel-
opment of aseptic surgery (50.10).

50.1 See ref. 7.3.
50.2 Redi F. Esperienze intorno alla generazione 

degl’insetti. Firenze; 1668. See also ref. 7.3. 
50.3 Spallanzani L. Saggio di osservazioni micro-

scopiche concernenti il sistema della generazio-
ne. In Dissertazioni due … Modena; 1765.

50.4 Pasteur L, Joubert JF. Charbon et septi-
cémie. C R Acad Sci 1877; 85:101.

50.5 Pasteur L, et al. Sur la rage. C R Acad Sci
1881; 92:1259.

50.6 Pasteur L. Mémoire sur la fermentation ap-
pelée lactique. C R Acd Sci 1857; 45:913.

50.7 Pasteur L. Recherches sur la putréfaction. 
C R Acad Sci. 1863; 56:1189.

50.8 See #61 Koch page 316.
50.9 Pasteur L, Joubert JF, Chamberland CE. 

La théorie des germes et ses applications à 
la médecine et la chirurgie. C R Acad Sci
1878; 86:1037.

50.10 See #54 Lister page 282.

Louis Pasteur

Mémoire sur les corpuscules organisés
qui exist dans l’atmosphère, examen de
la doctrine de générations spontanées.

Ann Chim Phys 1862; 64:5.

Louis Pasteur
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Almost two centuries before Pasteur, Francesco Redi (1626–1697) publishes a book with
compelling observations that disprove the concept of spontaneous generation. He de-
clares “I know that from the flesh of a goat, fed twenty days only on leaves of mulberry,
nothing but worms were born, which transformed into flies; and from the flesh of the
same goat, kept in a closed jar, nothing at all was born.” 
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In 1765, about a century after Redi and a century before Pasteur, Lazzaro Spallanzani
(1727–1799) studies the various life forms that develop in different infusions (i.e. from
pumpkin seeds fig 2, urine fig 6, and white beans fig 9) and takes a major step in finally dis-
proving the theory of spontaneous generation of life by showing that all infusions remain
free from micro-organisms when they are boiled for an hour and hermetically sealed in a
flask.  
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In 1862 Felix Hoppe-Seyler (1825–1895) prepares a pure crystalline
form of the pigment of blood, which he calls haemoglobin. The illus-
tration shows his registration of the spectra of haemoglobin together
with those of the sun and several other common elements.

51:1



oppe was born in Freiburg in 1825 as the tenth child of a
minister. From the age of six, as both his parents had
died, a brother-in-law Dr Seyler raised him and also
formally adopted him in 1864. As a result Hoppe

changed his name to Hoppe-Seyler. He entered medical school in
Halle in 1846, but a chance meeting with the Weber brothers
(51.1) convinced him to continue his studies in Leipzig. He re-
ceived his M.D. in 1851 in Berlin and worked for a short time as a
practitioner before he accepted a post as prosector in anatomy at
the pathological institute. In 1861 he was appointed professor of
chemistry at the Medical Faculty of Tubingen. From 1872 till his
death in 1895 he was professor in physiological chemistry in Stras-
bourg. He founded the “Zeitschrift fur Physiologische Chemie”
and together with prominent disciples promoted biochemistry as
a separate science. Hoppe-Seyler was a kind and engaging man
with frugal habits, an expert mountaineer who enjoyed sailing and
other outdoor activities. 

hoppe-seyler describes how he prepares a pure form of the
pigment of the blood by inducing it to crystallise. He also subjects
this substance, which he calls haemoglobin, to the novel method
of spectral analysis developed by Kirchoff and Bunsen (51.2) and
presents the absorption spectra of haemoglobin.

in perspective:

During the 18th century Menghini had shown that red blood cells contained iron
(51.3). Berzelius (51.4) and later LeCanu (51.5) demonstrated that the iron was lo-
calised to the coloured pigment of the blood that LeCanu called “hematosine”
and that this carried more oxygen than the remaining part of the blood, called
“globulin” (serum). After preparing pure “blutfarbstoffe” (haemoglobin),
Hoppe-Seyler showed spectroscopically (51.6) that oxygen was loosely bound to
it and that it could be easily replaced by carbon monoxide and even more so by ni-
tric oxide (51.7)(51.8). Following Vierordt’s studies of the spectrum of blood
(51.9), in 1894 Hufner determined the correct value of the oxygen binding capaci-
ty of haemoglobin (51.10). Hoppe-Seyler’s studies extended to many branches of
what is today called biochemistry and his disciples Miescher and Kossel started
the chemical exploration of the structure of the cell-nucleus. Miescher was the first
to suggest the existence of the genetic code (51.11).The full molecular structure of
haemoglobin and its related forms were revealed first in the 1950s by the work of
Perutz and Kendrew (51.12). 

51.1 See #44 Weber page 232.
51.2 See #49 Kirchhoff page 258.
51.3 Menghini V. De ferrearum particularum 

sede in sanguine. Bonon. Sci Art Inst Acad
Comment 1746; 2(2):244.

51.4 See ref. 14.4.
51.5 LeCanu LR. De l’Hematosine, au Matière 

Colorante du Sang. Ann Chim Phys 1830; 
45:5.

51.6 Hoppe-Seyler EF. Ueber den chemischen 
und optischen Eigenschaften des Blutfarb-
stoffs. Virchows Arch Pathol Anat 1864; 
29:233 and p597. 

51.7 Herman L. Ueber die Wirkungen des 
Stickstoffoxydgases auf das Blut. Arch Anat 
Physiol wiss Med 1865. p469. 

51.8 Hoppe-Seyler F. Handbuch der physiologisch-
und pathologisch-Chemischen Analyse für 
Ärtzte und Studirenden. Berlin; 1865. p201. 

51.9 See ref. 49.8.
51.10 Hufner CG. Neue Versuche zur Bestim-

mung der Sauerstoffkapazität des Blutfarb-
stoffs. Arch Pat Anat. Physiol 1894. p130.

51.11 Olby R, Posner E. An early reference to ge-
netic coding. Nature 1967;215:556.

51.12 Perutz MF. X-ray Analysis of Haemoglobin. 
Nobel Lecture. Stockholm; 1962.

Felix Hoppe-Seyler

Ueber das Verhalten des Blutfarbstof-
fe im Spectrum des Sonnenlichtes.

Arch Path Anat Physiol Berlin: G. Reimer; 1862; 23:446.

Felix Hoppe-Seyler
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Carl Hufner (1840–1908) and the
equipment used by him to deter-
mine the oxygen carrying capacity
of haemoglobin. He finds that 1.34
ml oxygen (at 0°C and 760 mm
Hg) is bound to one gram of
haemoglobin, a value still accepted
today.
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A modern pocket-sized instru-
ment for haemoglobin measure-
ments. With a microcuvette and a
precalibrated photometer instru-
ment, results can be obtained in
about a minute even by non-labo-
ratory personnel.

Max Perutz (1914–2002) shares the 1962 Nobel Prize in Chemistry for his work on the
structure of globular proteins such as haemoglobin. The illustrations show the structure of
the haemoglobin molecule and the chemical make up of the part called the haem group,
which contains the iron atom. The basic tool used to determine the structure is Fourier
analysis of X-ray diffraction data, now for the first time making full use of the improving
electronic digital computers (see #32 and #85).
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Étienne-Jules Marey’s (1830–1904) greatly improved sphygmograph. This is the first de-
sign robust enough to lend itself to practical work. A drawing from his book and a photo of
a contemporary device show the construction and the way it was intended to be used.

Marey studies the pulse shape
for a variety of pathological
cardio-vascular conditions but
also in other diseases. The
graphs show the progressive
effect of typhoid fever on the
pulse.
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arey was born in Beaune in 1830. After his disserta-
tion in 1857, he set up a private laboratory for experi-
mental physiology in Paris. For a decade his studies
concerned the function of the heart and the circulato-

ry system, where he developed new instrumentation for graphical
recording of the physiological parameters (52.1). In 1868 he suc-
ceeded Flourens (52.2) as professor of natural history at the Col-
lège de France and turned his attention to the mechanics of loco-
motion. From 1881 these studies were extended to animal motion
outdoors, an area where he broke new ground by improving the
techniques of cinematography (52.3)(52.4)(52.5). In 1878 he was
elected to the Académie des Sciences and became president there
in 1895. A few years before his death in 1904, Marey founded an
institute, named after him, for the standardisation and improve-
ment of graphical recording devices.

in the first part of this book Marey describes his new sphygmo-
graph (52.6), cardiograph (52.7) and probes for cardiac catheterisa-
tion. Using this equipment he makes the first recordings of “cardiac
sound” and detailed observations on pressure changes in the heart
and the arteries. He studies the effect of respiration on the arterial
pulse and establishes the relationship between blood pressure and
heart rate. Marey also describes a hydro-mechanical model of the cir-
culatory system that he builds in order to simulate the physiological
observations and to test and improve his equipment. The second
part of the book gives many examples of graphical recordings illus-
trating various pathological conditions of the heart and the vessels. 

in perspective:

Constantly striving for accuracy, Marey nevertheless always kept the ease of use of
equipment in mind. His sphygmograph was a dramatic improvement both in per-
formance and in clinical applicability over the previous work of Ludwig and
Vierordt (52.8). Another important innovation was the “Marey’s tambour”, a de-
vice for pressure transmission that allowed rather free movement during a record-
ing and was still in use during the 1950s. Following Fick’s pioneering work (52.9),
Marey also developed the technique of volume plethysmography and applied it to
the arm for measuring blood pressure (52.1). These studies can be considered a
forerunner to the modern method of blood pressure measurement introduced by
Riva-Rocci in 1896 (52.10).

52.1 Marey E-J. La méthod graphique dans les 
sciences expérimentales et particulièrement en 
physiologie et en médecine. Paris; 1878.

52.2 See ref. 36.9.
52.3 Marey E-J. Le Vol des Oiseaux. (Physiologie 

du Mouvement) Paris; 1890.
52.4 See ref. 12.11.
52.5 See ref. 38.4 chapter 34.
52.6 Marey E-J. Recherches sur le pouls au moyen 

d’un nouvel appareil enregistreur le spyghmo-
graphe. Paris; 1860.

52.7 Chauveau JB, Marey E-J. Appareils et expé-
riences cardiographiques. Mém Acad imp de 
Méd 1863; 26:268.

52.8 See #35 Poiseuille page 188 ref. 35.5 and 
ref. 35.7.

52.9 See #46 Fick page 242 and ref. 46.9.
52.10 See #68 Riva-Rocci page 350.

Étienne-Jules Marey

Physiologie médicale de la circulation
du sang basée sur l’étude graphique
des mouvements du coer et du puls 
artériel.

Paris: A. Delahaye; 1863.

Étienne-Jules Marey
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In another important advance,
Marey constructs a sensitive pres-
sure sensor dome, that he calls
“tambour”, for on-site measure-
ments or for transmitting pressure
variations to other instrumenta-
tion. The device is used in a variety
of experimental arrangements in
his cardio-vascular studies but also
as shown below, with the “pneumo-
graph”, a device for registering res-
piratory movements. 

Marey introduces an improved
plethysmographic technique for
the registration of blood pressure in
the arm. The volumetric change of
the arm is detected and a counter
pressure is applied through a cuff
surrounding the arm. 
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Cardiac catheters (the ones shown are for right heart catheterisation) designed by Marey in the
early 1860s. Using these devices in horses, he is the first to measure intracardiac pressures with-
out opening or perforating the chest.

Well aware of the work of the Weber
brothers (see #44), Marey builds a
rather sophisticated model of the
circulatory system. He uses the mod-
el for testing new apparatus and to
simulate and verify experimental re-
sults, including the effect of an arte-
rial aneurysm on the arterial pulse. 
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Apparatus for the artificial perfusion
of the heart of a turtle. Marey studies
the changes in heart volume (V), 
arterial pressure (P) and the stroke
volume (D). 
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Marey investigates the effect of
electric stimulation on the frog
heart. He demonstrates the
changing susceptibility of the
heart to weak electric excitation
(applied at the time of the offset
shown in the baseline) at differ-
ent times during the cardiac 
cycle.
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Already in the mid-18th century Pierre Maupertius
(1698–1759) (see portrait above) publishes important obser-
vations that foreshadow Mendel’s laws of heredity. He studies
the dominant trait of polydactyly (more than five digits) in a
family and postulates that separate hereditary components
come from the male and the female parent and that the trait
could be inherited from either parent. 

Gregor Mendel (1822–1884) announces the result of his extensive study on plant hybridisation. Mendel’s experiments aim at
finding a generally applicable law governing the formation of hybrids. He is convinced that such a law exists “since unity in the
plan of development of organic life is beyond doubt.” His work is all but ignored for over three decades. 

Below right William Bateson’s (1861–1926) English translation from 1909, which quickly makes Mendel’s results more
generally available and accepted.
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endel was born in 1822 in Heinzendorf, Austrian
Silesia. His father was a peasant and in his mother’s
family many were professional gardeners. He attend-
ed church school and later the Philosophical Institute

of Olmutz. In 1843 he entered the Augustinian Monastery in old
Brno. After studies in theology, agriculture, pomology and viti-
culture, he was ordained a priest in 1847. From 1856, when Mendel
was in charge of the gardens at the monastery, he experimented
with pea plants, which led him in 1864 to the rules of heredity, now
named after him. In 1868 he was elected abbot of the monastery, a
post that prevented him from further scientific work. Mendel was
a friendly person and an enthusiastic teacher. He had a weak men-
tal constitution and the political controversies that he got in-
volved with embittered the last ten years of his life.

mendel reports the results of his observations on more than
28,000 pea plants cultivated over an eight-year period. He analy-
ses seven pairs of seed and plant characteristics and observes the
128 (= 27) constant associations of these seven alternative and mu-
tually exclusive traits. Using the concept of “dominant” and “re-
cessive” characteristics, he explains “the evolutionary history of
organic forms” and claims that his rules are general as “no basic
difference could exist in important matters, since unity in the plan
of development of organic life is beyond doubt”.

in perspective:

Maupertuis studied the laws of heredity of a dominant trait (polydactyly or extra
digits) a century before Mendel (53.1). He postulated that separate hereditary
components came from the male and the female parent and that they would fuse
due to chemical attraction. He demonstrated that the trait was inherited from
either parent by recording a complete family history in three successive genera-
tions and showing that the outcome could not occur by chance. Based on observa-
tions on large populations, Galton, a contemporary of Mendel, studied inherited
traits between different generations (53.2). Mendel’s work went unnoticed until
1900 when, independently, Correns (53.3), de Vries (53.4) and Tschermak (53.5)
rediscovered it. Bateson introduced Mendel’s ideas to a wide audience (53.6) and
coined the word “genetics”. The concept of natural selection (53.7) operates on
the variability in populations that occur according to Mendel’s law and due to the
existence of mutations (53.8). While Mendel knew and approved of Darwin’s the-
ory (53.9), Darwin was unaware of Mendel’s work. In 1932 Haldane (53.10) pre-
sented a synthesis of the two. 

53.1 Maupertuis P. Oeuvres.Vol.1–4 Lyon; 1756. 
particularly Vol.2 p139 Systeme de la Na-
ture. 

53.2 See ref. 30.8.
53.3 Correns C. G Mendel’s Regel über das Ver-

halten der Nachkommenschaft der Rassen
bastarde. Ber dtsch bot Ges 1900; 18:158.

53.4 deVries H. Das Spaltungsgesetz der Bas-
tarde. Ber dtsch bot Ges 1900; 18:83.

53.5 von Tschermak-Seysenegg E. Über künst-
liche Kreuzung von Pisum sativum. Z land-
wirtsch Versuchsw in Österreich 1900; 3:465.

53.6 Bateson W. Mendel’s principles of Heredity. 
Cambridge; 1909.

53.7 Darwin C, Wallace AR. On the Tendency 
of Species to form Varieties; and on the 
Perpetuation of Varieties and Species by 
Natural Means of Selection. J Proc Linnean 
Soc 1858; 3(9):45.

53.8 deVries H. Die Muthationstheorie. Vol. 1,2 
Leipzig; 1901–1903.

53.9 Darwin C. On the Origin of Species by Means of
Natural Selection. London; 1859.

53.10 Haldane JB. The causes of evolution. London; 
1932.

Gregor Mendel

Versuche über Pflanzen-Hybriden. 
Verhandlungen des naturforschenden Vereines in Brünn 1865; 4:3.

Brünn: G. Gastl; 1866.

Gregor Mendel
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The Monastery Garden at the end of the 19th century (below) where
Mendel performed his experiments in a special experimental garden. This
garden, about 35✕7 m in size, is shown right as it appeared in the beginning
of the 20th century.
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Mendel cultivates some 28,000
pea plants over an eight-year pe-
riod and analyses seven pairs of
their characteristics. The illustra-
tion appears in Bateson’s book,
where the word “genetics” is
used for the first time.
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Lister acclaims Louis Pasteur
(1822–1895) at Pasteur’s Jubilee in
Paris 1892.

Joseph Lister’s (1827–1912) 
account of the background to his
idea of a system for aseptic surgery.
The importance of Pasteur’s germ
theory of disease obviously plays an
important role in this major 
advance in surgery.
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ister was born in Upton in 1827 into a Quaker family. His fa-
ther was a well-known physicist (54.1). After a broad edu-
cation in private schools, he entered University College
London and received his medical degree in 1852. After

seven years as assistant surgeon in Edinburgh Lister’s reputation
as an original investigator and excellent clinician landed him the
professorship of surgery in Glasgow. He introduced the antiseptic
method in surgery during 1865–1867. In 1877 the position as Head
of Clinical Surgery at Kings College in London gave him a better
platform from which to promote his ideas and he soon received
worldwide recognition and many honours. As a man Lister was
deeply religious, charming but reserved, and with an honest, unas-
suming character. A stroke in 1903 led to declining health and
eventually to his death in 1912. 

based on Pasteur’s proof (54.2) that airborne germs cause putre-
faction and having heard that treating sewage with carbolic acid
(phenol) removed any odour, Lister decides to use this compound
for wound treatment. He reports eleven cases of compound frac-
tures (which normally carried a mortality of about 40%), all
cleansed with a solution of carbolic acid and covered with a dress-
ing soaked with the acid and with a tin plate to diminish evapora-
tion. Nine of his patients survive. He also reports that if abscesses
are opened antiseptically, recovery is better than if they are not
opened at all. 

in perspective:

According to Liebig, oxygen was the main agent required for organic putrefaction
(54.3)(54.4). Pasteur on the other hand had shown (54.2) that this process was ini-
tiated by airborne micro-organisms. The dramatic improvement in the outcomes
with Lister’s antiseptic method (54.5)(54.6) soon led to extensive carbolic spray-
ing of the entire operating area. However by 1890, realising that most of the air-
borne microbes were neither pathogenic nor killed by the spray, Lister withdrew
his support for this procedure (54.7). Koch’s development of steam sterilisation
techniques (54.8)(54.9) and the risk of interfering with the natural healing
process when using chemical antiseptics led to a controversy between proponents
of aseptic procedures and those stressing the importance of antisepsis in wound
treatment. Lister, always conciliatory, invited both Koch and Pasteur to a meeting
in London in 1881. Eventually, the conflict was set aside by the adaptation of both
points of view, as advocated by Lister.

54.1 See ref. 9.5.
54.2 See #50 Pasteur page 264.
54.3 See #39 Liebig page 208.
54.4 von Liebig J. Ueber die Erscheinungen der 

Gährung, Fäulniss und Verwesung und ihre
Ursache. Ann d. Pharm 1839; 30(31):38.

54.5 Lister J. On the Effects of the Antiseptic 
System of Treatment upon the Salubrity of 
a Surgical Hospital. Lancet 1870; I p4. and 
p40.

54.6 The Collected Papers of Joseph, Baron Lister. 
Vol. 1,2 Oxford; 1909. Vol.2 part III The 
antiseptic system. 

54.7 Lister J. An Address on the present Position
of Antiseptic Surgery, delivered before the 
International Medical Congress Berlin; 
1890. In: Brit Med J 1890; II:377.

54.8 See #61 Koch page 316.
54.9 Koch R. Ueber Desinfection. Mittheil kais 

Gesundheitsamt 1881; 1:234.

Joseph Lister

On a New Method of Treating 
Compound Fracture, Abscess, etc. 
with Observations on the Conditions of
Suppuration.

Lancet 1867; 1: 326, 357, 387, 507 and Lancet 1867; 2:95.

Joseph Lister
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Lister explains how he came to
conceive the system of aseptic
surgery. The availability of car-
bolic acid (phenol, see #73) is an
important factor facilitating the
rapid and successful testing of
his new ideas.

Below, the general arrangement
for aseptic surgery showing the
position of the surgeon and his
assistants, the towels and the
carbolic spray.
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The carbolic steam spray, the carbolised gauze and their proper arrangement as used by Lister in major operations.
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In 1868 James Clerk Maxwell
(1831–1879) lays the founda-
tion for control theory. At
about the same time Claude
Bernard (1813–1878) intro-
duces the notion that a regu-
latory mechanism controls
all vital functions of an or-
ganism and maintains stabil-
ity (homeostasis) in health.
Almost a century later the
Greek word for Maxwell’s
“governor” gives the name
“cybernetics” to this scien-
tific field.

55:1



axwell, the son of a prominent Scottish family, was
born in Edinburgh in 1831. He studied at the Edin-
burgh Academy and published his first paper at the
age of fourteen. After studies at Edinburgh Universi-

ty, he went to Cambridge in 1850. From 1855, when he became a
fellow of Trinity, he held several professorships before he retired
from regular academic life in 1865. However, in 1871 he was ap-
pointed professor of experimental physics at Cambridge, where he
planned, developed and even gave economic support to the
Cavendish Laboratory. Maxwell was a religious man with a bent
for mysticism. Maxwell is most well known for his landmark theo-
ry of the electromagnetic field (55.1) and his contributions to the
kinetic theory of gases (55.2). He died of cancer at the age of only
forty-eight.

with this paper Maxwell establishes the foundations of control
theory. Introducing his analyses, he starts by saying: “A Governor
is a part of a machine by means of which the velocity of the ma-
chine is kept nearly uniform, notwithstanding variations in the
driving-power or the resistance” He continues: “I propose at pres-
ent, without entering into any details of the mechanism, to direct
the attention of engineers and mathematicians to the dynamic
theory of such governors.”

in perspective:

Theories of control and communication are closely linked, since adequate control
requires the exchange of proper information between the system and its “gover-
nor”. Nyquist and Black made important advances in both these areas in the 1930s
(55.3)(55.4)(55.5). More recently, Wiener introduced the word “cybernetics” (de-
rived from the Greek for governor or steersman) and discussed bio-medical appli-
cations of control systems (55.6). A decade before Maxwell’s paper Bernard,
studying the vasomotor nerves, discovered that a physiological equilibrium was
created by the simultaneous workings of two antagonistic (the vasoconstrictor
and the vasodilator) innervations (55.7). From these observations evolved
Bernard’s general notion that a regulatory mechanism controlled all vital func-
tions of an organism and maintained stability of the “milieu intérieur” (55.8) and
that disease states represented deviations from this homeostasis. The modern theo-
ry of communication is based on the statistical concept of entropy (55.9), which
was originally introduced by Boltzman, who in extending Maxwell’s kinetic theo-
ry of gases (55.2) wanted to define a measure for the orderliness of a gaseous state
(55.10). In one recent medical signal processing application, the entropy concept
is shown to be useful for analysing the EEG signal to assess the depth of clinical
anaesthetic sedation (55.11).

55.1 Maxwell JC. Treatise on Electricity and Mag-
netism. Vol. 1,2 Oxford; 1873.

55.2 Niven WD editor. The Scientific Papers of 
James Clerk Maxwell. Vol. 1,2 Cambridge; 
1890. Vol.1 p377 Illustrations of the Dy-
namic theory of Gases. 1860. Vol.2 p26 On 
the dynamic Theory of Gases. 1866. 

55.3 Nyquist H. Thermal agitation of electric 
charge in conductors. Phys Rev 1928; 
32:110.

55.4 Nyquist H. Regeneration theory. Bell Syst 
Tech J 1932; 11:126.

55.5 Black HS. Stabilized feedback amplifiers. 
Bell Syst Tech J 1934; 13:1.

55.6 Wiener N. Cybernetics or control and commu-
nication in the Animal and the Machine. MIT 
Press; 1961.

55.7 Bernard C. Leçons sur la physiologie et la 
pathologie du système nerveux. Paris; 1858.

55.8 See ref. 4.8.
55.9 Shanon C, Weaver W. The Mathematical 

Theory of Communication. Urbana; 1949.
55.10 Boltzmann L. Über die Beziehung zwischen 

dem zweiten Hauptsatze, … Sitzung d Kai-
serl Akad Wiss LXXVI, Oktober 1877 Wien;
1878.

55.11 Viertiö-Olja HE, et al. Entropy of EEG sig-
nal is a robust index for depth of hypnosis. 
Anesthesiology 2000; 93:1369.

James Clerk Maxwell

On Governors.
Proceedings of the Royal Society of London 1868; 16:270.
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An X-ray image of a modern cardiac pacemaker,
the operation of which is an example of a complex
control system that, as illustrated by the graphs on
the right, adapts to different physiological parame-
ters that continuously reflect the status and the
needs of the patient.

Modern infusion apparatus for pain relief. Physio-
logical parameters can be set to control the dosage
level but, using the handset shown in the fore-
ground, patient controlled analgesia (PCA) can
also be implemented. In this mode the patient be-
comes a part of the control loop.
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Control and communication
are closely linked areas, since
adequate control requires ex-
change of proper information
between the system and its
“governor”. Modern commu-
nication theory dates back to
1948 and the work of Claude
Shannon (1916–2001) (shown
above). The key concept of
his theory, that of “entropy”,
was introduced by Ludwig
Boltzmann (1844–1906) (top
portrait) seventy years before
as a measure of the orderli-
ness of the gaseous state. The
page on the right shows Shan-
non’s explanation of the en-
tropy concept for the simplest
of information systems, that
having only two possible out-
comes with probability p, and
1-p. The least ordered state
(largest entropy) is when
both outcomes are equally
possible, each with a proba-
bility of 0.5.

A modern clinical application of the
information entropy concept is the as-
sessment of the state of consciousness
of a patient through an analysis of the
electric variations in the brain activity
as presented by an EEG signal. The
picture illustrates how the rising con-
sciousness of patients emerging from
anaesthesia (at time zero) is revealed
in the increasing entropy (RE and SE)
and spectral index (BIS) of the EEG.
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The report from the annual meeting for the year 1870 of the Society for Physics and Medicine in
Würzburg. Adolf Fick (1829–1901) gives a lecture where he introduces his method for calculating cardiac
output from the oxygen uptake and the difference in the arterio-venous oxygen content of blood (Fick’s
principle). Using values reported by others and relying on blood gas data from dogs, he nevertheless esti-
mates the stroke volume in man to be 77 ml, an entirely reasonable estimate even by modern standards.
Just preceding the lecture of Fick, the 25 year-old Dr Wilhelm Röntgen is elected member of the Society.   

56:1



ick was born in 1829 in Kassel, where his father was mu-
nicipal architect. The youngest of nine children, he start-
ed to study mathematics and physics in Marburg, where
one of his brothers was professor of anatomy. He soon

turned to medicine and was guided not only by his brother but
also by Ludwig (56.1). In Berlin, Fick met and made friends with
Du Bois-Reymond and Helmholtz (56.1). In 1851 Fick obtained
his doctorate and left for Zürich to work as prosector in anatomy
with Ludwig and later as professor of anatomy and physiology. He
moved to the chair of physiology in Würzburg in 1868 and re-
mained there till his retirement in 1899. Fick was a modest man
with strong convictions that he always stood by without hesita-
tion. Apart from his remarkably diverse scientific interests, he also
wrote on social issues. In particular he strongly opposed the abuse
of alcohol (56.2).

in these minutes from the meeting of the Medico-Physical Soci-
ety in Würzburg, two entries are notable, Dr.phil. Röntgen is ac-
cepted as a new member of the Society and Fick gives a lecture on
the measurement of the amount of blood passing the ventricles of
the heart. With no access to gas pumps, Fick regrets that he cannot
report experimental results but, using data on blood gases from
the laboratory of Ludwig (56.3), he shows how to calculate cardiac
output in man assuming that man and dog have the same differ-
ence in the arterio-venous oxygen content. The result he arrives at
is 5.4 litres/minute. 

in perspective:

Gréhant and Quinquaud measured the pulmonary perfusion of dogs in 1886 us-
ing Fick’s principle but applied to the carbon dioxide balance over the lungs
(56.4). A decade later Zuntz and Hagemann determined the cardiac output of
horses from the oxygen balance to be 75 ml/min/kg (56.5), a value that has stood
the test of time (56.6). The first measurements in man were made by Löwy and v.
Schrötter in 1905, utilising the oxygen balance (56.7) and soon many improve-
ments to their methodology followed (56.8). The dye dilution method for meas-
uring cardiac output was introduced in the 1940s (56.9) and, more recently, the
thermodilution technique (56.10) has gained wide acceptance. Among the many
techniques now available for estimating cardiac output clinically (56.11), Fick’s
method is the only one that is based on first principles. Formulated in differential
form it also allows entirely non-invasive measurements of the pulmonary blood
flow (56.12). 

56.1 See ref. 46.1 and ref. 46.2.
56.2 See ref. 46.3.
56.3 See ref. 37.5.
56.4 Gréhant N, Quinquaud CE. Recherches ex-

périmentales sur la mesure du volume de 
sang qui traverse les poumons en un temps 
donné. C R Séance et Mém d Soc biol 1886; 
38:159.

56.5 Zuntz N, Hagemann O. Untersuchungen 
über den Stoffwechsel des Pferdes bei Ruhe und 
Arbeit. Berlin; 1898.

56.6 Fischer EW, Dalton RG. Cardiac Output in
Horses. Nature 1959; 184:2020.

56.7 Löwy A, von Schrötter H. Untersuchungen
über die Blutcirculation beim Menschen. 
Zeit f exp Pathol u Therapie 1905; 1:197. 

56.8 Kisch F, Schwarz H. Das Herzschlagvolu-
men und die Methodik seiner Bestim-
mung. Erg Inner Med u Kinderh 1925; 
27:169.

56.9 Hamilton WF, et al. Comparison of the 
Fick and dye injection methods of measur-
ing the cardiac output in man. Am J Physiol 
1948; 153:309.

56.10 Ganz W, et al. A new technique for meas-
urement of cardiac output by thermodilu-
tion in man. Am J Cardiol 1971; 17:392.

56.11 Robertson JI, Birkenhäger WH. Editors. 
Cardiac Output Measurement London: Saun-
ders; 1991.

56.12 Gedeon A, et al. A new method for nonin-
vasive bedside determination of pulmo
nary blood flow. Med.& Bio Eng & Comp
1980; 18:411.

Adolf Fick

Ueber die Messung des Blutquantums
in den Hertzventrikeln.

Sitzungsber d physikal-med Ges zu Würzburg. Gesellschafts-

jahr 1870. Stahel’schen Buch u Kunsthandlung; 1872. p16.
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The apparatus developed by Nathan Zuntz (1847–
1920) to measure the cardiac output of horses using
Fick’s principle (see #37). He obtains the value of
75 ml/min/kg, the accuracy of which is confirmed
more than half a century later. 
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Adolf Löwy (1862–1937) in Berlin and
Hermann von Schrötter (1870–1928) in
Vienna collaborate in 1905 to make the
first non-invasive determination of car-
diac output using Fick’s principle. As
shown by their schematic diagram
(above), venous blood gas samples are
obtained through a catheter placed in a
closed off section of the lung. They re-
port a reasonable average cardiac out-
put value of 3.85 litre/min, but with
very large variations in the individual
measurement. 
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In 1871 Friedrich Trendelenburg (1844–
1924) introduces a cuffed canule that
prevents aspiration. As shown in his il-
lustration, a funnel-shaped attachment
can be connected to it through the tra-
cheostomy for convenient administra-
tion of inhalation anaesthetics. 

Below, a set of tracheotomy instruments
from the end of the 19th century.
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rendelenburg was born in Berlin in 1844, the son of
the famous German philosopher Friedrich Adolf Trende-
lenburg. For his early studies in medicine he went to
Glasgow and Edinburgh, but returned to Berlin and re-

ceived his medical doctorate in 1866 with a dissertation on ancient
surgery in India. During the years 1868 to 1874, Trendelenburg
worked as an assistant surgeon and developed the tampon cannula
to be described below. He was a founder of the German Surgical
Society in 1872. Trendelenburg left Berlin for Rostock, where he
was appointed professor of surgery in 1875. He stayed here for sev-
en years, but then moved to Bonn and in 1885 to a position as sur-
geon-in-chief at the university clinic in Leipzig. He retired in 1911
and died thirteen years later.   

trendelenburg cites his own experience in a recent case and
also the experience of others showing the problems of aspiration
in connection with major surgery of the larynx. He then describes
a procedure based on tracheotomy and a newly designed piece of
equipment (Tampon-Canule) that is intended to prevent aspira-
tion and the associated complications. He lists six different opera-
tions where his technique could be indicated and closes by report-
ing his first case, performed in December 1869, which fully con-
firmed the advantage of his method. His paper also shows illustra-
tions of his device and its use with inhalation anaesthesia.

in perspective:

Both Roman (Galen) and Arabic (Rahzes, Avicenna) surgeons knew about tra-
cheotomy (57.1). Casseri gave a magnificent illustration of it in 1600 (57.2), while
Santorio described the procedure from his own experience (57.3) using a trocar
and a cannula that he left in the wound for three days. Heister suggested the name
tracheotomy (57.4) and Martine (57.5) in 1730 was the first to use double tubes,
the inner being removable to keep the tracheostomy tube free from mucus. Oper-
ations on the larynx started with Desault around 1810 (57.6)(57.1). Trendelen-
burg had to adapt his device to the funnel used at the time in Berlin to deliver chlo-
roform anaesthesia. In 1900 Kuhn started experimenting with oral and nasal intu-
bation (57.7) and by 1905 he had developed a technique that allowed anaesthesia
to be delivered using positive pressure ventilation (57.8). The first such procedure
in man was reported by Barthélemy and Dufour in 1907 (57.9). Subsequently
Elsberg, following the work of Meltzer, developed the apparatus needed for the
clinical use of positive pressure ventilation (57.10)(57.11).

57.1 See ref. 48.3.
57.2 See ref. 25.3.
57.3 See p363 in the main work cited in #7 

Santorio page 54.
57.4 Heister L. Chirurgie in welcher alles was zur 

Wund-Artzney gehöret, nach der neuesten und 
besten Art. Nurnberg; 1718.

57.5 See ref. 7.4 for another of Martine’s contri-
butions to medicine.

57.6 Desault PJ. Oevres chirurgicales. 3 vols. Paris; 
1798–1803.

57.7 Kuhn F. Die perorale Intubation. Zbl Chir 
28/52 Leipzig; 1901.

57.8 Kuhn F. Perorale Tubagen mit und ohne 
Druck. Dtsch Z Chir 1905; 76:148.

57.9 Barthélemy M, Dufour L. L’anesthésie 
dans la chirugie de la face. La Presse Médicale
27 Juillet 1907. p475.

57.10 Elsberg CA. Zur Narkose beim Menschen 
mittelst der kontinuerlichen intratracheal 
Insufflation von Meltzer. Berl klin Wschr
1910; 47(21):957.

57.11 Gwathmey JT. Anesthesia. Chapter X. 
NewYork: D.Appleton and Co; 1914.

Friedrich Trendelenburg

Beiträge zu den Operationen an den
Luftwegen.

Arch klin Chir 1871; 12:112. Berlin: A. Hirschwald; 1871.

Friedrich Trendelenburg
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In 1625 Santorio Santorio (1561–1636) describes tracheotomy from
his own experience in this way: “But our perforation, done under
the larynx with instrument E, safely restores children and adults,
who are choking, from sudden death to sudden salvation, if no other
cure helps, provided that the suffocating matter is located over the
larynx or over the perforation, because if it is located under it or in
the lung itself, the perforation is done in vain.

Instrument C is a perforated silver pipe. Instrument D is a point-
ed needle, which is placed in instrument C. The needle is longer
than instrument C. This should introduce instrument E, because
they should make a unity together, so that no difficulty arises when
it comes to the operation;” “When we have made sure that the in-
strument is starting to enter the cavity of the trachea, it is pulled
back immediately and the inner needle removed from the pipe, so
that it does not sting the opposite side of the trachea. When this has
been accomplished, the pipe is safely pushed further in. Thereafter
the inhalation and exhalation should be free through the pipe, de-
prived of the needle. On the whole, suffocation is prevented not
only when it comes to choking in the throat, but in all similar cases.”

Julius Casserius (1561–1616) gives an accurate illustra-
tion of tracheotomy in 1600. 
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In 1900 Franz Kuhn (1866–1929) starts to experiment with oral
and nasal intubation and by 1905 he has developed a technique
that allows anaesthesia to be delivered using positive pressure
ventilation. 

Kuhn’s tracheal intubation set.
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In 1907 Marc Barthélemy and Léon Dufour report the first
clinical insufflation endotracheal anaesthesia in man using
chloroform during a facial operation. The equipment (see
figure above) and the method are described in this way: “a
hand-operated bellows is connected to a tube in the flask of
chloroform, the other end of which is attached to one of the
inhalation valves. In addition, the same bellows controls the
other inhalation valve directly, which will thus pass only
pure air. The proportion of pure air to chloroform-bearing
air is governed by the pointer on the central disk at which
the two streams end up; they meet in the medial tube,
which ends in a No. 18 Gelly’s urethal catheter. Introduced

into the larynx, the catheter does not block off the glottis
and the patient can breathe freely alongside it. In this way,
one remains in absolute control of the mixture, which is ab-
sorbed in its entirety every time the bellows is operated, and
when one ceases to operate it, the patient breathes pure
air.” “In order to spare the patient the disagreeable sensa-
tion of having the catheter introduced, and particularly to
avoid reflexes that could be dangerous, this apparatus must
be used only for the maintenance of anaesthesia induced by
the normal procedures. It also allows pure air to be injected
at any given time as needed—that is to say provision of arti-
ficial respiration: it is sufficient to set the pointer to 0.”

Samuel Meltzer’s (1851–1920) improved intratracheal insufflation apparatus. Meltzer notes that
a continuous flow of air can keep dogs alive for hours, an observation made already more than two
centuries before by Hooke (see #11).
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Charles Elsberg (1871–1948) designs the first practical equipment for intratracheal insufflation,
which marks the beginning of modern endotracheal anaesthesia. Illustrations show his proto-
type unit (left) and his apparatus for hospital use (right).
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Illustration of the respiration apparatus of Carl Voit (1831–1908). It is a small but much improved
version of Max Pettenkofer’s (1818–1901) huge machine (see next pages). It allows the accurate 
determination of the gas exchange in animals and is used in Voit’s important studies on substrate
utilisation in the metabolic process. 
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oit, the son of an architect, was born in Amberg in 1831.
At seventeen years of age he began studying medicine in
Munich. He then received training in analytical chem-
istry in Göttingen and also in Munich, where he attended

the lectures of Liebig (58.1). In 1856 he became assistant to
Bischoff at the Physiological Institute of Munich and four years
later joined the laboratory of Pettenkofer, who became his life-
long friend. In 1863 Voit was appointed professor of physiology
and for the next three decades he carried out an ambitious pro-
gramme of metabolic research. Later he devoted most of his time
to official duties at the university. All his life he enjoyed lecturing
and continued to do so till 1907, the year before his death.

voit gives a detailed description of his apparatus for the meas-
urement of gas exchange in animals. The technique is based on an
open-circuit approach, where air is allowed to flow through an en-
closure where the experimental animal is confined. Accurate
methods of gas analysis and ingenious absolute calibration tech-
niques are combined to improve on the performance of a similar
but much larger installation built by Pettenkofer in 1861 (58.2).

in perspective:

In 1849 Regnault and Reiset presented the first quantitative study of gas exchange
in animals (58.3). Measuring the changes in gas concentration in a closed space
(closed circuit method), they demonstrated the general effect of nutrition on oxy-
gen uptake and carbon dioxide elimination. The closed circuit method was subse-
quently perfected by Krogh (58.4). In 1860 Bischoff and Voit showed that all of
the nitrous intake of a meat diet could be accounted for by collection of the excre-
tions of the animal and by taking the body weight changes into account (58.5). To
measure rather than just estimate the amount of carbon and oxygen exhaled as a
result of the metabolic process of the other substrates, Pettenkofer built a huge ap-
paratus for determining the carbon dioxide elimination in man (58.2). It was basi-
cally a ventilated room where the gas flow and concentrations of carbon dioxide
were carefully measured, not unlike the hood technique used clinically in modern
times (58.6). The resting energy expenditure in healthy man was determined in
1919 (58.7) and Weir showed that it could be calculated from gas exchange meas-
urements (58.8). Modern metabolic carts can be used to monitor and tailor thera-
py in severe disease states, both acute and chronic (58.9)(58.10)(58.11). 

58.1 See #39 Liebig page 208.
58.2 Pettenkofer M. Ueber einen neuen Respi-

rations-Apparat. Abh d k b Akad d Wiss 1861.
p231.

58.3 Regnault HV, Reiset J. Recherches Chi-
mique sur la Respiration des Animaux des 
Diverses Classes. Ann chim phys 1849; 
26:299. 

58.4 Krogh A. The respiratory exchange of animals 
and man. London:Longmans Green & Co; 
1916. Chapter 2. See also ref. 37.7.

58.5 See ref. 39.9.
58.6 Askanazi J, et al. Nutrition for the patient 

with respiratory failure: glucose vs fat. 
Anesth 1981; 54:373.

58.7 Harris JA, Benedict FG. A Biometric Study of 
Basal Metabolism in Man. Publ.279 Wash-
ington DC: Carnegie Institute of Wash-
ington; 1919.

58.8 de Weir JB. New methods to calculating 
metabolic rate with special reference to 
protein metabolism. J Physiol 1949; 109:1.

58.9 AARC Clinical Guideline 949: Metabolic 
Measurement using Indirect Calorimetry 
during Mechnical Ventilation. Resp Care 
1994; 39(12):1170.

58.10 Bursztein S. editor. Energy Metabolism, Indi-
rect Calorimetry and Nutrition. Baltimore: 
Williams and Wilkins; 1989.

58.11 Nixon DW, et al. Resting energy expendi-
ture in lung and colon cancer. Metabolism
1988; 37:1059.

Carl von Voit

Beschreibung eines Apparates zur 
Untersuchung der gasförmigen 
Ausscheidungen des Thierkörpers.

Abh d k Akad d Wiss München; 1876; 12(1):219.
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[58]  von Voit    301

V

58:3



302

The experimental arrange-
ment of Victor Regnault
(1810–1878) and Jules Reiset
(1818–1896). Their study in
1849 is the first to demon-
strate the effect of nutrition
on oxygen uptake and carbon
dioxide elimination.

Supported by funds from King Maximilian of Bavaria, Max Pettenkofer (1818–1901)
builds an apparatus where the experimental chamber has the size of an ordinary
room. The amount of carbon dioxide exhaled by the subject in the room is calculated
from concentrations of the air entering and exiting the room. 
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The apparatus used by Francis Benedict
(1870–1957) in 1919 to establish the basal
metabolic rate in healthy human volun-
teers.

August Krogh’s (1874–1949) closed volume apparatus with the
carbon dioxide absorber shown in the middle of the drawing. This
principle for measuring oxygen uptake, as well as the open circuit
technique of Pettenkofer shown on the opposite page, is still
utilised in modern equipment.
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The low pressure apparatus of Paul Bert (1833–1886)
used to determine the oxygen content of blood at
subatmospheric pressures. Graphs are shown in a live
animal (C), and in vitro, blood at body temperature
(B) and at room temperature (A).
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ert was born in Auxerre in 1833. He studied medicine in
Paris, receiving his M.D. degree in 1863. After three
years as assistant to Bernard (59.1), he was appointed
professor in zoology and physiology in Bordeaux, but

returned in 1869 to Paris to succeed Bernard in the chair of physi-
ology at the Sorbonne. In the following year he entered politics
with a programme to reform elementary education in France. His
proposals to incorporate elements of science in order to sharpen
the intellect and stimulate causal thinking were enacted in 1880.
When in 1885 a revolt erupted in Indochina against the French
colonial regime, Bert was appointed the first civil governor there.
His ambitious activities to improve relations with the local popu-
lation were cut short by his death in Hanoi in 1886.

in this monumental work of more than 1,150 pages and 89 illus-
trations Bert examines the effect of pressure on an organism, using
elaborate newly designed apparatus. He establishes for the first
time the dissociation curve of oxygen and carbon dioxide in blood
and shows that it is the partial pressure of the gases and not the
barometric pressure that is of physiological significance. He ex-
plains the mechanism of decompression sickness and high altitude
sickness and observes the toxic effect of pure oxygen at high pres-
sures. He also shows that carbon dioxide can act as an anaesthetic.
At the end, Bert discusses the physiological background to the fatal
outcome of the ascent of the balloon “Zénith” to 8,600 m, where
only one out of the three scientists on board escaped with his life. 

in perspective:

Bert’s work was based on previous knowledge about blood gases (59.2), the prop-
erties of haemoglobin (59.3) and the anaesthetic effects of nitrous oxide (59.4) at
normal atmospheric pressures. His work clarified many outstanding physiological
issues. Thus, in 1824 Hickman discovered that carbon dioxide could be used as a
stupefying agent (59.5) but his method, which he called suspended animation,
was met everywhere with disinterest or distrust (59.6). Bert, vindicating Hick-
man’s assertions concluded, “Anaesthesia produced by carbon dioxide deserves a
new the attention of surgeons”(59.7). Bert used mixtures of oxygen and nitrous
oxide (in the ratio 1/6) and produced adequate anaesthesia by elevating the total
pressure by about 20% (59.8). His pioneering measurements of the oxygen disso-
ciation relationship of blood was subsequently improved on by Hufner (59.9) and
later extensively studied by Barcroft (59.10), Douglas and Haldane (59.11). 

59.1 See ref. 55.7, ref. 47.8 and ref. 4.8.
59.2 See #37 Magnus page 196.
59.3 See #51 Hoppe-Seyler page 268.
59.4 See #28 Davy page 156 and ref. 28.11.
59.5 Hickman H. A letter on suspended animation, 

containing experiments showing that it may be 
safely employed during operations on animals, 
… Ironbridge; 1824.

59.6 Sykes WS. Essays on the first hundred years of 
anaesthesia. Vol. I Chap.7 Churchill Living-
stone; 1982.

59.7 Main work cited above p1018.
59.8 Bert P. Sur la possibilité d’obtenir, à l’aide 

du protoxyde d’azote, une insensibilité du 
long durée et sur l’innocuité de cet anesthé-
sieque. C R Acad Sci 1878; 87:728. See also 
ref. 28.8 p318–323.

59.9 See ref. 51.10.
59.10 Barcroft J. The respiratory function of the 

blood. Cambridge University Press; 1913.
59.11 Haldane JC. Respiration. New Haven: Yale 

University Press; 1922.

Paul Bert

La pression barométrique. Recherches
de physiologie expérimentale.

Paris: G. Masson; 1878.
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In 1823 Henry Hickman (1800–
1830) argues in vain that car-
bon dioxide can be used as a
stupefying agent. Half a centu-
ry later Bert’s work vindicates
Hickman’s assertions. The dia-
gram left shows the effect of the
rising carbon dioxide tension in
blood (Co) on blood pressure
(P), oxygen tension (Ox) and
respiration (R).

The pneumatic chamber con-
structed by Bert for oxygen and
nitrous oxide anaesthesia is first
used in 1879. Delivering a 15/85
oxygen/nitrous oxide mixture
at 15% above the atmospheric
pressure, it is reported to pro-
duce satisfactory anaesthesia in
a short operation on a toe-nail. 

59:4 59:5

59:6



[59]  Bert    307

Bert determines the increase in the oxygen content of blood with in-
creasing pressure (dashed line 0–10 atmospheres, full line 0–26 
atmospheres) and discusses the application of his results to diving.
He also demonstrates the toxic effects of hyperbaric oxygen.
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Bert’s apparatus for studying the effect of
impaired oxygenation when oxygen is dilut-
ed by a pressure reduction. Also shown is the
relation that he obtains between oxygen
content and oxygen tension of blood. This
measurement is the first determination of
the “oxygen dissociation curve”, a relation
of major physiological importance.
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The famous picture of the three scientists conducting physical experiments while their balloon, the
Zénith, ascends to 8,600 metres. Only one of them, Tissandier, survives the trip and Bert is able to 
explain the cause of the tragedy as inadvertently spending too long at the highest altitudes with inade-
quate levels of oxygen.
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In 1879 Max Nitze (1848–1906) introduces a newly designed cystoscope for the exami-
nation of the urinary bladder. This instrument uses a platinum wire as a light source and
needs to be water-cooled. However, the same year Thomas Edison (1847–1931) invents
the incandescent electric lamp, which by 1886 is sufficiently small to allow Nitze to in-
corporate it into his instrument. The resulting superior device, shown here, gains rapid
acceptance and the technique also finds many new applications. 

Images from the cystoscope of
Nitze showing malignancies of
the urinary bladder.
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itze was born in 1848 in Berlin. He studied medicine in
Heidelberg, Würzburg and Leipzig and started his ca-
reer in 1874 as assistant surgeon at the City Hospital of
Dresden. Three years later he moved to Vienna, where

he established collaboration with Josef Leiter, a highly talented
designer and manufacturer of medical apparatus and supplies. In
1879 Nitze was able to demonstrate for the first time his newly de-
veloped cystoscope. In 1890 he was appointed extraordinary pro-
fessor of urology in Berlin. On his death in 1906 he had just com-
pleted the second edition of his textbook on cystoscopy (60.1),
which summarises his life work.

in these reports Nitze describes the first version of his cysto-
scope and its proper use. The major advance compared to previous
efforts is the platina wire that he places at the tip of the device as a
light source for the illumination of the urinary bladder. The in-
strument needs to be fitted with water cooling to remove the ex-
cess heat produced by the light source but, together with an opti-
cal arrangement for wide angle viewing of the interior of the blad-
der, it is far superior to earlier devices (60.2).

in perspective:

In 1865 Desormeaux made the first clinical investigation using an “endoscope”
that introduced light into the urinary bladder by reflection (60.2). This instru-
ment was modified by Pantaleoni to accomplish the first hysteroscopy in 1869.
Nitze’s first design cited above was greatly improved when in 1886 he was able to
replace the platina wire light source with the new invention of Edison, the incan-
descent light bulb (60.3). Subsequently Nitze developed special versions of the
cystoscope for irrigation, photography and surgery (60.1)(60.4). Leiter also de-
veloped modified versions of the instrument for other purposes, including his
“hysteroskop” “endoskop”, “stomatoskop”, “laryngoskop” (60.5), “otoskop”
and “gastroskop” (60.6).Very soon Mikulicz-Radecki reported the successful
clinical use of Leiter’s gastroscope (60.7) and in 1898 Killian described the first di-
rect broncoscopy using Leiter’s equipment (60.8). Following the ideas of Kelling
(60.9), Jacobaeus introduced clinical laparoscopy and thoracoscopy in 1910
(60.10). In the early 1960s Hopkins improved the imaging systems considerably
by employing rods rather than conventional lenses. Image transmission by optical
fibre bundles was conceived in 1954 by Hopkins and Kapany and independently
by Heel, and this technology plays a key role today in endoscopic instrumentation
(60.11)(60.12).

60.1 Nitze M. Lehrbuch der Kystoskopie ihre Tech-
nik und klinische Bedeutung. Wiesbaden; 
1907.

60.2 Desormeaux AJ. De l’endoscope et de ses appli-
cations au diagnostic et au traitment des affec-
tions de l’urèthre et de la vessie. Paris; 1865.

60.3 Edison TA. Electric-Lamp. U.S. Patent 
223,898 January 27 1880.

60.4 Nitze M. Kystophotographischer Atlas. Wies-
baden; 1894.

60.5 See #48 Czermak page 254.
60.6 Leiter J. Instrumente und Apparate zur direkt-

en Beleuchtung Menschlicher Körperhöhlen 
durch Elektrischen Glühlicht. Wien; 1880.

60.7 von Mikulicz-Radecki J. Ueber Gastroscopie 
und Oesophagoskopie. Wien med Presse 1881;
22:1405. p1437, p1473, p1505, p1537, p1573 
and p1629.

60.8 Killian G. Ueber directe Bronchoskopie. 
Munch med Wschr 1898; 45:844. 

60.9 Kelling G. Über die Besichtigung der Spei-
seröhre und des Magens mit biegsamen In-
strumente. Verh Gesell Dtsch Naturf u Ärzte
1901; 73:117.

60.10 Jacobaeus HC. Ueber die Möglichkeit die 
Zystoscopie bei Untersuchungen seröser 
Höhlungen anzuwenden. Münch med 
Wschr 1910; 57:2090.

60.11 Kapany NS, et al. Fiber Optics. Part I–IV. 
J.O.S.A 1957; 47:413. p423, p594 and 
p1109.

60.12 Sircus W, Flisk E, Craigs B. Milestones in 
the evolution of endoscopy: A short histo-
ry. J Roy Coll Physicians Edinb 2003; 33:124.

Max Nitze

Eine neue Beobachtungs- und Unter-
suchungsmethode für Harnröhre,
Harnblase und Rectum.

Wien Med Wschr Wien; 1879; 29:649, and p688, 713, 776, 806.
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The first special examination
table for cystoscopy.

Devices developed for formalin
sterilisation (below left) and
steam sterilisation of cysto-
scopes.

The irrigation cystoscope
shown right has an extra chan-
nel which, in other versions of
the instrument, is used to intro-
duce a loop of platinum wire
that allows cauterisation of ma-
lignancies.  
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Josef Leiter (1830–1892) is a
highly competent manufac-
turer of medical equipment
and supplies in Vienna. In col-
laboration with prominent
physicians, he develops a se-
ries of improved endoscopic
instruments, including the
new gastroscope shown here. 
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Leiter’s gastroscope is conceived and first used clinically in 1881 by Johann Mikulicz-Radecki
(1850–1905). The illustration shows him and his equipment connected to a patient.  

Hans Christian Jacobaeus (1879–1937) introduces thoracoscopy
and, following the work of Georg Kelling (1866–1945), also la-
paroscopy as a clinical method of examination. The illustration
shows his first equipment from 1910.
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Killian demonstrates the new
technique of bronchoscopy
in 1897. That same year he
reports the first endoscopic
removal of a foreign body
from the lungs, a small piece
of bone accidentally swal-
lowed by the patient while
eating vegetable soup.

On the right, Gustav Killian
(1860–1921) and assistants
perform bronchoscopic exami-
nation of a patient in sitting
and in supine position.
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A microscope from Carl Zeiss Jena
that was used by Robert Koch (1843–
1910) in his studies of micro-organ-
isms. In 1882 he makes the famed dis-
covery of the tubercle bacillus using
such an instrument.

Koch illustrates his microscopic tech-
niques with eighty-four images. Six of
these showing micro-organisms from
a dermal streptococcal infection
(erysipelas) are reproduced here.
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och was born in Claustal in 1843 into a family with thir-
teen children. After mediocre results in elementary
school he considered emigrating to America, but set-
tled on studies in medicine at the University of Göttin-

gen. In 1866 he left with a degree of distinction, got married and
then struggled for six years to find a position that could support
his family. In 1880 he was appointed to a research position at the
new Imperial Department of Health in Berlin. Later as professor
of hygiene and advisor to the government, he travelled to Africa
and India to study cholera, bubonic plague, malaria and other dis-
eases and at home he helped fight epidemics of cholera and ty-
phoid fever. Koch’s motto was never to be idle and never give up.
He could be arrogant but, while reserved with strangers, he was
kind and entertaining with friends. He received the Nobel Prize in
Medicine in 1905, five years before his death.

koch describes his methods of producing and studying bacte-
rial cultures. He uses gelatine solutions, differential staining with
aniline and a heat treatment to produce films of bacteria for mi-
croscopic investigation and photography. He discusses the patho-
genic properties and mechanism of spread of micro-organisms,
and how to take samples from air, dust, water and soil. He also
touches on effective new methods of disinfection (61.1)(61.2).
Eighty-four microphotographs of various micro-organisms illus-
trate the presentation.

in perspective:

Koch’s famed discoveries, including that of the tubercle bacillus (61.3), were made
possible by a decade of methodological developments (61.4) and his use of the ad-
vanced microscopes just made available from Zeiss and Abbe (61.5). His study of
the bacterial inhibitory action of different substances showed that Lister’s car-
boxyl acid (61.6) was inferior to mercuric chloride (61.1). Koch also took issue
with Pasteur’s research on anthrax (61.7) and a long heated debate ensued. In an
important contribution, Koch and his assistants demonstrated the effectiveness
of steam sterilisation as compared to dry heat treatment (61.2). The technique was
first put to clinical use in 1882 by Trendelenburg (61.8) and the first central steril-
isation unit was installed in Berlin in 1890. Tyndall, studying the germs carried by
atmospheric dust, discovered a less aggressive method of sterilisation based on re-
peated cycles of heating and cooling (Tyndallisation) (61.9). Gas sterilisation and
irradiation sterilisation, both common today, were developed as alternative tech-
nologies in the late 1950s (61.10)(61.11).

61.1 See ref. 54.9.
61.2 Koch R, Gaffky G,Loeffler F. Versuche 

über die Verwerthbarkeit heisser Wasser-
dämpfe zu Desinfectionszwecke. Mitthei d 
Kais Gesundheitsamte 1881; 1:322.

61.3 Koch R. Die Aetilogie der Tuberkulose. 
Berl Klin Wschr 1882; 19:221.

61.4 Koch R. Verfahren zur Untersuchung, zum 
Conservieren und Photografieren der Bak-
terien. Beitr Biol. Pflanz 1876. p399.

61.5 See #64 Abbe page 328.
61.6 See #54 Lister page 282.
61.7 Koch R. Zur Aetiologie des Milzbrandes. 

Mitthei d Kais Gesundheitsamte 1881; 1:49. 
See also #50 Pasteur page 264.

61.8 See #57 Trendelenburg page 294.
61.9 Tyndall J. Essays on the floating-matter of the 

air in relation to putrefaction and infection. 
London: Longmans, Green and Co; 1881. 
p210.

61.10 Skeehan Jr RA, King Jr JH, Kaye S. Ethyl-
ene oxide sterilization in opthalmology. 
Am J Opthalmol. 1956; 42:424.

61.11 Woolston J. Irradiation Sterilization of 
Medical Devices. Medical Device Technology
1990; 1(4):25.

Robert Koch

Zur Untersuchung von pathogenen 
Organismen.

Mittheil d Kais Gesundheitsamte 1881;1:1. Berlin: Druck u Verlag

der Norddeutschen Buchdruckerei; 1881.

Robert Koch
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Koch makes comparative evaluations of various meth-
ods of sterilisation and discovers (see table above) the
superior effect obtained with steam sterilisation.

An early high pressure autoclave developed by F & M.
Lautenschläger and installed at the Charité Hospital
in Berlin, where the first central sterilisation unit is 
established in 1890.
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In 1877 John Tyndall (1820–1893) conceives a new method for sterilisation (“Tyndalli-
sation” or fractional sterilisation) that uses “discontinuous heating” at relatively low
temperatures. The citation above is from his first description of the procedure. The sim-
ple apparatus shown below left is constructed by Dr. Robert Muencke in Berlin after the
instructions of Koch and is well suited for Tyndallisation. 

The modified autoclave
from 1959, shown on the
right, is the first experi-
mental device developed
for ethylene oxide sterilisa-
tion.
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The dissertation of Svante Arrhenius (1859–1927)
where, using the experimental setup shown, he meas-
ures the conductivity of dilute solutions of salts, acids
and bases and explains the results by postulating an
“active” electrolytic part expressed as a fraction of the
total quantity of electrolyte.
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rrhenius was born near Uppsala in Sweden in 1859. He
entered the University of Uppsala in 1876 to study
mathematics, physics and chemistry. His dissertation
(cited below) received only mediocre grades, but it was

appreciated abroad. In 1895 despite other attractive offers, he ac-
cepted the post as professor of physics at Stockholms Högskola. In
1903 he received the Nobel Prize in Chemistry and two years later
he was made director of the physical chemistry department of the
Nobel Institute. Arrhenius was a simple and good-natured person
not without humour. He believed in the importance of sharing
scientific knowledge with the public and published popular scien-
tific treatises on a variety of topics from immunochemistry to
earth sciences and cosmology (62.1)(62.2)(62.3). These books
were widely acclaimed and read in many languages long after his
death in 1927. 

arrhenius’ dissertation deals with the conductivity of di-
lute solutions of salts, acids and bases at different temperatures
and degrees of dilution. The first part presents experimental re-
sults and the second part a theoretical discussion. Arrhenius be-
lieves the solution consists of the solvent and in addition an “ac-
tive” electrolytic and a “passive” non-electrolytic part. He intro-
duces the concept of a coefficient of activity of the electrolyte and
at the end summarises his fifty-six separate conclusions by stating
that at a given temperature and dilution the active part conducts
electricity and can always be expressed as a fraction of the total
quantity of the electrolyte.

in perspective:

Although Kohlrausch and Lenz had made measurements similar to Arrhenius’ be-
fore (62.4)(62.5), their studies were less extensive and they did not attempt to ex-
plain the results obtained. By 1887 Arrhenius had revised and extended his theory,
introducing explicitly the concept of electrolytic dissociation (62.6). He also in-
corporated the new discovery of van’t Hoff about the equivalence between the
laws of osmotic pressure in the liquid state and the laws of the gaseous state (62.7).
He did this by relating his activity coefficient to the constant of proportion intro-
duced by van’t Hoff between absolute temperature and the product of the pres-
sure and volume of a gas (62.7). The importance of Arrhenius’ work in medicine
was first demonstrated by Hamburger who in 1902, while studying cell perme-
ability for ions and haemolysis, discovered that bicarbonate and chloride ions
could be exchanged across cell membranes (62.8). Based on these advances, Hen-
derson explored the acid base regulation in blood (62.9).

62.1 Arrhenius S. Immunochemistry. New York; 
1907.

62.2 Arrhenius S. Ueber den Einfluss des Atmos-
phärischen Kohlensäuregehalts auf die Tempe
ratur der Erdoberfläche. Bihang K Sv Vet-
Akad Handl 22, Avd. I No. 1 Stockholm; 
1896.

62.3 Arrhenius S. The Life of the Universe, as con-
ceived by Man from the Earliest Ages to the Pre-
sent time. London: Harper; 1909.

62.4 Kohlrausch F. Das elektrische Leitungsver-
mögen der wässerigen Lösungen von den 
Hydraten und Salzen der leichte Metallen 
… Ann Phys Chem 1879; 6:167. p1. and 
p145.

62.5 Lenz HF. Ueber das galvanische Leitungs-
vermögen alcoholischer Lösungen. Mém 
l’Acad Imp Sci St. Petersbourg VIII:e Sér. 
1882; 30(9).

62.6 Arrhenius S. Über die Dissociation der in 
Wasser gelösten Stoffe. Zeit Phys Chem
1887; 1:631.

62.7 See #63 van’t Hoff page 324.
62.8 Hamburger HJ. Osmotische Druck und Ionen-

lehre in den Medicinischen Wissenschaften. 3 
Bde Wiesbaden; 1902–1904.

62.9 Henderson LJ. Das Gleichgewicht zwi-
schen Basen und Säuren im tierischen 
Organismus. Ergebn Physiol 1909; 8:254.

Svante Arrhenius

Recherches sur la conductibilité 
galvanique des électrolytes 1, 2.

Bihang K Sv Vet.-Akad Handl. 

Stockholm: Nordstedt PA & Söner; 1884; 8(13) and 1884; 8(14).

Svante Arrhenius
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In 1879 Friedrich Kohlrausch (1840–1910) develops a sensitive instrument for conductivity
measurements using a battery, an induction coil and an electric bridge, the balance of which
is detected by a telephone. He measures the resistance of wires and electrolytes. Although
predating Arrhenius’s experiments, Kohlrausch makes no attempt to explain the observed
phenomena.
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In the first years of the 20th
century Hartog Hamburger
(1859–1924) demonstrates
the importance of Arrhenius’s
discoveries for medicine. He
studies cell permeability and
hemolysis and discovers that
bicarbonate and chloride ions
can be exchanged across cell
membranes. The illustration
shows blood cells of a frog
(and those marked 39–50
from a fish) after 48–72 hours
in sodium chloride and cane
sugar solutions of varying
concentrations. 
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In 1877 Wilhelm Pfeffer (1845–1920)
makes the first quantitative measure-
ments of osmotic pressure using cane
sugar solutions. His study is made pos-
sible by an invention of Moritz Traube
(1826-1894), a decade before, that al-
lows the preparation of mechanically
strong semi-permeable membranes.
The illustrations show Pfeffer and his
equipment.

The title page of Jacobus van’t Hoff ’s (1852–1911) famous theoretical in-
vestigation of the laws of chemical equilibrium for dilute solutions. He
uses the experimental results of Pfeffer in support of the theory.
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orn in 1852 in Rotterdam, van’t Hoff was the third of
the seven children of a physician. After elementary
school he studied technology and mathematics for
three years in Delft. In 1871 he entered the University

of Leiden. After three years of study, including short periods in
Bonn and in Paris, he obtained a Ph.D. in chemistry from the Uni-
versity of Utrecht. In 1878 he became a lecturer at the University
of Amsterdam and later professor and head of the department of
chemistry. In 1887 van’t Hoff turned down an invitation to Leip-
zig but, despite being given excellent facilities, he accepted a posi-
tion in Berlin two years later. After his move he changed from a
somewhat reserved to a more happy, extrovert character. During
the last decade of his life he received many honours, including the
first Nobel Prize in Chemistry in 1901, awarded for his work on
chemical dynamics and on osmotic pressure in solutions. 

from thermodynamic principles applied to diffusion
through a semi-permeable membrane, van’t Hoff derives the laws
of chemical equilibrium for dilute solutions. He obtains the rela-
tionship between osmotic pressure, the concentration of a solute,
the volume of the solution and the temperature and compares his
calculations with experimental results for a number of specific
chemical reactions. In a paper (63.1) immediately following this
main treatise, van’t Hoff expands on the striking similarity be-
tween the laws governing osmotic pressure and the ideal gas laws
as established by Boyle, Gay-Lussac and Avogadro (63.2).

in perspective:

Dutrochet observed in 1828 that membranes of organic material could allow the
passage of water, while stopping the passage of a substance dissolved in it (63.3).
In 1854 Graham presented his extensive experimental work on the “osmotic
force” in solutions (63.4). He introduced the concept of a “dialyzer”, noting that
some substances “dialyzed” slowly, while others did so much faster through a
membrane. At about the same time Fick developed the diffusion equation and in-
troduced the collodion semi-permeable membrane (63.5). Van’t Hoff referred
primarily to the experimental observations of the biologist Pfeffer (63.6) in sup-
port of his theory. However, further tests were provided by measurements on the
lowering of the freezing point of a solution (63.7). Also, the studies on red blood
cells reported by Hamburger (63.8) produced isotonic coefficients in agreement
with van’t Hoff ’s theory and Arrhenius showed that his results based on the elec-
trolytic dissociation concept also lent support to van’t Hoff ’s work (63.9). 

63.1 van’t Hoff J. Une propriété générale de la 
matière diluée. Kungl Sv Vet Akad Handl 
Stockholm; 1886; 21 (17):42.

63.2 See ref. 8.6, ref. 7.2, ref.18.4 and ref. 18.5. 
63.3 Dutrochet RJ. Nouvelles Recherches sur 

l’Endosmose et l’Endosmose. Ann Chim 
Phys 1828; 37:191.

63.4 Graham T. The Bakerian Lecture: On Os-
motic Force. Phil Trans Roy Soc 1854; 
144:177. 

63.5 See #46 Fick page 242 and ref 46.8.
63.6 Pfeffer W. Osmotische Untersuchungen. 

Leipzig; 1877.
63.7 Raoult F-M. Loi de congélation des solu-

tions acqueuses des matières organiques.
C R l’Acad Sci 1882; 94:1517.

63.8 See ref. 62.8.
63.9 See #62 Arrhenius page 320.

Jacobus van’t Hoff

Lois de l’équilibre chimique dans l’état
dilué, gazeux ou dissous.

Kungl Sv Vet Akad Handl  

Stockholm: Nordstedt PA & Söner; 1886; 21(17):1.

Jacobus van’t Hoff
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Left, Van’t Hoff defines the ra-
tio “i” (a constant that equals 1
for an ideal gas) and using the
data of Pfeffer he finds that it
has a value of 1 for cane sugar
solutions. In this way he
demonstrates the similarity be-
tween the laws governing os-
motic pressure and those
known to apply to ideal gases.

Francois-Marie Raoult (1830–
1901) and his experimental ap-
paratus for measuring the low-
ering of the freezing point of
dilute solutions. This phenom-
enon and the lowering of the
vapour pressure of a solution
gives quantitative support to
the theories of van’t Hoff and
Arrhenius (see #62).
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Svante Arrhenius (1859–1927) is able
to show that both his electrolytic “ac-
tivity” coefficient alpha, and the phe-
nomenon of the lowering of the freez-
ing point of a solution are in general
agreement with van’t Hoff ’s theory for
a wide range of substances (compare
the last two columns in the table
above).  
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Ernst Abbe’s (1840–1905) derivation of the sine law for lens de-
sign, as published after notes taken during his lectures in 1887.

The figure, top right, shows Abbe’s drawing of an optical system
and his calculations of its properties.

Abbe’s renowned apocromatic lens system. The rotation of the
ring “R” can reposition the lenses “L2”.
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bbe was born in 1840 in Eisenach, where his father worked
long hours as a spinning-mill worker. Young Abbe’s
distaste for oppression and dedication to social justice
arose from experiences during the revolution in 1848.

With a scholarship from his father’s employer, he studied physics
under Wilhelm Weber (64.1) and received his degree in Göttingen
in 1861. Two years later he was appointed lecturer in mathematics,
physics and astronomy at Jena University. In 1866 Zeiss, a me-
chanic at the university who had a small company that manufac-
tured microscopes, feared competition from abroad and wanted to
improve his products but did not know how (64.2). He ap-
proached Abbe, who was soon able to help and in 1875 Zeiss of-
fered him a partnership in his firm. In 1888, when Zeiss died, Abbe
alone controlled the company, but the following year he chartered
the Carl Zeiss Foundation, turning over his shares but remaining
as “one of the management” till his death in 1905. 

abbe reports here his final improvements on the reduction of
chromatic aberrations of optical systems. The advances, he says,
are made possible by the development of new glass materials con-
taining phosphorus and boron, which exhibit desirable dispersion
characteristics, including at higher values of the refractive index.
He describes the resulting apochromatic objective and the ocular
adapted to it and draws attention to the potential usefulness of the
arrangement in microphotography (64.3)

in perspective:

Fraunhofer’s ambition to improve the material and production methods of opti-
cal glass and to better understand optical imaging strongly influenced Zeiss
(64.2)(64.4). In Schott, a small glassworks owner, he found an ideal partner who
was able to develop the first two areas, while Abbe provided the theoretical in-
sights and performed the mathematical calculations (64.2)(64.5). Abbe’s “sine
law” of lens design reduced image distortions, and his diffraction analysis of the
resolving power of an objective as determined by its numerical aperture and his
success in reducing chromatic aberrations all contributed to the superiority of
Zeiss’ new microscopes (64.6). These instruments helped Koch’s discover the tu-
bercle bacillus (64.7). Abbe’s theory of image formation is fundamental to all op-
tical instrumentation design (64.8) and it played also an important role in the un-
derstanding of electron microscopy (64.9)(64.10). The Carl Zeiss Foundation
was chartered to promote studies in science and mathematics, but its statutes also
called for far-reaching social benefits (even by modern standards) for all of its em-
ployees. Today the Foundation still controls a large commercial enterprise. 

64.1 See #44 Weber page 232.
64.2 Volkmann H. Carl Zeiss und Ernst Abbe ihr 

Leben und ihr Werk. Deutsches Museum 34 
Heft 2 1966.

64.3 See #61 Koch page 316 and also ref. 38.6.
64.4 See ref. 9.8, ref. 9.7.
64.5 Lummer O, Reiche F. editors. E Abbe. Die 

Lehre von der Bildentstehung im Mikroskop. 
Brauschweig; 1910.

64.6 Gesammelte Abhandlungen von Ernst Abbe. 
5vols. Jena; 1904–1940.

64.7 See #61 Koch page 316 and ref. 61.3.
64.8 See ref. 9.7, ref. 9.10, ref. 9.11.
64.9 Bruche E, Johansson H. Elektronenoptik 

und Elektronenmikroskop. Die Natur-
wissen. 1932; 20(21):353.

64.10 See #83 Ruska page 428.

Ernst Abbe

Über Verbesserungen des Mikroskops
mit hilfe neuer Arten optischen Glases.

Sitz d med-naturw Gesellschaft zu Jena. 9 Juli 1886.

Ernst Abbe
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A catalogue from the company
Carl Zeiss Jena in 1898.  

Abbe’s condenser unit and an ob-
jective lens mounted to allow pre-
cise centre alignment. 
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Apparatus for microphotography developed by Carl Zeiss in 1885.

Microtome for microscopic sample preparation from 1885 (below left).

A Zeiss microscope from 1860 before Abbe introduced his new design
methods (top right) and the first instrument, built in 1875, incorporating
the improvements invented by him. 
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Otto Schott (1851–1935), the
owner of the small glassworks
shown below as it appeared
around 1884. Schott, Abbe and
Carl Zeiss (1816–1888) formed
a successful partnership in
1879. Their combined talents
enabled them to design and
produce optical systems of su-
perior quality. 
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Top right, Carl Zeiss two years before his death. A Carl Zeiss cata-
logue of optical measuring instruments from 1893 that introduces
Abbe’s large crystal refractometer (right).
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Augustus Waller (1856–1922) in his laboratory, making electric registrations on his bulldog “Jimmy”. 

In 1887 Waller makes a dramatic public demonstration showing that electric signals re-
lated to the heart beat can be registered from the surface of the body.
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aller was born in Paris in 1856, the son of the promi-
nent physiologist A.V. Waller. Throughout his life
Waller strived to follow in his father’s footsteps. After
receiving his M.D. in 1881, Waller joined the depart-

ment of physiology at University College London. He was then
appointed lecturer at St. Mary’s Hospital in Paddington, where he
held the first public demonstration of electrocardiography. In
1892, at the same age as his father, Waller was elected to the Royal
Society. Subsequently he was the Director of the Physiological
Laboratory of the University of London and also held correspon-
ding posts in Paris, Moscow and Rome. Waller, a humorous extro-
vert person, enjoyed giving public lectures and demonstrations,
often drawing on his wife and his dog for help in experiments.

waller describes electrocardiographic recordings made on
one of his assistants in the laboratory, using Lippmann’s mercury
capillary electrometer (65.1). Waller connects the electrodes to
various parts of the body, for instance the front and back of the
chest, and displays the movement of the mercury by optical pro-
jection. He notes that the electric signal always precedes the arteri-
al pulse and that the appearance of the signal depends on the loca-
tion of the electrodes.

in perspective:

In 1842 Matteucci observed in a frog that a current is generated with every beat of
the heart (65.2). He used the contraction of a muscle in a frog’s leg as an indicator.
Kölliker and Müller made proper measurements of the potential at different loca-
tions on the heart in 1856 (65.3). The time course of these electric signals were able
to be studied when the highly sensitive capillary electrometer of Lippmann (65.1)
was combined with the registration technique of Marey (65.4)(65.5)(65.6). Thus
Burdon Sanderson and Page investigated the potential signal of uninjured and in-
jured hearts and defined the two intervals later to be called QRS and T (65.7).
Since the body was known to conduct electricity, Waller suspected that similar in-
formation could also be obtained from external parts of the body. He made the
celebrated demonstration of this on himself and on his bulldog Jimmy (65.8).
Subsequent improvements in instrumentation allowed Einthoven to register the
ECG signal as we know it today (65.9)(65.10). Initially Waller did not believe in
the clinical usefulness of his technique, but by 1917 he had made 2,000 recordings
and was ready to change his mind.

65.1 Lippmann G. Relation entre les phéno-
mènes électriques et capillaires. C R Acad 
Sci 1873. p1407.

65.2 Matteucci C.: Sur un phenomene physiolo-
gique produit par les muscles en contrac-
tion. Ann Chim Phys 1842; 6:339. See also 
#42 Du Bois-Reymond page 224 and ref. 
42.1.

65.3 Kölliker Rv, Müller H. Nachweis der nega-
tiver Schwankung des Muskelstroms am 
naturlich sich contrahirenden Muskel. Verh
phys-med Ges Würzburg 1856; 6:528.

65.4 See #52 Marey page 272.
65.5 Marey E-T. Inscription photographique 

des indications de l’électromètre de Lipp-
mann. C R Acad Sci 1876. p278.

65.6 Ref. 52.1 p525.
65.7 Burdon Sanderson J, Page FJ. Experimen-

tal Results relating to the Rythmical and 
Excitatory Motions of the Ventricle of the 
Heart of the Frog, and of the Electrical 
Phenomena which accompany them. Proc 
Roy Soc 1878; 27:410.

65.8 Waller AD. Introductory Address on The 
Electromotive Properties of the Human 
Heart. Brit Med J 1888; 2: 751.

65.9 See #71 Einthoven page 366.
65.10 Waller AD. The signs of life from their electri-

cal aspekt. New York: E.P.Dutton & Co; 
1903.

Augustus Désiré Waller

A Demonstration on Man of  Electro-
motive changes accompanying the
Heart Beat.

J Physiol London; 1887; 8:29.

Augustus Désiré Waller
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Rudolf von Köllicker (1817–1905)
(left) makes the first measurements of
potentials at different locations on a
beating heart. Two decades later John
Burdon-Sanderson (1828–1905)
studies the potential signal from in-
jured and uninjured frog hearts and
defines two intervals, later to be
called QRS and T.
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The illustration on the opposite page
shows a capillary galvanometer set up.
In 1873 Gabriel Lippman (1845–1921)
invents the capillary galvanometer, a
highly sensitive instrument where a po-
tential change sets a mercury column in
a capillary tube in motion. This motion
is projected with a microscope onto a
display or fed into a registration device. 

The figure on the left explains the prin-
ciple of Waller’s demonstration of the
electric action of the human heart using
the capillary galvanometer.

Willem Einthoven (1860–1927) introduces math-
ematical techniques to compensate for the inade-
quate response time of the capillary galvanome-
ter. In 1894 he obtains more truthful ECG traces,
as shown in the illustration by the dashed line,
which is to be compared to the graph traced out by
the moving dark shadow of the capillary gal-
vanometer. 
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Pierre Curie (1859–1906) ex-
plores the piezoelectric effect in
quartz. Using a microscope and a
lever, he measures the expansion
of the crystal when a voltage is ap-
plied (top) and studies the voltage
generated when the crystal is
compressed (bottom). The
arrangement in the middle illus-
tration shows a double beam of
quartz glued together that bends
on the application of a voltage
(one beam contracts while the
other expands). 
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urie was born in 1859 in Paris, the son of a physician.
He never went to elementary school, but studied on
his own and with his mother and father. Curie en-
rolled in the Faculty of Sciences in Paris in 1875 and

started working with his elder brother Jacques, who was an assis-
tant at the mineralogy laboratory of the Sorbonne. Their collabo-
ration, which resulted in the discovery of piezoelectricity (66.1),
ended in 1883 when Curie was appointed director of the laborato-
ry at École de Physique et Chimie. Here in 1895 he met and mar-
ried a student, Maria Sklodowska (66.1). In 1903, they shared the
Nobel Prize in Physics with Becquerel for his work on radioactivi-
ty. Curie was a serious, reserved man with a gentle and kind dispo-
sition. His work was cut short by his sudden death in 1906, when
struck by a cart while crossing a street in Paris.

this paper, written together with his brother Jacques, first
analyses the electrical output of a quartz crystal for different direc-
tions of compression. Then experimental results are presented
from a piezoelectric manometer gauge built for large pressures.
Next Curie employs a lever as a mechanical amplifier and observes
with a microscope the dilation of a crystal caused by an applied
electrical field. Finally, an arrangement is described which has two
beams of quartz glued together and flexes when electrically driven. 

in perspective:

Curie later developed piezoelectric instrumentation that played a major role in
his and his wife’s successful research on radioactivity (66.1). In 1916 Curie’s pupil
Langevin invented the technique of generating ultrasonic waves with piezoelec-
tric transducers (66.2). His aim was to locate underwater objects, an urgently
needed capability at the time because of the First World War. Spallanzani had no-
ticed ultrasonic waves already in 1794, as he understood that bats navigated not by
sight but by using inaudible sound (66.3). Langevin noted the destructive power
of ultrasonic waves and early medical use was mostly confined to applications in
physiotherapy (66.4) and to attempts at cancer treatment and wound healing.
The first diagnostic methods appeared at the end of the 1940s (66.5), but the ma-
jor advance came when the pulse echo technique was developed for non-destruc-
tive testing in industry (66.6). In 1959 Sauerbrey showed that quartz crystals
could be used as highly sensitive microbalances (66.7). This led to the develop-
ment of clinical instruments for anaesthetic gas monitoring (66.8) and to a variety
of liquid phase biomedical sensors for research purposes (66.9)(66.10). 

66.1 Oevres de Pierre Curie. Société Francaise de 
Physique. Paris: Gauthier-Villars; 1908 
and #70 Marie Curie page 362.

66.2 Chilowsky C, Langvin P. Procédés et appa-
reils pour la production de signaux sous-marins 
dirigés et pour la localisation à distance d’ob-
stacles sous-marins. Brevet d’invention No 
502.913 1920. Application 1916.

66.3 Spallanzani L. Lettere sopra il sospetto di un 
nuovo senso nei pipistrelli. Torino; 1794 and 
Galambos R. The Avoidance of Obstacles by 
flying Bats: Spallanzani’s Ideas (1794) and 
Later Theories. Isis 1942; 34:132.

66.4 Pohlman R, Richter R, Parow E. Über die 
Ausbreitung und Absorption des Ultra-
schalls im menschlichen Gewebe und seine 
therapeutische Wirkung in Ischias und 
Plexusneuralgie. Dtsch Med Wschr 1939; 
52(7):251.

66.5 Dussik KTh, Dussik F, Wyt L. Auf dem 
Wege zur Hyperphonographie des Gehir-
nes. Wiener Med Wsch 1947; 38/39:425.

66.6 Firestone FA. The Supersonic Reflecto-
scope, an Instrument for Inspecting the In-
terior of Solid Parts by Means of Sound 
Waves. J Acoust Soc Am 1946; 17(3):287. 
See also #90 Edler-Hertz page 466.

66.7 Sauerbrey G. Verwendung von Schwing-
quartzen zur Wägung dünner Schichten 
und zur Mikrowägung. Z Phys 1959; 
155:206.

66.8 Gedeon A. Anesthetic Agent Analysis Us-
ing Piezoelectric Microbalance. Biom Instr 
Tech Nov/Dec 1989.

66.9 Kanazawa KK, Gordon III JG. Frequency 
of quartz microbalance in contact with liq-
uid. Anal.Chem. 1985; 57:1770.

66.10 Höök F, et al. Structural changes in hemo-
globin during adsorption to solid surfaces: 
Effects of pH, ionic strength and ligand 
Binding. Proc Natl Acad Sci 1998; 95:12271.

Pierre Curie

Dilatation électrique du Quartz.
J de Phys 2ser. Paris; 1889; 8:149.

Pierre Curie
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In this letter from 1794 Lazzaro Spallanzani
(1729–1799) describes his experiments with
blinded bats. He finds that they can navigate
without recourse to sight and reluctantly
draws the conclusion that they must have an
unknown sense that guides them. This is the
discovery of the phenomenon of ultrasound.
It takes another hundred and fifty years be-
fore the navigation of bats is understood in
some detail.

Paul Langevin (1872–1946) builds the first
piezoelectric transducers suitable for effi-
cient generation of ultrasound. The illustra-
tion shows his patent application from 1916,
which was aimed at detecting underwater
objects, a capability badly needed during the
First World War.
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The Supersonic Reflectoscope is developed
in the mid-1940s for examining the interior
of bodies in industrial applications. Typical
tracings obtained from the device are
shown and explained below.
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Until the 1940s medical use of ultrasound is
primarily confined to physiotherapy. The
picture shows equipment from that time
being used in this application.

Karl Dussik (1908–1968) 
pioneers the use of ultra-
sound for medical diagnostic
purposes. In 1947 he de-
scribes his equipment (in the
picture he stands next to the
device that he calls a “Hyper-
phonograph”) and publishes
the image of the brain shown
below.
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The principle and a photograph of a piezo-
electric quartz crystal sensor used to detect
anaesthetic gases. Both crystals have gold
electrodes and resonate at about 10 MHz.
However, one of them is also coated with a
substance to which the gas can adsorb. The
frequency of this crystal is decreased in pro-
portion to the gas concentration, which can
therefore be determined using the differen-
tial frequency arrangement shown.

The quartz crystal microbalance (QCM) technique
used for measuring surface loading effects in liquid
phase biomedical sensors. The figure shows the cu-
vette with a crystal and the electronics that drive
the crystal and register the exponentially decaying
amplitude that reflects the molecular load on the
crystal surface.
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The famous X-ray picture of the hand of Albert von Köllicker
(see #65), from the first publication of Röntgen’s discovery.

The equipment used by Wilhelm Röntgen (1845–1923) in his
very first experiments with X-rays. Vacuum tubes, an electro-
magnetic coil employed in his attempts to deflect the X-rays and
a plate of lead with apertures for studying the absorption of dif-
ferent materials. 
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orn in Lennep in 1845, Röntgen was the only child of a
cloth manufacturer. He was first educated at the
Utrecht Technical School and later entered the Poly-
technic at Zürich, where he received his diploma and

doctorate in mechanical engineering in 1868. He was appointed to
the chair of physics at the University of Giessen in 1879 and be-
came director of the Physical Institute at the University of
Würzburg and, after his epochal discovery of X-rays in 1895, he
was also made honorary doctor of medicine. In 1900 Röntgen
moved to Munich and the following year he received the first No-
bel Prize in Physics. Of a retiring nature, Röntgen shunned public
engagements, even declining to deliver the Nobel lecture. He re-
tired in 1920 and died after a short illness three years later. 

röntgen announces his discovery of an unknown radiation
“X-Strahlen” emanating from a cathode ray tube covered with
black paper. He finds that the ray penetrates easily many materi-
als, including aluminium, but not a 1.5-mm thick lead plate. He is
unable to reflect, refract or diffract the radiation, nor can he pro-
duce interference phenomena or deflection with electrical fields.
He notes that X-rays always emanate at the glass wall where the
tube is struck by the cathode ray. Finally, he observes that the radi-
ation blackens photographic plates and uses this to document his
experiments and to produce “shadows of handbones”. 

in perspective:

At the end of the 19th century cathode ray tubes were extensively used in investi-
gations of electrical discharge phenomena in gases (67.1)(67.2)(67.3). These stud-
ies culminated in the discovery of the electron by Thomson in 1897 (67.4). Fol-
lowing Röntgen’s announcement, Carl Müller (later “Röntgenmüller”) prompt-
ly started commercial production of X-ray tubes, and developed a much improved
water-cooled model in 1899. The modern tungsten filament X-ray tube was in-
vented by Coolidge at the General Electric Research Laboratory in 1913 (67.5).
The medical community immediately recognised and continuously developed the
extraordinary potential of X-rays for diagnostic purposes, the CAT scanner being
among the latest developments in this field (67.6). Sjögren reported the first suc-
cessful use of X-rays for cancer treatment in 1899 (67.7). Also many new diagnos-
tic techniques were able to be developed under X-ray image control (67.8). In a
major advance, Laue discovered the X-ray diffraction method in 1913 (67.9) that
has ever since been the cornerstone of structural determinations of complex mole-
cules in general (67.10) and those of biomedical interest in particular (67.11).

67.1 Plücker J. Über die Einwirkung des Mag-
neten auf die elektrischen Entladungen in 
verdünnten Gasen. Ann Phys Chem 1858; 
103:88. p151, p113.

67.2 Hittorf W. Über die Elektricitätsleitumg 
der Gase. Erste Mitteilungen. Ann Phys 
Cbem 1869; 136:1. 

67.3 Crooks W. Contributions to molecular 
physics in high vacua. Phil Trans Roy Soc
1879; 170:641.

67.4 See #69 Thomson page 356. 
67.5 Coolidge WD. Improved x-ray tube. US 

Patent 1,203,495 1916. 
67.6 See #95 Hounsfield page 492. 
67.7 Sjögren TA. Fall af epiteliom behandladt med 

Röntgenstrålar. Förh Sv Läkare-Sällsk Sam-
mank Stockholm; 1899. p208. 

67.8 Seldinger SI. Catheter replacement of the 
needle in percutaneous angiography. A 
new technique. Acta radiol 1953; 39:368. 
See also ref. 56.10. 

67.9 See #76 Laue page 390.
67.10 See ref. 78.6. 
67.11 See #76 Laue page 390 and #88 Watson-

Crick page 456.

Wilhelm Conrad Röntgen

Ueber eine neue Art von Strahlen.
Sitzungb d Würzburger Physik-Med Ges Jahrg 1895. p132.

Würzburg: Verlag der Stahel’schen Buchhandlung; 1896

Wilhelm Conrad Röntgen
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William Coolidge (1873–1975) with
his newly developed X-ray tube, which
was first used in a clinical setting in
1913. A major advance in X-ray tech-
nology, it has a high-vacuum tube
with heated tungsten filament as cath-
ode and a tungsten disc as an anode.

Vacuum tubes designed by William
Crookes (1832–1919) (at the back of
the image) and by Coolidge (in the
middle) and by Carl Müller (1845–
1912) (front). Crookes builds vacuum
tubes in the last decades of the 19th
century as part of his investigations of
the properties of rarefied gases. Müller
starts commercial manufacture of X-
ray tubes only months after Röntgen’s
discovery.
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X-ray treatment in the doctor’s office in 1900.
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Siemens & Haske X-ray equipment from 1912.
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X-ray equipment “Grosscoolinax” from 1933 (at the top).

X-ray room in Caecilien-Krankenhaus Berlin 1935.

X-ray equipment for mass radiography and a
mobile X-ray unit (“Pleromobil”) for operating
rooms, both from 1952.
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Scipione Riva-Rocci (1863–1937) invents the first clinical-
ly practical sphygmomanometer in 1896. The illustration
above shows his drawing of the device and the instrument
(left) is used by Nicolai Korotkoff (1874–1920), as explained
on the following pages.

Riva-Rocci’s sphygmomanometer,
manufactured in London in 1905.
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iva-rocci was born in Almese in 1863. He obtained his
doctorate in medicine and surgery from the University
of Torino in 1888and remained there as assistant lectur-
er for ten years. At the end of this period he invented

the sphygmomanometer that brought him fame. From 1894 he
was a qualified pathologist and in 1907 he also became a certified
paediatrician. Starting in 1900 and for almost three decades he
was the head physician at the Ospedale civico di Varese and most
of this time he held an additional appointment as lecturer at the
paediatric clinic of the University of Pavia. He died in Rapallo at
the age of seventy-four. 

riva-rocci announces his invention of a simple blood pres-
sure measuring device. Inflating a rubber hose from a bicycle that
is wrapped around the upper arm and measuring the pressure in
the hose with a mercury manometer, he determines the blood
pressure in the brachial artery by feeling the pulse disappearing or
reappearing as the hose is inflated or deflated. 

in perspective:

In 1881 Basch invented the first clinically useful sphygmomanometer (68.1).
Pressing a water-filled bulb attached to a vertical mercury column against the ra-
dial artery, he was able to determine the systolic pressure by noting when the pul-
sations disappeared. Riva-Rocci’s method described in the cited paper was much
more practical. Its function was based on a combination of the counter-pressure
technique introduced by Vierordt (68.2), the volume plethysmographic method
invented by Fick (68.3) and developed by Marey (68.4) and the ancient Chinese
art of feeling the pulse (68.5). In 1897 Hill and Barnard made Riva-Rocci’s device
even more convenient to use by replacing the mercury manometer with a pressure
gauge (68.6) and von Recklinghausen increased the width of the cuff for greater
accuracy in 1901 (68.7). Korotkoff, serving as a surgeon in the Russo-Japanese war
of 1904, used auscultation to study the formation of collateral vessels in aortic
aneurysms (68.8). In the course of this work he discovered, while using Riva-Roc-
ci’s device, that auscultation offered an attractive alternative to palpating the arte-
rial pulse (68.9). Korotkoff used a binaural stethoscope developed from the origi-
nal concept of Laennec (68.10) in 1856 (68.11). By 1920 these non-invasive meth-
ods of measuring blood pressure were in general use both in hospitals and by gen-
eral practitioners. Since 1970 automatic blood pressure devices have been avail-
able that allow reliable measurements to be made without the assistance of med-
ical personnel (68. 12).

68.1 Basch SS. Ueber die Messung des Blut-
drucks am Menschen. Z Klin Med 1881; 
2:79. 

68.2 See ref. 35.7.
68.3 See #46 Fick page 242 and ref. 46.9. 
68.4 See #52 Marey page 272 and ref 52.1. 
68.5 Cleyer A. Specimen Medicinae Sinicac, sive 

Opuscula Medica ad Mentem Sinensium, … 
Frankfurt am Main; 1682. 

68.6 Hill L, Barnard H. A simple and accurate 
form of sphygmomanometer or arterial 
pressure gauge contrived for clinical use. 
Brit med J 1897; 2:904. 

68.7 von Recklinghausen H. Ueber Blutdruck-
messung beim Menschen. Arch exp Path 
Pharm. 1901; 46:78.

68.8 Segall HN. Nicolai S Korotkoff. Experi-
ments for determining the efficiency of arterial 
collaterals (translation of thesis 1910) with pre-
face and biographical notes. Montreal; 1980. 

68.9 Korotkoff NC. To the question of methods 
of determining the blood pressure. Reports 
Imp mil med Acad 1905; 11:365 being 
Appendix l in ref. 68.8. 

68.10 See #31 Laennec page 172. 
68.11 Leared A. On the self-adjusting double 

stethoscope. Lancet 1856; 2:138. and p202. 
68.12 Geddes LA. Handbook of Blood Pressure Mea-

surements. Clifton NJ: Humana Press; 1991.

Scipione Riva-Rocci

Un Sfigmomanometro nuovo.
Gaz Med Torino Torino; 1896; 47:981 and p1001.

Scipione Riva-Rocci
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Chinese teachings according to Wang Shu-Ho (300 AD)
on the examination of the pulse as translated and brought
to Europe in 1682 by Andreas Cleyer (1634–1698). 

Samuel von Basch (1837–1905) employs a water and mercury
filled rubber bulb that presses against the artery and obliterates
the pulse, thereby indicating the arterial pressure on a mercury
manometer. The pictures show his original drawing from 1880
and a later model of his device, where a pressure gauge has re-
placed the manometer tube.
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Independent of Riva-Rocci’s work, Leonard Hill (1866–
1952) and Harold Barnard (1868–1908) introduce a con-
venient armlet method of blood pressure measurement
using an aneroid manometer in 1897. They also note that
the maximal pulsation occurs at the “mean arterial pres-
sure”.

68:9
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In 1901 Heinrich von Reck-
linghausen (1867–1943) stud-
ies how the cuff parameters 
affect the accuracy of blood
pressure measurements. He
demonstrates the benefit of
wider cuffs (11–13 cm) and
constructs an all-metal
manometer. The illustration
shows his experimental
arrangement and a registra-
tion of the oscillations of the
pressure in the cuff at differ-
ent cuff pressures.
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Korotkoff presents his new aus-
cultation technique, which al-
lows the determination of both
the systolic and the diastolic
blood pressure. He develops the
method while working as a sur-
geon during the Russo-Japanese
war (1904–1905) studying
aneurysms and the effect of ar-
terial compression. The graph
shows a typical registration
from these studies. He soon re-
alises the advantage of ausculta-
tion as compared to feeling the
pulsation in the artery.
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Joseph Thomson (1856–1940) discovers the electron. By balancing electro-
static and magnetic deflection of the charged “corpuscle” (electron) (see his
illustrations of the equipment used), he can determine the velocity, which
then allows him to measure the charge to mass ratio by deflection in a mag-
netic field. He finds this ratio to be about 1,000 times larger than that for a hy-
drogen ion (see his calculations and the table above summarising his results).

69:1

69:2
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homson was born near Manchester in 1856, the son of a
bookseller. He planned a career in engineering, but in
1876 he won a minor scholarship that allowed him to en-
ter Trinity College in Cambridge. He remained there for

the rest of his life. In 1884, following Maxwell and Rayleigh (69.1),
Thomson was appointed Cavendish Professor of Experimental
Physics. He trained seven Nobel Prize winners during his tenure,
winning the Nobel Prize in Physics himself in 1906. Thomson was
an enthusiastic, imaginative and resourceful person capable of
delegating less important matters, all of which made him an excel-
lent director of research. He was a good teacher and an outstand-
ing lecturer and took pedagogy seriously, writing textbooks for all
levels of scientific study. He resigned his professorship in favour of
Rutherford in 1919 and died in 1940. 

thomson reports on his successful attempt to elucidate the
nature of cathode rays. Improving the vacuum of the cathode ray
tube, he discovers that electrostatic forces can deflect the rays.
Next he balances the forces of electrostatic deflection against the
forces of magnetic deflection and so determines the velocity of the
“corpuscle” (electron). From the known kinetic energy and from
the deflection produced by a homogenous magnetic field, he de-
termines the charge/mass ratio and finds it to be about 1,000 times
larger than that of a hydrogen ion. He proves this to be true in the
presence of different gases and for different cathode materials. 

in perspective: 

The controversy surrounding the nature of cathode rays (69.2)(69.3) was the
driving force behind both Thomson’s and Röntgen’s (69.4) investigations and
landmark discoveries. While the existence of the electron opened up an entirely
new view on the structure of matter, Thomson turned his attention to “positive
rays” (ion beams). By 1913 his newly designed equipment was able to separate iso-
topes of the stable element of neon (69.5), work that led his student Aston to de-
velop the analytic technique of mass spectrometry (69.6). In 1928 Dirac predicted
the existence of a positively charged electron (positron) from pure theoretical
considerations (69.7). Today PET imaging in medicine is based on the detection
of gamma rays emitted when such a positron is annihilated with an electron
(69.8). In 1946 Wilson suggested the radiological use of protons (69.9) and five
years later Leksell described the use of proton beams for stereotactic brain surgery
(69.10). During the last decade ion beams have gained increasing importance in
cancer therapy (69.11) and electron beams are nowadays widely used as a pre-
ferred method of sterilising certain medical products (69.12).

69.1 See #55 Maxwell page 286 and ref. 13.10. 
69.2 Darrigol O. Electrodynamics from Ampere to 

Einstein. Oxford University Press; 2000. 
Chapt. 7. See also ref. 67.1, ref. 67.2 and ref.
67.3 

69.3 Lenard P. Über die Absoption der Katho-
denstrahlen. Ann phys Chem 1895; 56:255.

69.4 See #67 Röntgen page 344. 
69.5 Thomson JJ. Rays of positive electricity. 

Proc Roy Soc A 1913; 89:I. 
69.6 See #79 Aston page 406.
69.7 Dirac P. The Quantum Theory of the Elec-

tron. Proc Roy Soc A 1928; 117:610. 
69.8 See #99 Phelps page 514.
69.9 Wilson RR. Radiological use of fast pro-

tons. Radiology 1946;47:487. 
69.10 Leksell L.The stereotaxic method and ra-

diosurgery of the brain. Acta Chir Scand 
1951;102:316.

69.11 Alonso JR. Review of ion beam therapy: 
present and future. Proc EPAC 2000. p235. 

69.12 See ref. 61.11.

Joseph John Thomson

Cathode Rays.
Philosophical Magazine 

London: Taylor and Francis; 1897; 44:293.

Joseph John Thomson
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By 1913 Thomson’s positive ion beam
apparatus (top diagram) is sensitive
enough to separate many ions and also
the isotopes of neon. The photographs
show some results from his experiments.
This work initiated the development of
the modern mass spectrometer instru-
mentation (see #79). 
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Gordon Brownell (left) with
the first clinical positron im-
aging device, built in 1952
specifically for brain imaging
(see #99).

Paul Dirac (1902–1984) de-
duces the existence of posi-
tively charged electrons
(positrons) from purely theo-
retical considerations in 1928.
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The proton cyclotron of the Svedberg Labora-
tory in Uppsala (top) and patients being treat-
ed at the facility with a narrow beam of pro-
tons to the head (right) and to the prostate.
Today an estimated total of 30,000 patients
have received proton irradiation therapy for
various forms of malignancies worldwide. 
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The image above shows an
aerial view of the Hyogo Ion
Beam Medical Center in
Japan, its main accelerator
(top) and a treatment room.
The facility is designed also to
produce synchrotron radiation
about 100 million times more
powerful than conventional
X-rays. It opened in 2001 for
the treatment of primary tu-
mours with both proton and
carbon ion beams. 
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The laboratory of Marie Curie
(1867–1934) for measuring ra-
dioactivity. The key apparatus,
the electrometer balance, is seen
on the table in the middle of the
picture. An exploded view of the
instrument that was originally
developed by Pierre and Jacques
Curie (see #66) is displayed be-
low right. 

Left below, to measure the ra-
dioactivity (R), the substance is
placed on a lead plate (A) and
100 V is applied to an electrode
plate (M) that is connected to a
bridge including the highly sen-
sitive piezoelectric balance. The
zero of the bridge is adjusted by
minute increments of the weight
loading the electrometer (“To
Weight”). The principle of the
measurement is illustrated by
the diagram. 70:1

70:2
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klodowska was born in Warsaw in 1867. A brilliant
student, she worked as a private tutor and governess to
support herself and a sister who studied in France. In
1891, on the invitation her sister, she moved to Paris.

Sklodowska obtained her degrees in mathematics and physics
with the highest distinction and was invited to work in Lipp-
mann’s laboratory ( 70.1). She married Pierre Curie in 1895 and
both were soon caught up in the excitement created by Röntgen’s
X-ray discovery and Becquerel’s report of the rays emanating from
uranium (70.2). For her work on radioactivity she shared the 1903
Nobel Prize in Physics with her husband and with Becquerel, but
she also received her own Nobel Prize in Chemistry in 1911 for her
discoveries of the elements radium and polonium. Assisted by her
daughter Irène, she continued her work until her death in 1934,
which was partly caused by damages from the huge amount of ra-
dioactive material that she had handled.

in her first paper on radioactivity Sklodowska Curie describes
the measuring technique she was to employ in all her future work.
The substance to be studied, in this case compounds of uranium
and thorium, is placed between two condensor plates that are kept
at 100 volts. The current drawn from the condensor is taken as a
measure of the activity of the material. To detect the very weak
currents (typically < 10–11A) she uses a zero balance technique in-
volving the condensor and a highly sensitive piezoelectric quartz
electrometer previously designed by the brothers Pierre and
Jacque Curie (70.3). 

in perspective:

On hearing about Röntgen’s discovery, Becquerel started investigating fluores-
cent materials, believing in error that X-rays would be emitted from them. With-
in a month he found that potassium uranyl phosphate blackened photographic
plates wrapped in black paper (70.2). The subsequent pioneering investigations of
the Curie couple (70.3) were soon overshadowed by the experimental and theo-
retical work of Rutherford (70.4). He explained the laws of radioactive decay and
made collision experiments that led to the first hypothesis about the structure of
the atom (70.5) and the first demonstration of artificial transmutation (70.6). Ra-
dioactive techniques were introduced in chemistry and biology by Hevesy (70.7).
In 1959 Yalow and Berson conceived the radioimmunoassay technique (RIA)
(70.8), which revolutionised the chemical analysis of blood and tissue. Radioac-
tive methods are also common in perfusion diagnostics (70.9), in many cases of
cancer treatment (70.10) and for medical sterilisation purposes (70.11).

70.1 See ref. 65.1.
70.2 Becquerel H. Émission de radiation nou-

velles par l’uranium métallique. C R Acad 
Sci 1896; 122:1086.

70.3 See ref 66.1 p 335–516.
70.4 Rutherford E. Radio-Activity. Cambridge 

At the University Press; 1904.
70.5 Rutherford E. The Scattering of alfa and 

beta Particles by Matter and the Structure 
of the Atom. Phil Mag 6ser. 1911; 21:669.

70.6 Rutherford E. Collision of alfa Particles 
with Light Atoms IV. An Anomalous Ef-
fect in Nitrogen. Phil Mag 6ser. 1919; 
37:581.

70.7 Hevesy G. Applications of isotopes in biol-
ogy. J Chem Soc 1939; 39(2):1213.

70.8 Berson SA, Yalow RS. Isotopic tracers in the 
study of diabetes. In: Adv Biol Med Phys To-
bias CA, Lawrence JH. Editors. Vol.VI 
New York:Academic Press; 1958. p349. See 
also ref. 81.9.

70.9 Kety SS. Measurement of regional circula-
tion by the local clearance of radioactive 
sodium. Am Heart J 1949; 38:321.

70.10 Washington CM, Leaver D. Editors. Princi-
ples and Practice of Radiation Therapy. Mos-
by; 2003.

70.11 See ref. 61.11.

Maria Sklodowska Curie

Rayon émis par les composés de 
l’uranium et du thorium.

Comptes Rendus Paris: Gauthier-Villars et fils; 1898; 126:1101.

Maria Sklodowska Curie
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Ernst Rutherford’s (1871–1937) theoretical and
experimental work explains the laws of radioac-
tive decay, leading to the first hypothesis of the
structure of the atom and the first demonstra-
tion of artificial transmutation. The text is re-
produced from his classic book “Radioactivity”,
published in 1904.
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Seymour Kety (1915–2000) 
introduces the isotope clearance
method for perfusion measure-
ments in 1949. The clearance
(shown by the slope of the lines)
of the sodium isotope Na24Cl
from the human gastrocnemius
(calf) reflects the perfusion varia-
tions when applying and releasing
a tourniquet about the thigh.

Lars Leksell (1907–1986) shown
next to his first apparatus for gam-
ma radiation surgery. The unit has
more than 200 separate radioac-
tive (cobalt) sources that irradiate
a selected area of the brain. The
first installation for clinical use is
made in Stockholm in 1968. 
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In a short publication from 1902 Willem Einthoven (1860–1927)
includes the first modern ECG registration (the graph marked 
O-X), which is obtained with his newly developed string galvano-
meter. A drawing and a photograph of the original device are shown
right. The key sensing element of the apparatus is a thin silver-
coated quartz string that is placed in a strong magnetic field.
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inthoven was born in Semarang, Java, in 1860. When
he was six years of age his father, a physician, died and
the family moved to Utrecht. There Einthoven entered
medical school in 1879 and received his degree in medi-

cine with distinction six years later. He was appointed professor of
physiology in Leiden in 1886. Stimulated by the work of Waller
(71.1), he started to improve on the techniques for recording the
electrical signals of a heartbeat. His work not only improved pre-
vious methods but eventually also led to the development of a new
instrument, the string galvanometer, for which he received the
Nobel Prize in Medicine in 1924 (71.2). Einthoven was married to
a cousin and had four children. He died in 1927.

einthoven demonstrates the improved results obtained
with his new equipment for registering the electrical activity of
the heart. He shows the superior performance of the string gal-
vanometer (71.3) by comparing the original technique of Waller
(71.1), employing Lippmann’s capillary galvanometer (71.4), and
the results of his own improvement of this method (71.5) with the
tracings obtained with the new device. His report is illustrated
with the first modern ECG recording and with the customary
P,Q,R,S,T notation.

in perspective:

In 1842 Matteucci observed electrical phenomena when contacting the muscle of
a beating heart directly (71.6), but it was Waller who showed that the signal could
also be obtained from contact with the body surface (71.1). However, Waller’s in-
strument had a rather slow response and so Einthoven first applied mathematical
corrections to improve its frequency characteristics (71.5). Abandoning these ef-
forts and starting with the compensatory principle of the mirror galvanometer of
D’Arsonval and Deprez (71.7), he constructed a new device using a thin string of sil-
ver-coated quartz placed in a magnetic field as the sensing element. He subse-
quently developed many versions of this instrument (71.2) and used it to register
various physiological signals such as the ECG, heart sounds and action currents of
sympathetic nerves. Connecting patients in the hospital to the equipment in his
laboratory Einthoven made “telecardiograms” at a distance of 1.6 km. Until about
1950 the string galvanometer remained the standard of reference (71.8), but was
then overtaken by the faster direct-writing ink-jet devices invented by Elmquist
(71.9). In 1947 Holter designed the first “radioelectrocardiography” unit and a
decade later the original 80-pound backpack system had been reduced sufficiently
in size to make clinical applications possible (71.10)(71.11).

71.1 See #65 Waller page 334.
71.2 Einthoven W. The string galvanometer and 

the measurement of the action current of the 
heart. The Nobel Lecture Stockholm; 
1925. 

71.3 Einthoven W. Un nouveau galvanomètre. 
Arch N Sc Ex Nat 1901; 6:625.

71.4 See ref. 65.1.
71.5 Einthoven W. Lippmann’s Capillar-Elec-

trometer zur Messung schnell wechselnder 
Potentialunterschiede Pfluger’s Arch ges 
Physiol 1894; 56:528.

71.6 See ref. 65.2.
71.7 D’Arsonval JA, Deprez M. Galvanomètre 

apériodique. C R Acad Sci 1882; 94:1347. 
See also ref. 2.7. 

71.8 Barron SL. The development of the electrocar-
diograph. Cambridge Monogr.5 London; 
1952.

71.9 Swedish Special Apparatus for heart clinics. 
Electrocardiograph-Elmquist system. AB Ele-
ma-Järnhs 1952. See also #91 Elmquist-
Senning page 470.

71.10 Holter NJ. Radioelectrocardiography: A 
New Technique for Cardiovascular Stud-
ies. Ann N Y Acad Sci 1957; 65:913.

71.11 MacInnis HF. The Clinical Application of 
Radioelectrocardiography. Can Med Assoc J
1954; 70:574.

Willem Einthoven

Galvanometrische registratie van het
menschelijk electrocardiogram.

In: Herinneringsbundel Prof S S Rosenstein.

Leiden: E.Ijdo; 1902. p101.

Willem Einthoven
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In March 1905 Einthoven makes the
first ECG registration at a distance, in
a laboratory about 1.6 km from the
hospital. The picture shows the pa-
tient and the “telecardiogram” ob-
tained on this particular occasion.

Little more than half a century after
the first “telecardiogram” of
Einthoven, Norman Holter (1914-
1983) designs the first ambulatory ap-
paratus for radio transmission of an
ECG signal. The device weighs 80 kg
and is carried on the back, as shown in
the photograph below. 

71:5

71:6

71:7



[71]  Einthoven    369

An electrocardiograph
manufactured by Cam-
bridge Instrument
Company in England in
1930 and, below, a
French Boulitte electro-
cardiograph in use on an
ambulatory patient at
S:t Eriks Hospital in
Stockholm in 1930. 
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Rune Elmquist’s (1906–1996) direct-writing inkjet appa-
ratus (the “Mingograf”) is introduced in 1952 and repre-
sents a major advance in the technology for recording fast
biomedical signals. With a glass capillary only 0.01 mm in
diameter, the inkjet method produces a true representa-
tion of signals up to a frequency of about 900 c/s. The illus-
trations show the first model of the device and its principle
of operation.
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Heart sound registration using
the first model of the Mingograf
from 1952.

A four channel Mingograf intro-
duced in 1955, in use during a
cardiac catheterisation at the
Karolinska Hospital in Stock-
holm in 1961.
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Josef von Mering (1849–1908)
performs the laboratory work
that proves the hypnotic action
of diethylbarbituric acid. This
compound had been synthe-
sised a decade before, but it is
the insightful reasoning of
Emil Fischer (1852–1919), as
presented in the beginning of
their paper (reproduced here),
that leads them to this seminal
discovery.  
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ischer was born in 1852 in Euskirchen, the son of a suc-
cessful businessman. Instead of entering the family busi-
ness as desired by his father, he started to study at the
University of Bonn. After a year he moved to Strasbourg,

where Baeyer (72.1) influenced him to take up chemistry. In 1874
he took his Ph.D. and subsequently during his distinguished ca-
reer came to hold the chair of chemistry in Erlangen, Würzburg
and from 1892 in Berlin. Fischer’s work on purines and sugars
started in the early 1880s and culminated with the Nobel Prize in
Chemistry in 1902. However, by 1899 he had already started his
important work on proteins and amino acids. The death of two of
his three sons during the First World War left Fischer devastated.
Together with a serious illness, this contributed to his death in
1919. 

fischer and von Mering investigate the hypnotic effect of vari-
ous derivatives of barbituric acid and related substances. The reac-
tion of dogs that have been given a few grams of the substance to be
tested in the morning is followed through the day. The compound
5,5-diethylbarbituric acid ((C2H5)2—CH—CO—NH—CO—NH2)
turns out to be a strong hypnotic. In man less than 1 g dissolved in
a warm cup of tea is sufficient to produce adequate sleep within
half an hour. With no known side effects seen, the authors report
that the drug is already available as “Veronal” from the company
E. Merck.

in perspective:

Scheele and Bergman discovered uric acid in urine (72.2) and in 1834 Mitscherlich
determined its correct formula (72.3). A few years later Liebig and Wöhler investi-
gated its properties in some detail (72.4) and in 1882 Horbaczewski succeeded in
synthesising the substance (72.5). The study of uric acid led Fischer to purine re-
search. After two decades he had explored the subject thoroughly, having synthe-
sised about 130 purine derivatives. He found that purine (C5N4H4) was a hetero-
cyclic compound and that uric acid was an oxide of purine. In 1864 Baeyer had pre-
pared barbituric acid from hydrurilic acid and showed it on hydrolysis to form
urea and malonic acid (72.6). Conrad and Guthzeit synthesised barbituric acid
derivatives and also prepared “Veronal” (72.7), but they were unaware of the hyp-
notic effects of the substance. Fischer’s work on purines had a lasting impact on
basic and clinical biochemistry and on the pharmaceutical industry (72.8)(72.9)
(72.10). His introduction of barbitone (“Veronal”) as a hypnotic agent is a major
contribution to clinical anaesthesiology (72.11).

72.1 Partington JR. A History of Chemistry.Vol. 
IV Mansfield Centre: Martino Fine Books;
1999. p775. 

72.2 Scheele CW. Undersökning om Blåse-ste-
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26:241.
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Ber Deutsch Chem Gesell 1882; 15(2):2678.

72.6 Baeyer A. Gesammelte Werke. Brunswick; 
1905. See also ref. 72.1 p777.
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säurederivate. Ber Deutsch Chem Gesell 1882; 
15(2):2845.

72.8 Lister JH. The Purines. John Wiley & Sons; 
1996.
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Clinical Aspects. Kluwer Academic 
Publisher; 1991.

72.10 Daly JW, Manganiello V, Jacobson KA. 
Purines in Cellular Signalling: Target for New 
Drugs. Springer Verlag; 1990.

72.11 Stoelting RK. Pharmacology and Physiology of 
Anesthetic Practice. Chapter 4 Lippincott 
Williams & Wilkins Publ.; 1999.

Emil Fischer

Ueber eine neue Klasse von 
Schlafmitteln. 

Die Therapie der Gegenwart. Berlin,Wien: Urban & Schwarzen-

berg; 1903; 44:97.
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Fischer and Mering conclude
their investigation by stating
that 1 gram of the hypnotic
substance “diaethylacetylharn-
stoff” (which they named
“Veronal”) in a cup of tea pro-
duces sleep in man in about
half an hour and that no side 
effects can be observed in
short-term use (on the top of
the next page).
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Advertisements for Veronal from the period
1908–1910.
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Mikhail Tswett’s (1872–1919) drawing of the first chromatographic arrangement and
the first chromatograms (right) and also his pioneering conception of a multicolumn
device fitted with a pressure system (above). 

A separation scheme (left) reproducing the
adsorptive precipitation and extraction
method described by Tswett and the chro-
matographic separation of plant pigments
obtained, as depicted by him.
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swett was born in 1872 in Asti, Italy, the only child of a
previously high-ranking Russian official (73.1)(73.2). He
spent his childhood in Lausanne and entered the Univer-
sity of Geneva in 1891 to study mathematics and physics.

On completing his thesis on plant physiology in 1896 he went to
St Petersburg, where he published the first observations on
chlorophyll that later lead him to the invention of chromatogra-
phy. Unable to find a position there, he moved in 1901 to Warsaw
to work as a laboratory assistant at the Plant Anatomy and Physi-
ology Department. In 1915, due to the chaotic conditions of the
First World War, he had to leave Warsaw and after short periods in
Moscow and Tartu (Estonia) he finally settled as professor at
Voronezh University. Two years later in 1919, he died of a progres-
sive heart disease. He was known as a man of principles, vivacious
with a gentle humour.

this paper (73.3) is the first clear account of the ideas behind the
chromatographic technique. Tswett uses powder of inulin (a poly-
saccharide) to filtrate a ligroin (a volatile hydrocarbon mixture)
solution of chlorophyll to separate out carotene. He notes the
rings of green and yellow appearing along the column and propos-
es “the possibility of developing a new method of physical separa-
tion of different substances dissolved in organic liquids” “based
on the ability of the solutes to form physical adsorption com-
pounds with different mineral and organic solids” (73.1)(73.3). 

in perspective:

Runge, who is also noteworthy for his discovery of phenol (73.4), studied synthet-
ic dyestuffs around 1850 and in the process produced radial colour patterns, the
forerunners of paper chromatograms (73.5). Goppelsroeder developed “capillary
analysis” with paper strips (73.6) and applied the technique to clinical medicine
(73.7). He took 507 urea samples from 178 patients with different diseases and
carefully described the 1,874 bands appearing on the paper strips. Tswett intro-
duced the term “chromatography” in 1906 (73.8) and summarised his findings on
126 different adsorbents in a major monograph in 1910 (73.9). He clearly envi-
sioned the wide range of applicability of his technique and also made many obser-
vations and comments pointing to later developments (73.1). However, Tswett’s
work was all but forgotten till around 1930, when Kuhn’s studies on carotene and
vitamins (73.10) awoke interest in chromatography and led to its subsequent rap-
id development (73.11).

73.1 Sakodynskii KI. Michael Tswett Life and 
work. Carlo Erba Instrumentazione Mi-
lano; 1983. See also Sakodynskii KI. J Chro-
matogr 1981; 220:1.

73.2 Ettre LS. M.S.Tswett and the Invention of 
Chromatography. LC-GC Europe 1, Sep-
tember 2003.

73.3 Hesse G, Weil H. Michael Tswett’s first paper 
on chromatography. M.Woelm Eschwege; 
1954, a translation and reprint of the Russ-
ian publication.

73.4 Runge F. Ueber einige Produkte der Stein-
kohlendestillation. Ann Phys 1834; 31:65 
and p513 and Ann Phys 1834; 32:308. See 
also #54 Lister page 282 for phenol in anti-
septic surgery.

73.5 Runge F. Zur Farbenchemie. München; 
1850.

73.6 Goppelsroeder F. Über Capillar-Analyse und 
ihre verschiedenen Anwendung sowie über das 
Emporsteigen der Farbstoffe in den Pflanzen.
Wien: Selbstvlg; 1888.

73.7 Goppelsroeder F. Studien über die anwen-
dung der Capillaranalyse. I. Bei Harnunter-
suchungen. II. Bei vitalen Tinktionsver-
suchen. Basel: E.Birkhäuser; 1904.

73.8 Tswett MS. Physical chemical studies on 
chlorophyll adsorption. Ber Dt Bot Ges. 
1906;24:316 and p384. Translated in 
Strain HH, Sherma J. J Chem Ed 1967; 
44:235. See also ref. 73.1.

73.9 Tswett MS. Chromofilli v Rastitelnom i Zhiv-
otnom Mire (Chromophylls in the Plant and
Animal Kingdom) Warsaw: Karbasnikov 
Publishers; 1910.

73.10 Kuhn R, Lederer E. Zerlegung des Caro-
tins in seine Komponente. Dt Chem Ges
1931; 64B:1349.

73.11 Gehrke CW, Wixom RL, Bayer E. Editors. 
Chromatography—a Century of Discovery 
1900–2000. Amsterdam: Elsevier; 2001. 
See also #84 Martin page 434. 

Mikhail Semenovich Tswett

On a New Category of Adsorption 
Phenomena and its Application to 
Biochemical Analysis.

Tr Varshav Obshch Estestvoispyt Otd Biol 1903; 14:20.

Mikhail Semenovich Tswett
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Friedlieb Runge’s (1795–1867)
interest in dye chemistry leads
him to study reactions on the sur-
face of paper and to prepare the
first paper chromatograms. He
publishes a book for artists (the
title page is shown right) with
original colour samples (some of
which are shown on the opposite
page). The beautiful patterns are
obtained through, as he says,
“chemical interaction”. The ink
chromatogram at the top of this
page is produced in 1955, follow-
ing Runge’s instructions, as a
centennial tribute to his achieve-
ments. 
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In 1861 Friedrich Goppels-
roeder (1837–1919) and
Christian Friedrich Schön-
bein (1799–1868) (see 77:4)
discover the usefulness of the
colour bands of different
chemical reactions in porous
media for separation purpos-
es. Four decades later
Goppelsroeder uses paper
strips (“capillary analysis”) to
introduce the technique in
clinical medicine. The table
shows part of his observations
of some 1,874 colour bands
produced from 507 urea sam-
ples taken from 178 patients. 
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In 1931 Richard Kuhn (1900–
1967) reintroduces chromato-
graphy and develops it into a
powerful analytical technique.
This allows him to isolate and to
determine the properties of
carotenoids and vitamins. The
pictures show alfa-carotine and
beta-carotine (right), as first de-
scribed by Kuhn.
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Emil Fischer (1852–1919) and Emil Abder-
halden (1877–1950) investigate the proper-
ties of polypeptides as compared to those of
the pancreatic juice. They find that the sub-
stances can have many similar characteristics.
The study is made possible by the success of
Ivan Pavlov (1849–1936) in obtaining suffi-
ciently pure pancreatic juice from dogs.
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ischer was born in 1852 in Euskirchen, the son of a suc-
cessful businessman. Instead of entering the family busi-
ness as desired by his father, he started to study at the
University of Bonn. After a year he transferred to Stras-

bourg, where Baeyer (74.1) influenced him to take up chemistry.
In 1874 he took his Ph.D. and subsequently during his distin-
guished career came to hold the chair of chemistry in Erlangen,
Würzburg and from 1892 in Berlin. Fischer’s work on purines and
sugars started in the early 1880s and culminated with the Nobel
Prize in Chemistry in 1902. However, by 1899 he had already
started his important work on proteins and amino acids. The
death of two of his three sons during the First World War left
Fischer devastated. Together with a serious illness, this con-
tributed to his death in 1919.

in this 770 page book, Fischer collects his results from seven
years of research on the structure, synthesis and properties of
amino acids, peptides and proteins. In 74 papers, some written in
collaboration with Suzuki, Abderhalden and Warburg, he reports
on new methods of separating and identifying amino acids and the
discovery of new types, the cyclic proline and oxyproline. Fischer
further identifies the peptide bond—CONH—and shows that it
can link amino acids into longer chains of polypeptides. He studies
the relationship between pancreatic juice just obtained by Pavlov
(74.2) and the polypeptides (74.3) and finds that some polypep-
tides can have many characteristics similar to natural proteins.

in perspective:

Fischer was just concluding his work on sugars and purines (74.4) when in 1899 he
turned his attention to the structure of proteins. After publishing the book cited
above, Fischer continued his work on proteins and polypeptides for another decade
(74.5). In 1907 he obtained a polypeptide with a molecular weight of 1213 and in
1914 he succeeded in synthesising the first nucleic acid (74.6). A few years later he
summarised his work on the synthesis of about 100 polypeptides (74.7). Fischer
was well aware of the complexity of proteins and predicted that his substances rep-
resented only a tiny fraction of the number of possible structures to be found in
natural proteins. In 1920, a year after Fischer’s death, Staudinger introduced the
concept of macromolecules (74.8) and started the research on polymers that
would eventually transform the practice of medicine and most other walks of life.

74.1 See ref. 72.1.
74.2 Pavlov IP. Physiology of Digestion. Nobel 

Lecture Stockholm; 1904.
74.3 Fischer E, Abderhalden E. Über das Ver-

halten verschiedener Polypeptide gegen 
Pankreasferment. Sitzb d K Pr Akad Wiss
1905; I:290.

74.4 Fischer E. Untersuchungen über Kohlenhyd-
rate und Fermente (1884 –1908) Berlin: 
Springer; 1909.

74.5 Hoesch K. Emil Fischer Sein Leben und 
sein Werk. Ber Dtsch Chem Ges 1921:54

74.6 Fischer E. Über phosphorsäureester des 
Methylglucosides und Theophyllingluco-
sids. Sitz d k Pr Akad Wiss 1914; II:905. 

74.7 Fischer E. Isomerie der Polypeptide. Sitz d k
Pr Akad Wiss 1916; II:990.

74.8 See #78 Staudinger page 400.

Emil Fischer

Untersuchungen über Aminosäuren,
Polypeptide und Proteine (1899–1906). 

Berlin: Springer; 1906.

Emil Fischer
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Emil Fischer in his laboratory in Berlin in about 1900.
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A presentation of Fischer’s life and work,
published by the German Chemical Soci-
ety in 1921, shows the extraordinary extent
and originality of his research. Many of his
findings have been of fundamental impor-
tance for subsequent advances in biology
and medicine. Under the heading “physio-
logical and medical contributions” (page
240) one finds the landmark paper cited in
#72 for its importance in the development
of clinical anaesthesiology. 
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Paul Ehrlich (1854–1915) with his assistant Sachahiro Hata
(1873–1938), who joins Ehrlich’s research group in 1909 and
almost immediately rediscovers a previously studied but re-
jected substance called “606”. After extensive tests (a table
summarising typical experimental results appears below) this
substance is proven to be an efficient agent against syphilis
and other spirochetal and trympanosomal infections. The 
announcement of the arsenic-based drug (see its formula) to
the world under the name Salvarsan in 1910 marks the begin-
ning of the modern era of chemotherapy. The news is first re-
ceived with considerable scepticism, but soon the demand for
the substance can only be met by large scale production at the
Höchst Chemical Works.
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hrlich was born in 1854 in Strehlen (now in Poland),
the son of an innkeeper. He was educated in Breslau and
later at the Universities of Strasbourg, Freiburg im
Breisgau and Leipzig, where he received his doctorate

in 1878. Ehrlich was appointed by Koch (75.1) as director of the
new Institute of Infectious Diseases in Berlin in 1890. From 1899
he directed the Institute of Experimental Therapy in Frankfurt
and also began his work on chemotherapy (75.2). Ehrlich became
an honorary member of some 80 foreign academies and received
the Nobel Prize in Medicine in 1908 for his work on immunity
(75.3). He was a kind, modest and somewhat absent-minded per-
son (75.4). An extremely heavy workload all his life, incessant ci-
gar smoking and irregular eating habits all contributed to the
stroke that ended his life in 1915.

ehrlich and his assistant Hata report the work leading them to
the substance “606” (hydrochloride of dioxy-diamino-arseno-
benzene) which, under the name “Salvarsan”, was found to be
highly effective against syphilis and other spirochetal and trympa-
nosomal infections. Ehrich had found the correct formula of ar-
sanilic acid and was then able to synthesise and test new com-
pounds derived from it against these infections. Due to the over-
sight of an assistant, “Salvarsan” was set aside as being ineffective
in 1907, but the careful work of Hata revealed the true potential of
the substance.

in perspective:

Although Paracelsus back in 1553 recommended mercury compounds for the
treatment of syphilis (75.2), Ehrlich’s work, using the novel concept of highly spe-
cific drug action (75.3), was accepted only after much opposition (75.4). Ehrlich
collaborated with the chemical industry to produce the substances that he then
tested in his exhaustive systematic trials. By contrast, Hoffmann at F Bayer & Co
discovered “aspirin” (acetyl salicylic acid) by chance (75.5) and similarly Cade just
happened to notice the therapeutic effect of lithium in manic patients (75.6). Be-
lieving that he could isolate a poison in the urine of psychiatrically ill patients he
hit upon the remarkable effects of lithium urate. In another major drug discovery,
Kuhn demonstrated in 1957 that a tricyclic compound (imipramine) could act as
an antidepressant by blocking a neurotransmitter (serotonin) in the brain (75.7).
Modern versions of neurotransmitter blockers such as fluoxetine (Prozac) (75.8)
are widely used today. Early efforts to treat schizophrenia relied on barbiturates
(75.9)(75.10) and it was experimentation with hypnotics in 1952 that led to the
chance discovery of the first antipsychotic drug, chlorpromazine (75.10)(75.11).

75.1 See #61 Koch page 316.
75.2 Paracelsus: Von der frantzösischen Kranckheit 

drey Bücher. Frankfurt a.M.;1553. See also 
#3 Paracelsus page 32.

75.3 Himmelweit F. editor. The Collected Papers 
of Paul Ehrlich 3 vols. London: Pergamon 
Press; 1956–1960.

75.4 Marquardt M. Paul Ehrlich. London: 
William Heinemann Medical books Ltd; 
1949.

75.5 Eichengrun A. 50 Jahre Aspirin. Pharmazie
1949; 4:582.

75.6 Cade J. Lithium salts in the treatment of 
psychotic excitement. Med J Austral 1949; 
36:349.

75.7 Kuhn R. Über die behandlung depressiver 
zustande mit enine miminodiben zylderi-
vat (G22355) Schweiz Med Wochenschn
1957; 87:1135.

75.8 Wong DT, Bymaster FP,Engleman EA. 
Prozac (Fluoxetine Lilly 110140) the first 
selective serotonine uptake inhibitor and 
an antidepressant drug: twenty years since 
its first publication. Life Sciences 1995; 
57:411.

75.9 Kläsi J. Ueber die therapeutische anwen-
dung der ”dauernarkose” mittels somni-
fens bei schizophrenen Zeitsch Gesamt. Neu-
rol Psych 1922; 74:557.

75.10 Lehmann HE, Ban TA. The History of Psy-
chopharmacology of Schizophrenia. Can J 
Psych 1997; 42:152.

75.11 Delay J, Deniker P, Harl JM. Traitment des 
états d’excitation et d’agitation par une 
méthode médicamenteuse derivée de 
l’hibernothérapie (part 2) Ann Med-psychol 
1952; 110:267.

Paul Ehrlich

Die experimentelle Chemotherapie
der Spirillosen (Syphilis, Rückfalls-
fieber, Hühnerspirillose, Frambösie).

Berlin: Springer J; 1910.

Paul Ehrlich
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Striking demonstrations of the re-
sult of Salvarsan treatment. Right,
chancre due to a syphilitic infec-
tion in the rabbit and on the oppo-
site page a spirill infection in the
hen.  
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Below left, the combined fever graph of thirty
cases of relapsing fever, to be compared with the
combined fever graph of twenty cases of relaps-
ing fever treated after day five with intravenous
Salvarsan (right).
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Max von Laue’s (1879–1960) experimental setup
when he observes the first X-ray diffraction pat-
tern. Knowing the lattice constant of the copper
sulphate crystal studied, Laue calculates the
wavelength of the X-rays from the diffraction
image (shown right) using a method well estab-
lished in optical diffraction theory. The result
agrees with other less precise earlier determina-
tions of the wavelength of the X-rays.
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aue was born in Pfaffendorf in 1879, the son of a military ad-
ministrator. He began studying mathematics, physics and
chemistry at the University of Strasbourg in 1898 and ob-
tained his doctorate in 1903 in Berlin. In 1909 he moved

to the theoretical physics department of Sommerfeld (76.1) in
Munich where he made the discovery of X-ray diffraction, which
was rewarded with the Nobel Prize in Physics in 1914. Laue
showed great courage and kept his integrity during the Nazi years.
After the Second World War he was director of the Fritz Haber In-
stitute for Physical Chemistry and his impeccable character and
sound judgement allowed him to exert great influence on the post-
war rebuilding of German science. At heart a religious man, he
loved outdoor activities and high speeds, but never had an acci-
dent until the fatal collision that took his life a few month after his
retirement in 1959. 

laue (writing the theoretical part) and his assistants Knipping
and Friedrich (describing the experiments) report on the observa-
tion of diffraction patterns registered on photographic plates
when copper sulphate crystals are exposed to X-rays. Laue notes
the similarity between the patterns observed and those seen in op-
tical diffraction according to Fraunhofer (76.2). Also he finds that
the wavelength of the X-rays calculated from the lattice constant is
in rough agreement with values expected from other work just re-
ported (76.1).

in perspective:

Laue’s experiments were based on his insight, based on density considerations,
that crystal lattices (76.3), had dimensions of the order 10–8 cm, while the wave-
length of X-rays was around 10–8–10–9 cm (76.1). He soon demonstrated that the
diffraction pattern could be used to determine lattice dimensions of zinc sulphide
accurately (76.4). Quantitative X-ray crystallography was immediately taken up
by father and son W.H. Bragg and W.L. Bragg (76.5)(76.6). Starting with an NaCl
crystal, the analysis was soon reduced to a standard procedure and later applied to
a variety of complex substances (76.7). In combination with computerised Fouri-
er analysis (76.8), the technique eventually led to the structural determination of
many important biological molecules such as DNA (Watson, Crick, Wilkins
1953), vitamin B-12 (Hodgkin 1955), insulin (Sanger 1955), haemoglobin and
myoglobin (Perutz, Kendrew 1960) (76.9). It also contributed greatly to advances
in other fields of importance in medicine such as polymer science and microelec-
tronics. Since 1971 synchrotron radiation, a powerful X-ray source first observed
in 1947, has also been available for the studies of biological systems (76.10).

76.1 Sommerfeld A. Über der Beugung der 
Röntgenstrahlen. Ann d Phys 1912; 38:473.

76.2 Born M, Wolf E. Principles of Optics. Chapt. 
8 and Chapt. 11. 7th ed. Cambridge: Cam-
bridge University Press; 1999. 

76.3 Bravais A. Mémoire sur les systèmes formés
par des points distribué régulièrement sur 
un plan ou dans l’espace. J École Pol 1850; 
19:1.

76.4 Laue M. Eine quantitative Prüfung der 
Theorie für die Interferenzerscheinungen 
bei Röntgenstrahlen. Ann d Phys 1913; 
41:989.

76.5 Bragg WH. X-rays and Crystals. Nature
1913; 90:360 and p572.

76.6 Bragg WH, Bragg WL. X rays and crystal 
structure. G Bell and Sons; 1915. 

76.7 Bragg WL. X-ray Crystallograpy. Readings 
from Scientific American. Lasers and Light. 
San Francisco: W.H. Freeman and Co; 
1969. p161.

76.8 See #32 Fourier page 176 and ref.32.8.
76.9 The birth of molecular biology. New Scien-

tist. Special issue 1987;114(No 1561):38.
76.10 Rosenbaum G, Homles KC, Witz J. Syn-

chroton radiation as a source for x-ray dif-
fraction. Nature 1971; 230:434.

Max von Laue

Interferenzerscheinungen bei
Röntgenstrahlen. Theoretischer Teil,
Experimenteller Teil.

Ann d Phys Leipzig: J. A. Barth; 1913; 41:971.

Max von Laue
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Father William Henry Bragg
(1862–1942) and his son
William Lawrence Bragg
(1890–1971) are shown to-
gether in the photograph be-
low. Soon after Laue’s report
on X-ray diffraction, they de-
velop an X-ray spectrometer,
shown on the right, and even-
tually turn the X-ray diffrac-
tion technique into a routine
method for structural analysis
of solids.

76:4

76:5



[76]  von Laue    393

Father and son Bragg first
use the X-ray spectrometer
to study the structure of two
simple cubic crystals, sodi-
um chloride and potassium
chloride. They establish the
relation between the dis-
tance of the lattice planes
and the wavelength of the
X-ray, known as the Bragg
criterion (appearing at the
bottom of the right-hand
page reproduced above).
The many lines in the pow-
der X-ray patterns on the
photographic strips corre-
spond to the Bragg criteria
for the different lattice
planes of the two crystals. 
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In 1965 David Phillips (1924–1999) determines the molecular structure of lysozym, 
the first enzyme to be analysed using X-ray diffraction. Patterns such as the one shown
above reveal that the structure is made up of 1,950 atoms and has a size of about 40 Å.
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1952 sees Rosalind Franklin (1920–1958),
working with Raymond Gosling, obtain the fa-
mous X-ray diffraction image of B-form DNA
which a year later plays a key role in the deter-
mination of the structure of the molecule. The
diffractogram shown here was sent to Linus
Pauling (1901–1994), at the time the leading
expert on complex molecular structures. Paul-
ing, whose note appears on the right, was also
busy working on and close to solving the DNA
structure problem (see #88).
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The dialyser (“vividifusion”)
apparatus of John Abel (1857–
1938). The walls of the sixteen
parallel tubes are made of
0.05–0.1 mm thick collodion
membranes and hirudin ex-
tracted from leaches is used as
an anticoagulant. In animal
experiments Abel finds that
the clearance of salicylic acid
following an intravenous in-
jection of sodium salicylate is
comparable to that of normal
kidneys.
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bel was born on a farm near Cleveland Ohio in 1857. He
graduated with a Ph.D. from the University of Michi-
gan in 1883 before going to Germany for further edu-
cation. After studies in Leipzig, Würzburg and Heidel-

berg, he received his M.D. from the University of Strasbourg in
1888. He returned to America and became a lecturer in materia
medica and pharmacology at the University of Michigan. In 1893
he was appointed professor of pharmacology at the John Hopkins
University, where he remained till his retirement in 1932. In his
manners and ascetic habits of research, Abel emulated German
professors. His emphasis on the importance of chemistry in medi-
cine (77.1) significantly influenced the development of biochem-
istry and pharmacology in the United States.

together with collaborators Rowntree and Turner, Abel de-
scribes his “vividifusion” apparatus. This dialysis apparatus is
made up of “celloidin” (or collodion (77.2)) tubes assembled in
parallel. He explains how to prepare tubes that are about 40 cm
long and 8 mm in diameter and present a 0.05-0.1 mm thick diffu-
sion barrier. Abel uses hirudin (77.3) as an anticoagulant and
when arterial blood is shunted through a device with 32 tubes, the
removal of salicylic acid following an intravenous injection of
sodium salicylate is reported to be comparable to the normal ex-
cretion of the kidneys. Using a saline solution of sufficiently low
salt content, no detrimental effects of the treatment are observed
even when dialysing for about ten hours.

in perspective:

In 1846 Schönbein produced cellulose nitrate by treating paper with nitric and
sulphuric acids (77.2). He called this substance guncotton (Schiesswolle), but it
was also commonly called pyroxylin. Collodion (or celloidin) was a solution of
pyroxylin in alcohol and ether. Archer introduced collodion in 1851 to improve on
the first photographic process (77.4). It was used by Fick to produce a barrier for
the diffusion process (77.5) and also became one of the first materials of the plas-
tics industry (77.6). Abel prepared hirudin extract from leeches (hirudo medici-
nalis) that excrete the substance to prevent blood clotting. Although hirudin had
been used in connection with blood-letting since antiquity, it was first charac-
terised biochemically in 1955 (77.3). It is still an interesting anti-thrombotic sub-
stance of significant use and future potential (77.7). Based on Abel’s work, Haas
performed the first human haemodialysis in 1924 (77.8) and was also the first to
introduce heparin into the procedure (77.9)(77.10). Two decades later Kolff built
a large surface area device that quickly gained clinical acceptance (77.11).

77.1 Abel JJ. Chemistry in relation to biology & med-
icine with especial reference to insulin & other 
hormones. The Willard Gibbs Lecture 1927. 
Baltimore; 1939. 

77.2 Partington JR. A History of Chemistry Vol. IV
Mansfield Centre: Martino fine books; 
1999. p195.

77.3 Markwart F. Untersuchungen über Hiru-
din. Naturwissenschaften 1955; 42:537.

77.4 See #38 Daguerre page 202 and ref 38.4 p 
197.

77.5 See ref. 46.8 and #63 Van’t Hoff page 324. 
77.6 Hyatt JW, Hyatt IS. Improvement in Treating

and Moulding Pyroxyline. US Patent 105,338 
1870. See also #80 Carothers page 410.

77.7 Sohn JH, et al. Current status of the antico-
agulant hirudin: its biotechnological pro-
duction and clinical practice. Appl. Microb. 
Biotech. 2001; 57:606.

77.8 Haas G. Versuche der Blutauswaschung am
Lebenden mit Hilfe der Dialyse. Klin. 
Wochenschr. 1925; 4(1): 13.

77.9 Haas G. Über Blutauswaschung. Klin 
Wochenschr. 1928; 7(29):1356.

77.10 Paskalev DN. Georg Haas (1886–1971) 
The forgotten hemodialysis pioneer. Dialy-
sis &Transplantation. 2001; 30(12):828.

77.11 See #86 Kolff page 444.

John Jacob Abel

On the Removal of diffusible Sub-
stances from the circulating Blood of
living Animals by Dialysis.

J Pharm Exp Therap 1914; 5(3): 275.

John Jacob Abel
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The conclusions of the dialyser experiments performed by Abel in 1913.

Christian Friedrich Schönbein (1799–1868) invents cellulose nitrate (also
called guncotton or pyroxylin) and collodion in 1846. Collodion, or as
Abel calls it celloidin, is a solution of pyroxylin in alcohol and ether. The
usefulness of a thin film of this material as a diffusion barrier is first recog-
nised by Adolf Fick (see #46).
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Georg Haas (1886–1971) pioneers human haemodialysis in 1924
and also introduces heparin to the procedure in 1928. The drawing
shows the principle of his “blood-wash” apparatus, where blood
passes collodion tubes (in eight parallel cylinders) in contact with
fluid from exchangeable glass vessels. The efficiency of the system is
low and the procedure takes many hours. The picture below shows
Haas sitting at the bedside of one of his four cases in 1926, while an
assistant observes the blood flow through the system.
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The first page of Hermann Staudinger’s (1881–1965) landmark paper on polymerisation, where
he argues that molecules are bound together with covalent binding and do not merely, as previ-
ously assumed, form aggregates. He declares: “I do believe that the available observational ma-
terial shows that such assumptions do not need to be made in order to explain the formation of
polymerisation products; what is more, as I would like to show later, polymerisation products of
the most varied types can be satisfactorily explained using normal valency formulae.”

78:1



taudinger was born in Worms in 1881. Working on
his degree in chemistry in Strasbourg, he made his first
major discovery (of ketenes) in 1907. This led to his ap-
pointment the same year as associate professor at the

Technische Hochschule in Karlsruhe. In 1912 he became professor
at the ETH in Zürich, where he did most of his pioneering work on
macromolecular chemistry. From 1926 to his retirement in 1950
he was professor at the University of Freiburg in Breisgau. Stau-
dinger clearly envisaged back in the 1930s the role of macromole-
cules in the function of life (78.1) It was therefore a fitting coinci-
dence that the year 1953, when his work (with a bibliography of
644 entries) was recognised with the Nobel Prize in Chemistry,
also marks the birth of molecular biology (78.2).

staudinger argues that polymerisation of organic molecules
results in long chains with the molecules bound together by a “pri-
mary”, rather strong covalent binding. By considering various
chain structures and their formation, he shows that there is no
need to consider the alternative model proposed, that the mole-
cules are bound only with “secondary” weak forces forming essen-
tially only an aggregate.

in perspective:

Staudinger’s polymerisation theory and his notion of the macromolecule, which
he introduced while working on synthetic rubbers (polyisoprene) (78.3), was con-
firmed when in 1926 the ultracentrifuge technique of Svedberg (78.4) demon-
strated that many polymers and proteins (e.g. oxyhaemoglobin) had a much large
molecular weight than expected (78.5). These findings and X-ray studies of the
structure of natural materials (78.6) led to the acceptance of Staudinger’s ideas
and to many new plastics, all introduced during the 1930s (78.7). Also, although
Goodyear had discovered the process of vulcanisation of rubber already in 1839, it
now became possible to develop useful synthetic rubber materials such as the
“Buna” types, which were produced on an industrial scale by copolymerisation of
butadiene and styrene. Berzelius investigated silicon back in the 1820s and Laden-
burg synthesised the first organic derivatives in the 1860s. From 1900 and for four
decades Kipping made major contributions to silicon chemistry (78.8). Hyde’s
work on organosilicon polymers at Corning Glass Works (78.9) in the late 1930s
initiated industrial research also at Dow Chemical and General Electric (GE)
(78.10). By 1946 both GE and Dow Corning had facilities for the industrial pro-
duction of silicones. Nowadays silicon rubber is an important component in
many medical devices such as catheters, tubings, sealings and implants (78.11)
(78.12).

78.1 StaudingerH. Ueber die Makromolekulare 
Chemie. Angew Chem. 1936; 49:801.

78.2 See #88 Watson-Crick page 456.
78.3 Staudinger H, Fritschi J. Über Isopren und 

Kautschuks. 5.Mitt.: Über die Hydrierung 
des Kautschuks und über seine Konstitu-
tion. Helv chim Acta 1922; 5:285.

78.4 Svedberg T, Rinde H. The Ultra-Centri-
fuge, a new instrument for the determina-
tion of the size particle in amicroscopic col-
loids. J Am Chem Soc 1924; 46:2677.

78.5 Svedberg T, Fåhraeus R. A New Method 
for the Determination of the Molecular 
Weight of the Proteins. J Am Chem Soc
1926; 48:430.

78.6 Herzog RO, Jancke W, Polanyi M. Röntgen
spectrographische Beobachtungen an Zel-
lulose. Z Phys 1920; 3:343. and M.Polanyi: 
Das Röntgen-Faserdiagramm. Z Phys 1921; 
7:149.

78.7 Landmarks of the plastics industry 1862–1962
ICI Plastics Division 1962 and #80 
Carothers page 410.

78.8 Kipping FS. Organic derivatives of silicon. 
Proc Roy Soc A 1937; 159:139 and ref. 78.10 
chapt. 4.

78.9 Hyde JF, DeLong RC. Condensation Prod-
ucts of the Organo-silane Diols. J Am Chem 
Soc 1941; 63(5):1194.

78.10 Rochow EG. An introduction to the chemistry 
of the silicones. New York: J Wiley & Sons, 
Inc.; 1946.

78.11 Rochow EG. Silicon and Silicones. New 
York: Springer-Verlag; 1987.

78.12 Lane TH, Burns SA. Silica, silicon and sili-
cones … unraveling the mystery, in: Im-
munology of Silicones Current Topics in Micro-
biology and Immunology. Potter M, Rose NR.
editors. Berlin: Springer-Verlag; 1996. 
p210.

Hermann Staudinger

Über Polymerisation.
Berichte d Deutsch Chem Gesellschaft 1920; 53:1073.

Hermann Staudinger
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Staudinger applies his ideas about polymerisation to better under-
stand the structure of cellulose. He investigates polyoxymethylene
and finds it to be a simple model of cellulose. The photograph right il-
lustrates the fibre-like appearance of the polymer. The X-ray diffrac-
tion pattern and the structure deduced from it are also shown. 

The equipment and the reaction used by Staudinger to produce the
synthetic rubber isoprene. His ideas about macromolecule chemistry
grew out of his studies of natural and synthetic rubbers. 
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In 1926 Theodore Svedberg
(1884–1971), using his newly 
invented ultra-centrifuge (the
construction of the apparatus is
shown in the drawing), deter-
mines the molecular weight of
haemoglobin to be about 66,800,
a value much larger than previ-
ously believed. This discovery
lends important support to
Staudinger’s view on the mecha-
nisms of polymerisation.
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On the opposite page part of an impor-
tant publication of James Franklin Hyde
(1903–1999) from 1941 is reproduced.
His work starts the industrial exploita-
tion of organosilicon polymers, first at
Corning Glass Works and from 1943 at
the Dow Corning Corporation and at the
General Electric Company. Hyde
(shown in his laboratory) finds a way to
convert silicon-containing compounds
into silicones. Below, silicon rubber ex-
trusion from the mid-1950s.
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The mass spectrometer designed by
Francis Aston (1877–1945) with the dis-
charge tube (B), the reservoir for the gas
to be analysed (C), the electromagnet
(M), the camera (W) and the pump (G).
The principle of the instrument is
shown in the drawing. The focusing at F
is achieved by selecting ions with the
slits S1, S2 and D and balancing the elec-
trostatic deflection from plates P1 and
P2 against the magnetic deflection (O). 
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ston was born in Harbonne in 1877. When he was fifteen
he entered Mason’s College in Birmingham to study
chemistry. For a time he worked as a chemist in a brew-
ery but in 1903 he returned to Birmingham to study

physics. From 1910 to 1919, when Aston was elected to Trinity
College in Cambridge, he was at the Cavendish Laboratory work-
ing for Thomson (79.1). Aston preferred to work alone and collab-
orated with others only when necessary to compensate for his fal-
libility as a theoretician. He received the Nobel Prize in Chemistry
in 1922. Aston was a keen traveller, an avid sportsman, an accom-
plished amateur musician and a skilled photographer. 

aston describes his novel technique for obtaining a mass spec-
trograph. By balancing the magnetic deflection of the charged
ions with an electrical field, he shows that focusing of the beam
can be achieved at a certain spot. This improves the mass resolu-
tion of the instrument by an order of magnitude. He now explains
the 20.2 average mass of neon as resulting from two isotopes
(Greek: equal place) with masses 20 and 22, the first being ten
times more abundant than the second. He reports on isotopes of
many elements and introduces the concept that atomic masses are
integral, with oxygen having the value of 16. Aston also presents
the improved direct magnetic focusing technique invented by
Dempster in 1918 (79.2).

in perspective:

Double-focusing high resolution mass spectrometers (MS) were developed al-
ready in the 1930s using Dempster’s invention. Mass separation using time of
flight (TOF) discrimination, first proposed in 1946 (79.3), has been found to be
well suited to biological research (79.4). Other techniques in MS instruments are
a combination of a radio frequency electric field with a uniform magnetic field
(ICR MS) or a static electric field (Quadrupole MS). ICR MS with Fourier analy-
sis (79.5) provides the highest mass resolution and yields results for many ions si-
multaneously. New “soft” methods of ionisation have extended the use of MS to
organic chemistry and molecular biology. Prominent among these soft methods
are the matrix-assisted laser desorption and ionisation (MALDI MS) (79.6)(79.7)
and the electrospray ionisation techniques (ESI MS) (79.7). Mass spectrometers
were first combined in a practical way with a gas chromatograph (GC)(79.8) in
the early 1960s (79.9), thereby making it possible to determine the structure of
prostaglandines (79.10). Such combination instruments (GC-MS) as well as tan-
dem mass spectrometers (MS-MS) are now common and powerful tools in many
research applications.

79.1 See #69 Thomson page 356.
79.2 Dempster AJ. A new method of positive ray

analysis. Phys Rev 1918; 11:316.
79.3 Stephens WE. A Pulsed Mass Spectrometer

with Time dispersion. Phys Rev 1946; 
69:691.

79.4 Cotter RJ. Time of Fligt Mass Spectrome-
try: Instrumentation and Applications in 
biological research. Am Chem Soc Washing-
ton DC 1997; p13.

79.5 See #32 Fourier page 176 and also compare 
with #96 Lauterbur page 498.

79.6 Tanaka K. The origin of macromolecule ioniza-
tion by laser irradiation. Nobel Lecture 
Stockholm; 2002.

79.7 Fenn JB. Electrospray for molecular elephants. 
Nobel Lecture Stockhlm; 2002.

79.8 See #84 Martin page 434 and also #73 
Tswett page 376.

79.9 Ryhage R. Efficiency of molecule separa-
tors used in gas chromatograph-mass spec-
trometer applications. Arkiv Kemi 1967; 
26:305.

79.10 Bergström S. The prostaglandins: from the 
laboratory to the clinic. Nobel Lecture Stock-
holm; 1982.

Francis William Aston

Isotopes.
London: E. Arnold & Co; 1922. Francis William Aston
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In 1918 Arthur Dempster
(1886–1950) designs a mass
spectrograph for ion beams of
low and well-defined velocity.
The apparatus (that he is seen
adjusting in the photograph)
is based solely on magnetic
deflection (see the drawing of
its principle of operation,
right). With this instrument
he is able to resolve the three
isotopes of magnesium, as is
demonstrated by the three
peaks in the mass spectro-
graph (top diagram).

Mass spectra obtained by 
Aston showing (registration I)
the separation of the two iso-
topes of neon, the abundant
one with a mass of 20 (intense
line) and the ten-times less
abundant one with a mass of
22 (weak line).
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Ragnar Ryhage (1919–1994)
develops a new instrument in
1967, a combined gas chro-
matograph and mass spec-
trometer (GC-MS). As a first
application, the apparatus is
used to determine the struc-
ture of prostaglandin, the hor-
mone-like substances that
participate in a wide range of
body functions. 

Left, Ryhage (on the right)
sitting together with Sune
Bergström (1916–2004), who
is awarded the Nobel Prize in
Medicine in 1982 for his work
on prostaglandin.
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Wallace Carothers (1896–
1937) investigates the for-
mation of polyesters and
attempts to develop a tech-
nology for industrial pro-
duction of polymer fibres.
In 1935 his work leads to
the discovery of the superi-
or properties of polyamide
(nylon), a material that is
successfully introduced
commercially three years
later. 

80:1



arothers was born in 1896 in Burlington, Iowa. After
studying chemistry he graduated from Tarkio College
in 1920 and two years later he enrolled at the Universi-
ty of Illinois in Urbana. Carothers received his Ph.D.

in 1924 and after a short stay as an assistant he accepted a teaching
position offered to him at Harvard University. In 1928, keen on
doing research, he gladly accepted the offer to head the newly es-
tablished research centre at DuPont. Here Carothers soon achieved
major success but his mental illness, aggravated by excessive
drinking habits and the untimely death of his sister, all con-
tributed to a deep depression that ended with his suicide at the age
of only forty-one. At the time of his death his wife, whom
Carothers had married the year before, was expecting their baby.

carothers and Arvin report on the preparation and character-
isation of a large number of esters. The experiments follow from
theoretical considerations presented by Carothers in a preceding
paper (80.1), which in turn is largely based on the results of
Staudinger (80.2). Carothers discusses the properties and struc-
tures of the esters, determines their molecular weights and finds
that all are highly polymeric. 

in perspective:

The first man-made plastic was invented in 1862 by Parkes using cellulose nitrate
(pyroxine) with camphor as the plasticiser (80.3). Following Parkes, Hyatt re-
placed ether in collodion with camphor and produced the first commercial ther-
moplastic (celluloid) (80.4). Baekeland developed the first entirely synthetic
mouldable plastic in 1909 (bakelite) (80.5). The cited work soon led to the discov-
ery of how to obtain fibres of esters, but in 1935 it was found that polyamide (ny-
lon) fibres had much better mechanical and chemical properties. DuPont
launched nylon commercially in 1938. Other plastics from the 1930s include poly-
styrene, polymethyl methacrylate (plexiglas), mouldable polyvinylchloride
(PVC), polyurethane and terafluorethylene polymers (PTFE, teflon). Also, in
1933 Gibson discovered that polyethylene could be formed at high pressures. Two
decades later, Ziegler was able to produced high-density polyethylene at normal
pressures by using special catalysts (80.6). Soon Natta employed a process similar
to Ziegler’s to make polypropylene for the first time (80.7). For four decades Flory
investigated theoretically the spatial configuration of macromolecules (80.8) and
also modelled the characteristics of a liquid crystal state (80.9) well before it was
first produced synthetically in 1968 (80.10). Today, clinical medicine is inconceiv-
able without many of the plastics mentioned above and liquid crystal technology
is common in display applications.

80.1 Carothers WH. Studies on polymerization 
and ring formation. I An introduction to 
the general theory of condensation poly-
mers. J Am Chem Soc 1929; 51(8):2548.

80.2 See #78 Staudinger page 400.
80.3 See ref. 78.7.
80.4 See #77 Abel page 396 and ref. 77.6.
80.5 Morris PJ. Polymer Pioneers. A popular history 

of the science and technology of large molecules. 
Philadelphia: Center for the History of 
Chemistry; 1986. p39. Also see ref. 78.7 
p13.

80.6 Ziegler K. Consequences and Development of 
an Invention. Nobel Lecture Stockholm; 
1963.

80.7 Natta G. From the Stereospecific Polymerisa-
tion to the Assymetric Autocatalytic Synthesis.
Nobel Lecture Stockholm; 1963.

80.8 Flory PJ. Spatial Configuration of Macromole-
cular Chains. Nobel Lecture Stockholm; 
1974.

80.9 Flory PJ. Phase Equilibria in Solutions of 
Rod-like Particles. Proc Roy Soc A 1956; 234: 
60.

80.10 Kwolek SL. Wholly aromatic carbocyclic poly-
carbonate fiber having orientation angle of less 
than about 45 degrees. US Patent 3,819,587 
1974.

Wallace Hume Carothers

Studies on Polymerisation and Ring 
Formation. II Poly-Esters.

J Am Chem Soc 1929; 51(8):2560.

Wallace Hume Carothers
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In 1861 Alexander Parkes (1813–1890)
invents the first man-made plastic
“Parkesine”, which is made up of pyrox-
ine (collodion) with camphor as a plasti-
ciser. He unveils his invention at the
Great International Exhibition in Lon-
don in 1862 and is awarded a prize, as
shown by the announcement reproduced
here. 

John Wesley Hyatt (1837–1920) develops
the ideas of Parkes into a commercial 
enterprise. Together with his brother 
Isaiah, he founds the Celluloid Manufac-
turing Company in 1871. The picture
shows their factory in Newark in 1875. 
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In 1907 Leo Bakeland (1863–
1944) applies for a patent to
protect his process for mak-
ing phenol-formaldehyde
resins using controlled pres-
sure and heating. His original
apparatus, the “Bakelizer”,
was called the “Old Faithful”
and is shown in the photo-
graph on the left.

The apparatus used in 1933 by Reginald Oswald Gibson
(1902–1983) when making the chance discovery of polyethyl-
ene. The compound was the unexpected find in an experi-
ment where ethylene and benzaldehyde were combined at
170°C and at a pressure of 1,700 atm.
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The equipment used at the factory of Du Pont in 1937 for producing nylon
fibres. Pictures show the polymerisation apparatus (top) and the drawing
machine and creel.

The first health care uses of nylon. Tents and litters of nylon prove superior
in field use during the Second World War, particularly in hot and humid en-
vironments. A hypodermic needle moulded of Du Pont zytel nylon from
1952. On the opposite page, the introduction of nylon sutures in 1939. The
sutures are sold in sealed glass tubes containing an antiseptic solution.

A sample made from the first experimental nylon
(polyamide), from 1935.
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Illustrations of blood-handling techniques and
the manometric method of blood gas analysis 
introduced by Donald van Slyke (1883–1971) in
1924. It soon replaced the volumetric methods
that had been in use for more than half a century.
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an slyke was born in 1883 in Pike (N.Y.). He received a
B.Sc. in chemistry and in 1907 a Ph.D. in organic chem-
istry, both from the University of Michigan. He then
worked as a research chemist at the Rockefeller Institute

for Medical Research until he was appointed chief chemist at the
Hospital of the Rockefeller Institute in 1914. He was elected to the
National Academy of Sciences in 1921. Van Slyke moved to
Brookhaven National Laboratory in 1949 where he remained ac-
tive doing research almost until his death in 1971.

in this comprehensive work (a total of about 2,200 pages) writ-
ten together with Peters, Van Slyke defines the state of the art in
clinical chemistry. The first volume discusses the physiological
role of substances of importance in clinical chemistry and its sig-
nificance in diagnoses and therapy. The second volume presents
the methodology and equipment needed to make the observa-
tions, the interpretation of which is dealt with in the first volume.

in perspective:

The sciences of clinical chemistry can be traced back at least to Van Helmont and
Boyle (81.1). Based on the work of Arrhenius and Oswald (81.2), Henderson and
Hasselbach established the acid-base properties of the blood (81.3)(81.4). Blood
gases were first measured with volumetric techniques (81.3) but from the 1930s
the manometric technique of Van Slyke (81.5) was in general use, mostly to pre-
vent metabolic acidosis in the newly introduced insulin treatment of diabetes. In
the 1950s the observation of respiratory acidosis in polio patients led to the devel-
opment of new sensor technology for pH (Astrup), oxygen (Clark) and carbon
dioxide (Stow and Severinghaus) (81.3). Blood volumes needed for an analysis
were reduced more than tenfold by the pioneering work of Bang (81.6) and by
three further orders of magnitude by Scholander (81.7). Early titrimetric and
gravimetric procedures were largely replaced during the 1920s by colorimetry and
in the 1940s by photometry. Spectrophotometry, flame photometry and atomic
absorption spectroscopy have since much improved the analysis of most elements.
In the 1940s Natelson developed new highly sensitive analytical methods (81.8)
and the radioimmunoassay technique of Berson and Yalow in 1959 made it possi-
ble to measure specific proteins and hormones at exceptionally low concentra-
tions (81.9). The introduction of many new and useful tests led to a drastic need to
speed up the processing of samples. The automation technology introduced by
Skeggs (81.10) has become the indispensable backbone of modern clinical chem-
istry laboratories.

81.1 Rosenfeld L. Four Centuries of Clinical Chem-
istry. G & B Science Pub; 1999. See also #8.
Van Helmont page 60, #14 Boyle page 
88, #37 Magnus page 196, #39 Liebig 
page 208, #49 Kirchoff page 258, #51 
Hoppe-Seyler page 268, #59 Bert page 304 
and #62 Arrhenius page 320.

81.2 Ostwald WF. Die dissociation des Wassers.
Z phys Chem 1893; 11:521.

81.3 Ref. 14.8.
81.4 Henderson LJ.: Blood. New Haven: Yale 

University Press; 1928 and ref. 62.9.
81.5 Van Slyke DD, Sendroy Jr J. Manometric 

analysis of gas mixtures. I The determina-
tion, by simple absorption, of carbon diox-
ide, oxygen and nitrogen in mixtures of 
these gases. J Biol Chem. 1932; 95:509. See 
also the cited work above.

81.6 Bang I. Methoden zur mikrobestimmung 
einiger blutesandteile. Wiesbaden: 
J.F.Bergman; 1916.

81.7 Scholander PF, Irving L. Micro blood gas 
analysis in fractions of a cubic millimeter of
blood. J Biol Chem 1947; 169:561 and p551. 

81.8 Natelson S, Lugovoy JK, Pincus JB. Deter-
mination of micro quatities of citric acid in 
biological fluids. J Biol Chem 1947; 170:597.

81.9 Yalow RS, Berson SA. Assay of Plasma In-
sulin in human subjects aby Immunologi-
cal Methods. Nature 1959; 184:1648. See 
also ref. 70.8.

81.10 Skeggs LT. Principles of automatic chemi-
cal analysis. Stand Methods Clin Chem
1965; 5:31.

Donald Dexter Van Slyke

Quantitative Clinical Chemistry, Vol. I
Interpretations, Vol. II Methods.

Baltimore: The Williams and Wilkins Co; 1931–1932.

Donald Dexter Van Slyke
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In 1916 Ivar Bang (1869–1918) introduces new analytic techniques that require only a tenth of the
blood volume previously needed in clinical chemistry. The illustrations show Bang’s apparatus for
microdetermination of blood glucose and lipid levels (top) and for improved micro-Kjeldahl analy-
sis of blood urea nitrogen (bottom).
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1893 sees Wilhelm Ostwald (1853–1932) publish the first investigation on the dissociation of wa-
ter. His work lays the foundation of all future hydrogen ion (pH) measuring instruments, such as
the one shown here from 1934.

The micro-Scholander technique of blood handling is introduced in 1947 and reduces a thousand
fold the volume of blood previously needed for chemical analysis. 
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John Severinghaus and the first
3-electrode blood-gas appara-
tus with a Beckman/Clark oxy-
gen electrode, a Stow/Sever-
inghaus carbon dioxide elec-
trode and a McInnes/Belcher
pH electrode. It takes about a
decade to develop a fully auto-
mated system. The first, built
by Radiometer A/S in 1973, is
shown below.
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In 1959 Solomon Berson
(1919–1972) and Rosalyn
Yalow (shown here in her
laboratory) conceive the ra-
dioimmunoassay technique,
which makes it possible to
measure specific proteins and
hormones at exceptionally
low concentrations. The text
reports their results from the
first study involving human
insulin.

The introduction of many
useful tests in clinical chem-
istry drastically increases the
volume of analysis to be per-
formed. In the mid-1950s
Leonard Skeggs (1918–1997)
starts work on the automa-
tion techniques that are now
an indispensable part of all
clinical chemistry laborato-
ries. The diagram from an
important paper of Skeggs in
1965 shows the principle pro-
posed by him for a multiple
analytic system that would
eliminate what he called the
“train of test tubes”.
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The block diagram of the experimental television system tested in New York in 1931. The camera (“iconoscope” ) and the re-
ceiver (“kinescope”) are both based on cathode ray tube technology, as is apparent from the photographs. 
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worykin was born in Mourom, Russia, in 1899, the son
of an affluent family. He graduated in St. Petersburg
and studied at the Collège de France in Paris before emi-
grating to the United States in 1919. While working for

Westinghouse, he earned a Ph.D. in physics at the University of
Pittsburgh and also invented electronic television components
and systems. The Radio Corporation of America (RCA) was inter-
ested in exploiting these inventions and in 1929 Zworykin was
named director of their electronics research laboratory. After re-
tiring from RCA in 1954, he directed the Medical Electronics Cen-
ter at the Rockefeller University. He died in 1982, having received
numerous awards for his work on television systems. 

zworykin describes a new, truly electrical television system
where the visual image is translated into an electrical signal by a
vacuum tube called an “iconoscope” (82.1). This device is “a virtu-
al electric eye and consists of a photo-sensitive mosaic correspon-
ding to the retina of the human eye, and a moving electron beam
representing the nerve of the eye”. Then the “kinescope” (cathode
ray tube (82.2)) reproduces the image with an electron beam scan-
ning over a fluorescent screen. The paper details the characteris-
tics of the system and its components, shows pictures of the equip-
ment and gives examples of transmitted images.

in perspective:

Electro-mechanical systems for image transmission were proposed by LeBlanc,
Lucas and Nipkow during the 1880s and built by Baird in 1925 (82.3). In 1908
Swinton suggested that an all-electronic television system could be built using
scanned electron beams both in the camera and the display unit (82.4). Farns-
worth (82.5) and Zworykin (82.6) invented the electronic television almost si-
multaneously. RCA first operated its system in 1932 (82.7). Based on experiences
from the work on television, Zworykin designed the first scanning electron mi-
croscope (82.8) and reading aids for the blind (82.9). Also, by the early 1950s the
image intensifiers could be used to greatly facilitate the visual evaluation of X-ray
images (82.10). Closed-circuit television was introduced for the teaching of sur-
gery in 1949 (82.10). Clinical monitoring of patients first became a reality when,
in the 1960s, the widespread public use of television brought component costs
down. Although liquid crystal displays (82.11) and plasma displays (82.12) are
now preferred whenever compactness, very high resolution or low power con-
sumption is required, television-based systems are still standard for clinical moni-
toring of the patient or when following medical procedures in real time. 

82.1 Zworykin VK, Morton GA. Television. The 
electronics of image transmission. New York: J 
Wiley; 1940.

82.2 Braun F. Ueber ein Verfahren zur Demon-
stration und zum Studium des zeitlichen 
Verlaufes variabler Ströme. Ann Phys Chem
1897; 60:552. 

82.3 Dinsdale A. Television. London: Sir I.Pit-
man & Sons; 1926.

82.4 Cambell-Swinton AA. Distant Electrical 
Vision. Nature 1908; 78:151. See also ref. 
82.1 p225. 

82.5 Farnsworth PT. Television system. US Patent 
1,773,980 1930. (filed 1927) also ref. 82.1 
p230.

82.6 Zworykin VK. Television system. US Patent 
2,141,059 1938. (filed 1923)

82.7 Zworykin VK. Description of an experi-
mental television system and the kine-
scope. Proc IRE 1933; 21(12): 1655.

82.8 See ref. 83.7.
82.9 Zworykin VK, Flory LE, Pike WS. Research 

on reading aids for the blind. J Frankl Inst 
May 1949. p483.

82.10 Zworykin VK. Television techniques in biology
and medicine. In: Adv Biol Med Phys Vol.V 
Lawrence JH, Tobias CA. editors. New 
York: Academic Press; 1957.

82.11 See ref. 80.9 and ref. 80.10.
82.12 Bitzer DL, Slottow HG. Principles and 

Applications of the Plasma Display Panel.
Proc.1968 Microelectr. Symp.IEEE. St 
Louis; 1968.

Vladimir Kozma Zworykin

Television.
J Franklin Institute 1934; 217(1):1.

Vladimir Kozma Zworykin
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A model of an early television
receiver built in Germany
around 1906 using the cathode
ray tube invented by Ferdinand
Braun (1850–1918) in 1897.

A diagram of the principle of
“distant electrical vision”, the
first entirely electrical televi-
sion system proposed in 1908
by A Cambell-Swinton.

Philo Farnsworth (1906–1971)
standing next to his television
apparatus. In 1927 he applies
for a patent for the invention of
a dissector tube for electronic
image generation and eight
years later he is awarded the pri-
ority of invention for the elec-
tronic television.
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Cover of the first issue of the first television magazine that appeared in 1928.

A well-known Disney character shown by the experimental television system
of 1931 and the chassis of the television receiver shown in picture 82:2. The
mirror in the lid allows the viewer to see the television (“kinescope”) screen.
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In 1949 Vladimir Zworykin (1889–1982) develops a reading
device for the blind using a system employing optical scan-
ning and electronic signal processing. The scanning head and
its principle of operation are shown together with the consid-
erable bulk of electronics needed for letter recognition. The
system also includes a sound generating system that can artic-
ulate the letters.
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The building blocks and the 
implementation of a television
system for fluoroscopy in the
mid-1950s.

In 1949 television is used for
the first time for teaching sur-
gery. The picture shows a TV
Eye camera transmitting an ear
fenestration operation in 
Pittsburgh in the mid-1950s.
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The first prototype electron microscope,
having a magnification of about 30,000,
is built in 1938. The functional parts are
explained with the analogous optical 
microscope elements shown on the left.
The photographs show a direct compari-
son between optical (bottom) and elec-
tron microscope images of a thin film of
colloid silver particles.
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uska was born in Heidelberg in 1906. He completed his
technical training at Brown-Boveri and Siemens &
Halske and entered the Technical College of Berlin in
1927. As a student working on cathode ray oscilloscopes,

he invented a superior magnetic lens for focusing electrons (83.1).
After receiving his doctorate, Ruska worked at Fernseh Ltd on tele-
vision receivers and photoelectric cells but returned to Siemens &
Halske three years later to build the “supermicroscope” at the
newly established laboratory for Electron Optics. From 1955 until
his retirement in 1974, he headed the Institute for Electron Mi-
croscopy at the Fritz Haber Institute in Berlin. Two years before
his death in 1988, he was awarded the Nobel Prize in Physics.

together with von Borries, Ruska presents preliminary re-
sults obtained with a prototype electron microscope having a reso-
lution of about 10–5m at 80 kV. Images such as those of bacteria at
20,400 times magnification illustrate the performance of the in-
strument. The improved magnification of 30,000 is achieved with
better design and the use of materials with more suitable magnetic
properties than those previously employed in the laboratory mod-
els (83.2). The authors predict that, with advances in magnetic
lens design and more stable electronics, further significant im-
provements could be achieved.

in perspective:

De Broglie’s concept that particles could be treated as waves (83.3) and the subse-
quent development of quantum physics laid the foundation for many of the tech-
nical advances of the 1930s, including the electron microscope. In 1934, Marton
was the first to use electron microscopy to study biological samples (83.4) and, a
decade later, improved sample preparation techniques allowed a more general ap-
plication of the instrument to biomedical problems (83.5). In 1938 von Ardenne
operated the first scanned Transmission Electron Microscope (83.6) and four
years later Zworykin invented the Scanning Electron Microscope (SEM) (83.7).
During the 1950s Oatley and his students gradually improved the SEM design
(83.8) and, with advances in detector technology (83.9), the first commercial in-
struments were produced in 1965 (83.10). Today there are more than fifty thou-
sand SEM units worldwide, revealing structure and topography down to dimen-
sions of about 25 10-10m. TEMs can have around ten times better resolution and
give views on a truly atomic scale. Nowdays, the local composition of the sample
can also be determined from connected instrumentation analysing the secondary
events produced by the electron beam/target interaction. Both SEM and TEM
techniques are fundamental tools of biomedical research (83.11).

83.1 Ruska E, Knoll M. Die Magnetische Sam-
melspule fuer schnellen Elektronenstrah-
len. Z techn Phys 1931; 12:389 and p448. See 
also ref. 64.9.

83.2 Knoll M, Ruska E. Beitrag zur geometeri-
schen Elektronenoptik I und II. Ann Phys
1932; 12:607 and p641.

83.3 De Broglie L. Recherches sur la theorie des 
quanta. These Paris: Masson & Cie; 1924.

83.4 Marton L. Electron microscopy of biologi-
cal objects. Phys Rev 1934; 46(2):527. See 
also ref. 83.5 p501. 

83.5 The Beginnings of Electron Microscopy. 
In: Advances in Electronics and Electron 
Physics. Hawkes PW. Editor. Academic 
Press; 1985. p167 and p43.

83.6 von Ardenne M. Das Elektronen-Raster-
mikroskop. Z Phys 1938; 109:553. See also 
ref. 83.5 p1.

83.7 Zworykin VK, Hillier J, Snyder RL. A scan-
ning electron microscope. ASTM Bull 1942; 
117:15.

83.8 Oatley CW.: The Scanning Electron Micro-
scope. Cambridge: Cambridge University 
Press; 1972. also see ref. 83.5 p443.

83.9 Everhart TE, Thornley RF. Wide-band de-
tector for micro-microampere low-energy 
electron currents. J Sci Instrum 1960; 3
7:246.

83.10 Stewart AD, Snelling MA. A new scanning 
electron microscope. Proc 3rd Eur Conf Elec-
tron Microscopy Prague; 1965. p55.

83.11 Electron Microscopy in Medicine and Biology. 
Gupta PD, Yamamoto H. editors. Science 
Publ. Inc; 2000.

Ernst Ruska

Vorläufige Mitteilung über Fortschritte
im Bau und in der Leistung des Über-
mikroskopes.

Wiss Veröffent a d Siemens-Werken 

Berlin: Springer J; 1938; 17:99.

Ernst Ruska
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Visualisation of electron
beams when manipulated in
analogy to optical rays, from
the very first report on elec-
tron microscopy in 1932.

In 1934 Ladislaus Marton
(1901–1979) is the first to use
electron microscopy for
studying a biological sample.
His microscope is shown
here, together with the first
electron micrograph of a
bacteriological specimen 
obtained by him in 1937.
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Manfred von Ardenne (1907–1997)
builds the first scanning transmission
microscope (see top picture) in 1938.
Two years later he takes the first stereo-
scopic images with this instrument.

The first commercial, series-produced
electron microscope is released by
Siemens AG in 1939. 
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Vladimir Zworykin (1889–1982) in-
vents the scanning electron microscope
in 1942. The block diagram and the 
instruments are shown together with an
image obtained showing an etched
nickel surface at about 500 Å resolution. 
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A major advance in the preparation of bio-medical samples for
electron microscopy is the development in the early 1950s of the
ultramicrotome technique, which could produce serial ultrathin
(20–100 Å) sections of plastic-embedded or frozen samples. The
pictures show the device and a cross section view of the photore-
ceptors from the compound eye of a moth, a difficult sample to
prepare.

Charles Oatley (1904–1996) heads a research team in
Cambridge that for almost two decades persistently
advances the technology of scanning electron micro-
scopy. Their work leads in 1965 to the introduction of
the first commercially produced unit, the Stereoscan.
The picture shows the prototype of this instrument
from 1964. 
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The introduction of the
landmark paper of Archer
Martin (1910–2002) and
Richard Synge (1914–
1994) on what is now
called partition chromato-
graphy. It lays the founda-
tions of one of the most
frequently used analytical
techniques in bio-medical
sciences. 

84:184:1



artin was born in 1910 in London. He came to Cam-
bridge University in 1929 with the intention of be-
coming a chemical engineer but eventually specia-
lised in biochemistry. After graduating in 1932, he

worked at the Dunn Nutritional Laboratory but left six years later
to join Wool Industries Research Association at Leeds. Here, in
collaboration with Synge, he developed the method of partition
chromatography. Martin was appointed head of the Division of
Physical Chemistry at the National Institute of Medical Research
in 1952 and in the same year shared the Nobel Prize in Chemistry
with Synge. Martin died in 2002.

martin and Synge present a theory of chromatographic separa-
tions using the “theoretical plate” concept and show that a chro-
matogram employing the partition of solutes between two liquid
phases, one mobile (chloroform) and one stationary (water), exhibits
about a 500 times higher separation efficiency than the best extrac-
tion and distillation columns. Silica prepared with methyl-orange in
water as column packing is used as the stationary phase for separating
monoamino-acids. It is noted that small particle diameter and high
pressure over the column increase its efficiency. The general applica-
bility of the method using suitable phase pairs and the fact that “the
mobile phase need not be a liquid but may be a vapour” is pointed out. 

in perspective:

Partition chromatography quickly overtook the absorption methods introduced
by Tswett (84.1). In paper chromatography, invented in 1944 (84.2), two solvents
produce separation in a perpendicular direction on the sheet of a paper that acts as
the stationary support. This technique was later replaced by thin-layer chro-
matography and various forms of electrophoresis (84.3). Size-exclusion chro-
matography (SEC), where separation is achieved based on molecular size, was in-
troduced in 1959 (84.4) and is still an important technique. Specific interactions
between biochemical compounds or between specific ions are the bases of affinity
and ion exchange chromatography (IEC) (84.5). New packing materials and high-
er column pressures (a favourable design already suggested in the work cited
above) led to high-performance liquid chromatography (HPLC) (84.6). Gas-liq-
uid chromatography (GLC), also suggested in the original publication, was first
announced by Martin in his Nobel Lecture (84.7). It is now among the most wide-
ly-used analytical techniques in the world. GLC with support coated open tubu-
lar (SCOT) capillary columns (84.8) provides very high separation efficiencies in
small volumes. Gas chromatography and liquid chromatography, in combination
with mass spectrometry or infrared spectroscopy, offer powerful techniques for
the separation and identification of biomedical substances and molecules (84.9).

84.1 See #73 Tswett page 376.
84.2 Consden R, Gordon AH, Martin AJP. 

Quantitative Analysis of Proteins: A Parti-
tion Chromatographic Method Using Pa-
per. Biochem J 1944; 38:224. See also ref. 
73.5, ref. 73.6, and ref. 73.7.

84.3 Ettre LS, Kalász H. The Story of Thin-layer 
Chromatography. LC*GC North America 
2001; 19:712.

84.4 Porath J, Flodin P. Gel filtration: A method
for desalting and group separation. Nature
1959; 183:1657.

84.5 Sanger F. The chemistry of insulin. Nobel 
Lecture Stockholm; 1958. for the impor-
tance of IEC and paper chromatography in 
the determination of the amino acid se-
quence of insulin.

84.6 Ettre LS. Evolution of Liquid Chromato-
graphy: A Historical Overview. In: 
Horváth C. editor. High-Performance Liquid 
Chromatography Vol. I. New York: Acade-
mic Press; 1980.

84.7 Martin AJP. The development of partition 
chromatography. Nobel Lecture Stockholm; 
1952.

84.8 Bente PF, Zenner EH, Dandeneau RD. Sili-
ca chromatographic column. US Patent 
4,293,415 1981.

84.9 A Century of Separation Science. Issaq HJ. edi-
tor. New York: M.Dekker; 2002. See also 
#79 Aston page 406 and #97 Wagner-
West page 504.

Archer J. P. Martin

A New Form of Chromatogram
employing Two Liquid Phases.

1. A theory of chromatography 2. Application to the micro-

determination of the higher monoamino-acids in proteins.

Biochem J 1941; 35:1358.
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This paper from 1944 presents the
modern technique of paper chro-
matography. The illustrations show
an example of its use and a drawing
of the simple apparatus employed.
Paper chromatography has subse-
quently played a significant role in
the progress of molecular biology,
i.e. in the determination of the
amino acid sequence of insulin. 
For more information on the work
of Schönbein and Goppelsroeder
mentioned in the introductory 
section of the paper, see #73 and 
#77.
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Chromatographic apparatus, 
including paper chromatographic
equipment from the late 1940s.

Martin recognises, back in 1941,
that gas can be used to great 
advantage as the mobile phase in
chromatography. However, seri-
ous work is first described, quite 
casually, in his Nobel Lecture of
1952. The picture shows a gaschro-
matograph from the early 1960s.
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The ENIAC (electronic numerical
integrator and computer) is built
in 1945 by John Presper Eckert
(1919–1995) and John William
Mauchly (1907–1980). It is the
first large-scale general-purpose
electronic digital computer.
Weighting 30 tons and consuming
170 kW energy, the machin makes
5,000 additions and 300 multipli-
cations per second. As is shown by
the two photographs, the program
is set up using a table on wheels
that is pushed around in the room.
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ckert was born in 1919 in Philadelphia. He graduated in
1941 from the Moore School of Electrical Engineering at
the University of Pennsylvania. While teaching there he
met and became friends with Mauchly. Mauchly, a physi-

cist who was born in Cincinnati in 1907, had an interest in weather
forecasting and was looking to improve the capacity of calculators.
He wrote a proposal for a superior electronic computer (85.1) and,
with the financial support of the US Army, he and Eckert were able
to complete the ENIAC (Electronic Integrator and Computer) in
1946. In 1948 they started up the Eckert-Mauchly Computer Cor-
poration, which produced the first UNIVAC (Universal Automatic
Computer) machine in 1951. After selling the company, both men
worked as directors in the computer industry they had founded.
Mauchly died in 1980, with Eckert surviving him by fifteen years.

this first presentation of the ENIAC is co-authored by Brain-
erd, the project administrator, and Goldstein, the military mentor
of the project. While Mauchly contributes the overall design phi-
losophy, it is Eckert’s engineering skills, along with his insistence
on a wide margin of error for each component and on a modular
design, which achieve sufficient reliability of function. Out of a to-
tal of almost 18,000 vacuum tubes, on average only 20 fail each
day and these can be quickly found and replaced. The ENIAC
weighs 30 tons and consumes 170 kW of energy. The program is
set on switches and the machine carries out 5,000 additions and
300 multiplications per second.

in perspective:

Schikard described a mechanical calculator in 1623, but Pascal built the first de-
vice, which is still extant (85.2). In 1703 Leibniz introduced binary arithmetics
(85.3) and in 1854 Boole developed the two-valued algebra used today in all com-
puter programming (85.4). At bout the same time Babbage conceived an “analyt-
ical engine” (85.5)(85.6) with many features of modern computers, but it took an
other century before Zuse, Stibitz and Aiken built the first programmable electro-
mechanical computers (85.6)(85.7). Remarkably, the ENIAC remained in use for
ten years, even though the UNIVAC was already about 20 times faster. In 1948
Bardeen and Brattain invented the transistor (85.8) and a decade later Kilby and
Noyce designed the first integrated circuit (85.9). When Intel introduced the
4004 microprocessor chip in 1971, a computation power similar to the ENIAC
was placed on a 5 mm2 surface. Multi-channel cochlear implants (85.10) and arti-
ficial vision systems (85.11) are just two recent examples where advanced micro-
electronics and software provide help to the sensorily impaired patient.

85.1 Mauchly JW. The use of high speed vacuum
tube devices for calculating. In: The Origins 
of digital Computers: Selected Papers. Randell 
B. editor. Berlin: Springer; 1973. p329.

85.2 Pascal B. Oeuvres 5 vols. 1779. Machine 
Arithmétique. Vol.4 1645. p7.

85.3 Leibniz GW. Opera Omnia 6 vols. 1768. Ex-
plication de l’arithmétique binaire. Vol. III 
1703. p390.

85.4 Boole G. An investigation of the laws of 
thought, on which are founded the mathematical
theories of logic and probabilities. London; 
1854. 

85.5 Menabrea LF. Sketch of the Analytical Engine 
invented by Charles Babbage. London; 1843.

85.6 Hooke DH, Norman JM. Origins of Cyber-
space. A Library on the History of Computing, 
Networking, and Telecommunications. Nova-
to: historyofscience.com; 2001. 

85.7 Ref. 85.6 presents the genealogy of the first 
general-pupose programmable digital 
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historic material up to 1990.

85.8 Bardeen J, Brattain WH. The Transistor, A 
Semi-Conductor Triode. Phys Rev 1948; 74 
(2):230.
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The invention of the integrated circuit. Nobel 
Lecture Stockholm; 2000.

85.10 Clark GM. Cochlear implants in the third 
millennium. Am J Otol 1999; 20:4.

85.11 Dobelle WmH. Artificial Vision for the 
Blind by Connecting a Television Camera 
to the Visual Cortex. ASAIO J 2000; 46:3.
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Description of the ENIAC and Com-
ments on Electronic Digital Computing
Machines.

National Defense Research Committee 1945.
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The first mechanical calculator
was designed by Wilhelm
Schickard (1592–1635) around
1623, but the first device still
extant today was built by
Blaise Pascal (1623–1662) in
1645. Pascal’s portrait and his
drawing of the calculator are
shown.

Wilhelm Leibniz (1646–1716) not only invents a mechanical calculator for multiplication, he also conceives differential calcu-
lus and in 1703 introduces binary arithmetic, the foundation of all calculations performed by modern computers. The first
pages of this pioneering publication are reproduced here. 
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Helmut Schreyer (1912–1984)
and Konrad Zuse (1910–1975)
are shown in this picture while
working on the Z1 computer
in 1936. The Z1 is an electro-
mechanical device and the
world’s first digital computer. 

Around 1940 John Atanasoff
(1903–1995) builds an elec-
tronic digital computer. The
device is never fully opera-
tional but influences Mauchly
when he designs the structure
of the ENIAC.

During the 1830s Charles Babbage (1791–1871) builds mechanical calculators with structure and concepts remark-
ably similar to modern computers. Only parts of his designs have survived for posterity. The picture on the right
shows a portion of his Difference Engine I from 1832 and the picture in the middle depicts a model of the mill and
the printing parts of his Analytical Engine from the late 1830s.
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Mauchly (left) and Eckert at the console of a UNIVAC
I machine. The UNIVAC (universal automatic com-
puter) is about twenty times faster than the ENIAC.
It is introduced in 1951 by Eckert and Mauchly’s Elec-
tronic Control Company.

The first book from 1957, giving a general introduc-
tion to computer programming.

The beginning of the famous paper of John Bardeen
(1908–1991) and Walter Brattain (1902–1987) 
reporting the invention of the transistor.

The first integrated circuit is built by Jack Kilby a
decade after the invention of the transistor. It is an
electronic oscillator system about 1.5✕11 mm in size. 
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The circuitry (in two different magnifi-
cations) of the Intel 4004, the first mi-
croprocessor chip produced. When in-
troduced in 1971 this central processing
unit places a computation power simi-
lar to the ENIAC on a 5 mm2 surface.

Two applications exemplifying the uses
of microelectronics and microproces-
sors in modern medicine. Left, the mi-
croelectronic part of a sophisticated
cochlear implant hearing aid and on the
right, part of the electronics in an ad-
vanced pacemaker for cardiac support. 
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The title page of Willem Kolff ’s thesis, where he describes in detail the construction and use of a new large surface area artifi-
cial kidney. The illustrations show the principle of operation of the apparatus and a photograph of the first units built. Using
cellophane tubing wound around a rotating drum that is partially immersed in dialysing fluid, Kolff treats fifteen patients. Al-
though all of them die as a result of uraemia, the equipment and the procedure are soon acknowledged as a major advance.
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olff was born in Leiden in 1911 and decided to follow in
his father’s footsteps and become a physician. After re-
ceiving his M.D. from the University of Leiden in 1938
he started postgraduate work at the University of

Groningen but in 1940, when the Netherlands was occupied, he
moved to the municipal hospital of Kampen, where he developed
the first crude artificial kidney in 1943 (86.1). He received his
Ph.D. in 1946 on the thesis cited below and joined the research
staff of the Cleveland Clinic Foundation in 1950. Kolff moved to
the University of Utah in 1967, where he was appointed professor
of surgery and director of the Institute of Biomedical Engineering,
a position he held until his retirement in 1986.

kolff’s thesis presents in some detail the design of the artificial
kidney and gives case reports for the first fifteen patients treated
between March 1943 and July 1944. The dialysis machine is made
up of cellophane tubings wound around a rotating drum that is
partially immersed in a dialysing fluid. Among the problems en-
countered are bleeding due to the administration of heparin, diffi-
culties in cannulating the patients, maintaining undamaged ves-
sels and restoring the proper electrolyte balance. The deaths (all
patients died) are reported to be a consequence of uraemia and not
due to the dialysis procedure.

in perspective:

Kolff ’s work was based on Abel’s “vividifusion” technique from 1913 (86.2), the
discovery in 1908 and subsequent development of the cellophane membrane
(86.3) and the new anticoagulant, heparin (86.4). Kolff ’s dialyser machine proved
a success and led to renewed interest in peritoneal lavage (86.5), a technique for
treating uraemia that first became viable in the 1980s, when newly designed peri-
toneal catheters could be left permanently in place. Today both synthetic and cel-
lulose-based membranes are available for tailoring haemodialysis therapy (86.6)
and heparin levels can be accurately controlled. Gibbon performed the first open
heart surgery in 1953, but as early as 1938 he used membrane technology to oxy-
genate venous blood (86.7). More recently, extracorporeal membrane oxygena-
tion (ECMO) has been introduced as a cardiopulmonary support, primarily in
neonatal intensive care units (86.8). Kolff was instrumental in the development of
heart-lung machines (86.9), circulation assist devices (86.10) and the Jarvik-7 ar-
tificial heart (86.11)(86.12), which was first implanted into a human in 1982. To-
day kidney and heart transplants are attractive alternatives to the use of artificial
organs for treating severe renal or circulatory failure. 

86.1 Kolff WJ, Berk HJ. The Artificial Kidney: 
A Dialyzer with a Great Area. Acta med 
Scand 1944; 117:121.

86.2 See #77 Abel page 396 particularly ref. 
77.9. Also ref. 63.3, ref. 63.4 and ref. 46.8.

86.3 Charch DH. Moistureproof Material. US 
Patent 1,737,187 1929. (Filed 1927)

86.4 Murray DWG, et al. Heparin and the 
thrombosis of veins following injury. 
Surgery 1937; 2:163.

86.5 Kolff WJ. New Ways of Treating Uraemia. 
London: J & A Churchill Ltd; 1947.

86.6 Cheung AK, Leypoldt JK. The Hemodialy-
sis Membranes: A Historical Perspective, 
Current State, and future Prospect. Semi-
nars in Nephrology. 1997; 17(3):196.

86.7 Gibbon JH. An oxygenator with a large 
surface-volume ratio. J Lab Clin Med 1939; 
24:1192.

86.8 Bartlett RH, et al. Exctracorporeal mem-
brane oxygenation (ECMO) cardiopul-
monary support in infancy. Trans Am Soc 
Artif Intern Organs 1976; 22:80.

86.9 Dubbleman CP. Attempts to Design an Ar-
tificial Heart-Lung Apparatus for the Hu-
man Adult (thesis). Acta Physiol Parm Neer-
landica 1953; 2:1. 

86.10 Kolff WJ. Artificial Organs. New York: John 
Wiley & Sons; 1976.

86.11 Jarvik RK. The Total Artificial Heart. Scien-
tific American 1981; 244 (1):74.

86.12 Kolff WJ. The Artificial Heart. Encyclopedia 
of Human Biology. Vol.I Academic Press Inc; 
1991. p386.

Willem Johan Kolff

De Kunstmatige Nier.
Kampen: Drukkerij Kok JH; 1946.

Willem Johan Kolff
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Nils Alwall (1904–1986) starts
the first clinic specialised in
dialysis in 1947. He pioneers
the ultrafiltration technique
and introduces the principle of
hemofiltration. The picture on
the right shows him at work in
around 1960. Five years later
he invents the plate dialyser,
which in 1972 leads to the in-
troduction of the first all-plas-
tic disposable dialyser unit
(shown below). 

John Gibbon (1903–1973) 
develops the first efficient
artificial oxygenator in 1938. 
The device shown here is his
second design, which has a
large surface-volume ratio.
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Gibbon also pioneers the 
development of heart-lung
machines. In 1949 he designs
the first prototype unit, which
is then built by IBM Corp. 
His second apparatus, shown
in the photographs, is success-
fully used at the first heart 
bypass surgery that takes place
on 6 May 1953. The picture
below left is taken on this oc-
casion.

A heart-lung machine from
the late 1950s constructed by
Dennis Melrose, who in 1955
introduces a method of inject-
ing potassium citrate and then
potassium chloride to stop the
beating of the heart, thereby
greatly facilitating the work of
the surgeon.
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The principle of an ECMO
(extra corporeal membrane
oxygenation) procedure and a
photograph (taken 1981)
showing the original clinical
implementation. The method
is introduced in 1975 by
Robert Bartlett for the tempo-
rary treatment of neonates
with lungs unable to provide
gas exchange adequately. 
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Robert Jarvik with his prototype artificial
heart in 1973. In 1981, one year before his
Jarvik-7 artificial heart was implanted into a
human, Jarvik proposes a prospective arti-
ficial heart system shown by the drawing (up-
per right). His idea can be compared to a re-
cent experimental device, the AbioCor artifi-
cial heart, shown in the middle picture and to
the principle of its use explained by the dia-
gram (right). The Jarvik 2000 device held in a
hand is an experimental electrically powered
axial flow pump, to be placed in the left ven-
tricle as a bridge to subsequent transplant sur-
gery.
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In 1950 Carl-Gunnar Engström (1912–1987) invents a respirator that 
allows efficient control of the gas volume delivered to the patient and also
allows for active exhalation. It can be used both for adults and children
and it is the first apparatus suitable for long-term ventilation as well as for
use during anaesthesia. The device is introduced internationally in
Copenhagen in 1951 and soon plays a major role when combating the se-
vere polio epidemic that erupts in Denmark a year later. The photographs
show Engström adjusting one of the first production units, the device in
use on a child and in the operating room. 
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ngström was born in Oskarshamn in 1912. After study-
ing at Karolinska Institutet, he received his M.D. in 1941
and started to work at Epidemisjukhuset in Stockholm.
While treating a patient suffering from poliomyelitis,

he recognised the advantage of providing controlled insufflation
volume and active expiration and designed a new respirator to
achieve these objectives (87.1). Engström became convinced,
through frequent blood gas analysis, that respiratory insufficiency
was also a major problem (87.2) in diseases of other aetiology than
poliomyelitis. His respirator came to good use in 1952, when a ma-
jor polio epidemic erupted in Denmark (87.3). Engström’s pio-
neering work on the use of ventilators in thoracic surgery and in
intensive care is summed up in his thesis from 1963 (87.4).

Engström introduces his new respirator by stating in the
conclusion of this paper: “In order to make it possible to apply the
suggested prone postural drainage in cases of bulbar poliomyelitis
accompanied by respiratory paralysis, a new aggregate for artifi-
cial respiration also applicable to the prone position was con-
structed. This unit gives active exhalation but also can be synchro-
nised to give active inhalation by the use of a face mask or a tra-
cheal cannula.”

in perspective:

In 1543, Vesalius performed the first intubation, followed by artificial ventilation
of a sow (87.5). Subsequently, respiration experiments were made primarily to
clarify the physiology of breathing but later also to develop resuscitation tech-
niques and to improve the delivery of inhalation anaesthetics (87.5). The risk of
overdistending the lungs with excessive pressure was soon recognised (87.6) and
devices were developed that instead produced a negative pressure around the
whole body (iron lungs) (87.7)(87.8) or just around the thorax (cuirass ventila-
tors) (87.9). In a paper following the one cited above, Engström and Svanborg re-
port clinical cases showing how inadequate cuirass respirators could be for polio
patients (87.2). Controlled volume positive pressure respirators also enabled the
first prolonged treatment of patients with serious lung impairment (87.10). Me-
chanical respirators were able to provide some information on lung physiology
(87.4)(87.10), but it was with the introduction in the 1970s of ventilators with
electronic control (87.11) that these features could be clinically exploited. Today
more than a hundred thousand ventilators are in use, many with advanced breath-
ing modalities and some providing information on lung mechanics and, together
with gas analysers, on the efficiency of the gas-exchange process.

87.1 Engström C-G. Dubbelverkande respirator.
Svensk Patent 141554 1953. (Filed 1950).

87.2 Engström C-G,Svanborg NA. The Impor-
tance of CO2 Retension by Respiratory Insuff-
ciency Caused by Poliomyelitis. Same reference
as the landmark paper cited p431.

87.3 Lassen HCA. Management of Life-Threaten-
ing Poliomyelitis Copenhagen 1952–1956. 
London: E & S Livinstone Ltd.; 1956. See 
also ref. 14.8 Chap. XVII.

87.4 Engström C-G. The clinical application of 
prolonged controlled ventilation: with 
special reference to a method developed by 
the author. Acta Anaesth Scand Suppl 13 
1963.

87.5 See ref. 1.6 Liber VII (the last two pages) 
also #11 Hooke page 72, #23 Kite page 
128, #47 Snow page 248 and #57 
Trendelenburg page 294 and references 
57.9–57.11. 

87.6 Leroy D’Etoilles JJJ. Reserches sur l’as-
phyxie. J Physiol 1827; 7:45.

87.7 Woillez E. Sur le spirophore, appareil de 
sauvetage pour les asphyxiés principale-
ment pour les noyés et les enfants nouveau-
nés. C R Acad Sci 1876; 82:1447. Also see 
Scientific American 1876; XXXV(25).

87.8 Drinker P, Shaw LA. An apparatus for pro-
longed administration of artificial respira-
tion.I. A design for adults and children.
J Clin Invest 1929; 7:229.

87.9 Eisenmenger R. Therapeutic application of
supra-abdominal suction and compressed 
air in relation to respiration and circula-
tion. Wien med Wochenschr 1939; 89:1032.

87.10 Norlander OP. The use of respirators in 
anaesthesia and surgery. Acta Anaesth Scand
Suppl 30 1968. 

87.11 Nordström L. On automatic ventilation. 
Acta Anaesth Scand Suppl 47 1972.

Carl-Gunnar Engström

Treatment of Bulbar Poliomyelitis by
Special Postural Drainage.

The Second International Poliomyelitis Conference 

Copenhagen 1951. Philadelphia: J. B. Lippincott Co.; 1952. p429.

Carl-Gunnar Engström
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The “iron lung” concept of ventilation is introduced
in 1876 by Eugéne Woillez (1811–1882). The device,
the “Spirophore”, creates a negative pressure (suction)
around the body, reducing the risk of overdistending
the lungs. An interesting feature of the device (see the
announcement reproduced from the Scientific Ameri-
can magazine from the same year) is a rod that is rest-
ing on the chest of the patient to indicate its move-
ments and thereby the efficiency of the ventilation
provided. 

In 1827 Jean Leroy d’Etoilles (1798–1860), recognising
the risks associated with high pressure in the lungs, con-
structs a bellows that can limit the pressure produced
during artificial ventilation. 

87:6
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Clinical cases of polio-
myelitis, monitored with
regular blood gas determi-
nations, make 
Engström realise that 
carbon dioxide retention is
also a major problem in
diseases of other aetiology.
He also finds (see part of
his scientific exhibit from
1951 shown) that the
cuirass type of ventilator
(similar to iron lungs but
only covering the thorax)
often fails to provide ade-
quate carbon dioxide elim-
ination. These observa-
tions soon lead not only to
his improved mechanical
ventilator, but also to new
technologies for blood gas
determinations that can be
used in routine clinical
work (see #81). 
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In 1971 Sven-Gunnar Olson
introduces the first electrical-
ly controlled ventilator (the
Servo Ventilator 900). The 
illustrations on the opposite
page show the device and its
principle of operation. The
electrical system not only
controls both the inspiratory
and the expiratory phases of
breathing, it also provides, as
is shown by the tracings (top
right), signals for airway pres-
sure and flow during the en-
tire breathing cycle. These
features make it possible, for
the first time, to monitor con-
tinuously the patient’s lung
mechanical parameters, infor-
mation of significant diagnos-
tic value.

A picture showing the Eng-
ström ventilator and carbon
dioxide analyser (seen on top
of the ventilator) built three
decades after the introduction
of the first original model.
The device uses microproces-
sor technology to monitor
physiological parameters of
the ventilated patient such as
lung mechanics, gas exchange
and energy expenditure. It is
also capable of adapting to the
variable respiratory effort of
the patient, always maintain-
ing a pre-set ventilation level.
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The seminal paper on the structure of the DNA (deoxyribonucleic acid) molecule. The proposed configu-
ration is made up of two helical ribbons of alternating sugar and phosphate. Purine-pyrimidine base pairs
attached to the sugar bind the ribbons together by hydrogen bonding. 

88:1



atson was born in Chicago in 1928 and obtained his
Ph.D. in zoology from the University of Indiana. In
1951 he moved to the Cavendish Laboratory in Cam-
bridge and, in collaboration with Crick, worked out

the structure of DNA. He subsequently directed the Cold Spring
Harbor Laboratory of Quantitative Biology and from 1988 to
1992 also headed the National Center for Human Genome Re-
search at the NIH. Crick was born in 1916 near Northampton and
held a B.Sc. in physics from University College London. After de-
veloping radar devices during World War II, he was working on
his thesis when he became involved with the DNA structure prob-
lem. In 1976 he moved to the Salk Institute and turned his re-
search interest to the functioning of the brain. In 1962 Watson
and Crick shared the Nobel Prize in Medicine with Wilkins. 

watson and Crick present the correct structure of the DNA
molecule. They describe the geometry of two helix chains of alter-
nating sugar and phosphate. Along the chains two purine and two
pyrimidine bases are bound to the sugar and the chains are held to-
gether by the hydrogen bonding between the purine-pyrimidine
base pairs (adenin—thymine and guanine—cytosine). They also ob-
serve “that the specific paring we have postulated immediately sug-
gests a possible copying mechanism for the genetic material”. A
month later they explained this mechanism in more detail (88.1). 

in perspective:

Avery had shown in 1944 that DNA was the carrier of genetic material (88.2). In a
series of studies Chargaff, using the new technique of paper chromatography
(88.3), found that purines and pyrimidines occurred in equal amounts in DNA
(88.4). Proteins with helix structures had been described by Pauling in 1951 (88.5)
and Furberg had already suggested a DNA configuration with a helix chain having
bases bound to sugar inside and phosphates outside (88.6). Following pioneering
work on the X-ray diffraction of DNA by Wilkins (88.7), the outstanding crystal-
lographic techniques of Franklin (88.8) played a decisive and much discussed role
in the events leading up to the discovery by Watson and Crick of the precise nature
of the DNA structure (88.9). Since then the many landmarks of molecular biology
have included understanding genetic coding, the production of recombinant
DNA and monoclonal antibodies and the invention of the polymerase chain reac-
tion (PCR) method of multiplying DNA. In 1990 the Human Genome Project
was launched and the initial sequencing and analysis of the human genome were
presented in 2001 (88.10). 

88.1 Watson JD, Crick FH. Genetic implica-
tions of the structure of deoxyribonucleic 
acid. Nature 1953; 171:964.

88.2 Avery OT, MacLeod CM, McCarty M. 
Studies on the Chemical Nature of the 
Substance Inducing Transformation of 
Pneumococcal Types: Induction of Trans-
formation by a Desoxyribonucleic Acid 
Fraction Isolated from Pneumococcus 
Type III. J Exp Med 1944; 79(1):137.

88.3 See #84 Martin page 434 and ref. 84.2.
88.4 Chagraff E, et al. The composition of the 

desoxyribonucleic acid of salmon sperm. 
J Biol Chem 1951; 192:223.

88.5 Pauling L, Corey RB. Atomic Coordinates 
and Structure Factors for Two Helical 
Configurations of Polypeptide Chains. Proc
Nat Acad Sci 1951; 37(5):235 and also p251, 
p256, p272 and p282.

88.6 Furberg SV. On the Structure of Nucleic 
Acids. Acta Chem Scand 1952; 6:634.

88.7 Wilkins MHF, Stokes AR, Wilson HR. 
Molecular Structure of Deoxypentose Nu-
cleic Acid. Nature 1953; 171:738.

88.8 Franklin RE, Gosling RG. Molecular Con-
figuration in Sodium Thymonucleate. 
Nature 1953; 171:740.

88.9 Judson HF. The Eigth Day of Creation. New 
York: Simon & Schuster; 1979.

88.10 The International Human Genome Se-
quencing Consortium: Initial sequencing 
and analysis of the human genome. Nature
2001; 409:860. The Celera Genomics Se-
quencing Team: The sequence of the hu-
man genome. Science February 16 2001. 
p1304.

James D Watson, Francis H Crick

A Structure for Deoxyribose 
Nucleic Acid.

Nature 1953; 171:737.
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The original model of the DNA molecule
and the explanation of the genetic implica-
tions of the specific pairing of the ribbons.
In the landmark publication on the DNA
structure, James Watson and Francis Crick
(1916–2004) only hint at “a possible copy-
ing mechanism for the genetic material”
(see illustration 88:1). 
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In 1951 Linus Pauling (1901–1994) (middle
photograph) develops a helix model for
polypeptides that match the known diffrac-
tion data for the alpha-keratin fibre. His
work, and that of Sven Furberg (1920–
1983) (left) the following year, set the con-
ceptual stage for the subsequent discovery
of the structure and function of DNA.

The February 2001 cover of the magazine
Nature announcing the results of the Inter-
national Human Genome Mapping Con-
sortium.

A line of fully automated DNA analysers at
the Broad Institute, one of the major facili-
ties engaged in genome sequencing (inclu-
ding the work on the human genome). 
The instruments are loaded with prepared 
sequencing products for capillary electro-
phoresis and analysis. They run round the
clock, every day of the year, for maximal
throughput.
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In 1953 Gunnar Fant introduces a much im-
proved speech synthesiser named OVE I.
The device reproduces speech by generating
vowels (sounds from an open vocal tract),
where two of the most prominent resonance
frequencies of the vocal tract can be manual-
ly adjusted. Right, a comparison between 
a spoken sentence “I love you” (top) and the
synthesised version produced by OVE I. 
In both cases the diagrams show frequency
content and intensity of the sounds as a
function of time.

89:1
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ant was born in 1919 in Nyköping Sweden and started
his studies in Electrical Engineering at the Royal Institute
of Technology (KTH) in Stockholm in 1938. After gradu-
ating in 1945, he worked at the acoustic laboratory of the

Ericsson Telephone Company for four years. Having spent the
following two years at the acoustic laboratory of the Massachu-
setts Institute of Technology, he returned to KTH to head the
newly established Speech Transmission Laboratory (STL). In
1966 a personal chair was created for him there as professor at the
Department of Speech Communication and Music Acoustics.
Fant, who retired in 1987, is a member of several Swedish and for-
eign scientific academies and has been honoured with more than a
dozen awards for his pioneering work in speech communication
and related areas.

fant reports first on recent advances made in analysing and
synthesising speech. He then presents the research directed by him
at the STL, with an emphasis on the newly developed “OVE I”
speech synthesiser. This electronic device is a “formant” (a reso-
nance characteristic of the vocal tract) synthesiser for vowels,
where the frequency position of the two most prominent formants
could be manually adjusted. Vowels, some voiced consonants and
simple sentences composed of voiced sounds are reported to have
been reproduced with reasonably good quality. The device is con-
sidered an advance compared to previous synthesisers (89.1)
(89.2).

in perspective:

Until the mid 1930s only mechanical devices had been built for speech generation
(89.3). At that time Dudley started work at the Bell Laboratories on the Voice
Coder (Vocoder), which by 1939 had evolved into the Voice Operation Demon-
strator (Voder) (89.2). The Voder was an electronic speech frequency analyser
connected to a speech synthesiser with some manual keyboard control of the in-
tensity and tone quality. Speech characterisation through frequency mapping
(sonography) was developed during the 1940s into a powerful tool (89.4). By ma-
nipulating these sonographs and using a Pattern Play Back unit that could gener-
ate sounds from the sonograph, perception and information content of speech
could be studied in some detail (89.5)(89.6)(89.7). During the 1970s advances in
computer technology allowed several text-to-speech systems to be developed
(89.8)(89.9). Subsequently, these systems were made into commercial products
that could be used as aids for the blind and those with speech impairments. Com-
bining text-to-speech technology with optical scanners and pattern recognition
software, Kurzweil introduced the first reading machine for the blind in 1976
(89.10).

89.1 Fant G. Acoustic Analysis and Synthesis of 
Speech with Applications to Swedish. Ericsson 
Technics 1959; 1:3.

89.2 Dudley H, Reiss RR, Watkins SSA. A Syn-
thetic Speaker. J Franklin Inst 1939; 
227:739 and ref. 25.9.

89.3 See #25 Kempelen page 138 and on sound 
and hearing see #13 Kircher page 82 and 
#26 Volta page 144. 

89.4 Potter RK, Kopp GA, Green HC. Visible 
Speech. New York: D.Van Nostrand Co.; 
1947.

89.5 Cooper FS, et al. Some Experiments on the
Perception of Synthetic Speech Sounds. 
J Acoust Soc Am 1952; 24:597.

89.6 Lawrence W. The synthesis of speech from 
signals which have a low information rate. 
In: Communication Theory. Jackson W. edi-
tor. Symposium on ”Applications of Com-
munication Theory” London September 
1952. London: Butterworth Scientific Pub-
lications; 1953. p460.

89.7 Peterson GE. The information-bearing ele-
ments of speech. p402 in main publication 
ref. 89.6.

89.8 Carlson R, Granström B. A text-to-speech 
system based on a phonetically oriented 
programming language — Speech Transmis-
sion Laboratory report QPSR1, 1975;1.

89.9 See ref 25.10.
89.10 Kurzweil R. The Kurzweil Reading Ma-

chine: a technical overview. In: Science, 
Technology and the Handicapped. Redden 
MR, Schwandt W. editors. AAAS Report 
76-R-11 1976;3.

Gunnar Fant

Speech Communication Research.
IVA (The Royal Swedish Academy of Engineering Sciences) 

1953; 24(8):331. Stockholm: Esselte; 1954.

Gunnar Fant
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In the mid-1940s the invention of the sound
spectrograph greatly advances the science of
speech analysis and synthesis. The method
of recording these spectrographs and the
equipment employed are shown here, 
together with a number of examples ranging
from simple words (A, B, F, D) to bird songs
(E) and the sobs of Caruso (C).
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By manual manipulation of a sound spec-
trograph, an original recording (marked A)
can be changed as regards the frequency/in-
tensity content (marked B). The result can
then be evaluated using the Pattern Play-
back unit (shown in the photograph), which
produces sounds from a spectrograph by a
method shown in the diagram. These tech-
niques turn out to be most helpful in devel-
oping new methods of speech analysis and
synthesis.
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Homer Dudley (1896–1980) 
pioneers electronic speech synthe-
sis by introducing the VODER
(voice operation demonstrator) 
at the World’s Fair in New York in
1939. The device processes speech
using bandpass filter banks under
manual control, as shown in the
picture.
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Key elements of the speech synthesiser OVE I and II built in the 1950s 
by Fant. The basic circuit diagram is shown here, together with the electric
line analogue for modelling the characteristics of the human vocal tract.

Ray Kuzweil’s reading machine for the blind 
from 1976. This is the first device combining 
optical scanners, text-to-speech technology and
pattern recognition software.
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In 1954 Inge Edler (1911–2001) and Hel-
muth Hertz (1920–1980) introduce the
technique of ultrasound echo cardiogra-
phy. The equipment shown above, a “re-
flectoscope”, is originally developed for 
industrial material testing applications
(see #66). Top left, a display of the ultra-
sound echoes observed as the sound pulses
bounce from the various internal struc-
tures of the heart. For comparison a
crossectional view of the heart is shown
just underneath and adjacent to the train 
of echoes. The image below shows ultra-
sound tracings in time (together with the
ECG) and also gives their physiological 
interpretation.
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dler was born in 1911 in Burlöv, Sweden. He started his
medical studies at the University of Lund in 1930 and
remained here until his retirement in 1977. From 1944
he carried out clinical work at the Department of Medi-

cine at Malmö Allmänna Sjukhus and was later responsible for the
cardiology laboratory there. From 1950 to 1960 Edler directed the
cardiovascular laboratory of Lunds Lasarett. He was appointed
head of the Department of Cardiology there in 1963. Hertz was
born in 1920 in Berlin, and was related to the famous physicist
Heinrich Hertz. He received his Ph.D. in physics from the Univer-
sity of Lund in 1956 and held the chair at the Department of Elec-
trical Measurements from 1963 until his death in 1980. Edler and
Hertz received many honours for their pioneering work in cardio-
logical ultrasound diagnostics, including the 1977 Albert Lasker
Clinical Medical Research Award.

edler and Hertz describe their equipment and how it can be
used to produce ultrasonic pulse echoes from isolated hearts and
from the hearts of human beings. A specially designed film camera
attached to a reflectoscope operated at 2.5 MHz and designed for
use in industrial material testing (90.1) is shown to be useful in de-
tecting the blood-heart wall boundaries. Continuous recordings
of the movements of the left ventricle wall in health and in disease
and the left atrial wall in mitral stenosis are obtained.

in perspective:

Although Langvin produced ultrasound waves for underwater exploration as ear-
ly as 1916 (90.2) and both continuous and pulsed waves were used in material test-
ing during the 1930s and 1940s (90.1), it was Wild who introduced echo-ranging
in medical applications in 1950, first for tissue characterisation (90.3) and two
years later for tumour detection (90.4). By the early 1960s ultrasound diagnostics
had been successfully introduced not only in cardiology (90.5) but also in oph-
thalmology (90.6), brain diagnostics (90.7) and in obstetrics and gynaecology
(90.8). The pulse echo technique was extended to two-dimensional registrations
in 1967 (90.9) and during the following decade transesophageal echocardiogra-
phy was developed (90.10). Imaging with Doppler techniques was invented in the
mid 1950s by Satamura and was able not only to show the motion of structures but
also the flow of blood (90.11). Over the years ultrasound diagnostics has under-
gone many technical refinements, improving methods and increasing the number
of applications in clinical medicine. Today it rivals X-ray techniques as the most
important of diagnostic modalities.

90.1 Sokolov SY. Ultrasonic oscillations and 
their applications. Tech Phys 1935; 2:1. See 
also ref. 66.6.

90.2 See #66 Curie page 338 and ref. 66.2 and 
also #40 Doppler page 212. 

90.3 Wild JJ. The Use of Ultrasonic Pulses for 
the Measurement of Biological Tissue and 
the Detection of Tissue Density Changes. 
Surgery 1950; 27:183.

90.4 Wild JJ, Reid JM. The Effects of Biological 
Tissues on 15-mc Pulsed Ultrasound. 
J Acoust Soc Am 1953; 25(2): 270.

90.5 Edler I. Ultrasoundcardiography. Acta Med 
Scand Suppl. 1961; 170.

90.6 Oksala A, Lehtinen A. Diagnosis of De-
tachment of the Retina by Means of Ultra-
sound. Acta Ophth 1957; 35:461.

90.7 Leksell L. Echoencephalography. I Detec-
tion of Intracranial Complications follow-
ing Head Injury. Acta Chir Scand 1956; 
110:301.

90.8 Donald I, Brown TG. Demonstration of 
tissue interfaces within the body by ultra-
sonic echo sounding. British J Radiol 1961; 
34:539.

90.9 Åsberg AG. Ultrasonic cinematography of 
the living heart. Ultrasonics 1967; 5:113.

90.10 Daniel WG, Mugge A. Transesophageal 
Echocardiography. The New England J Med
May 1995. p1268.

90.11 Edler I, Lindström K. Ultrasonic doppler 
techniques in heart disease: II Clinical ap-
plications. In: Proc first World Congress on 
Ultrasonic Diagnostics in Medicine. Vienna 
1969. Bock J, Ossonig K. editors. 1971. 
p455. See also #40 Doppler page 212.

Inge Edler, Carl Helmuth Hertz

The Use of Ultrasonic Reflectoscope
for the Continuous Recording of the
Movements of Heart Walls.

Kungl Fysiografiska Sällskapets i Lund förh 1954; 24(5):40.
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In the first years of the 1950s John Wild pi-
oneers the use of pulsed ultrasound beams
for tissue characterisation. In 1952, togeth-
er with John Reid, he measures the thick-
ness of the bowel wall and also explores the
potential of the method for diagnosing
cancer of the brain. The illustrations show
transducer designs and experimental re-
sults from these two early investigations. 

Cancer of the brain. Far left, two echograms
of normal brain tissue approximately 1.4 cm
thick. Right, two echograms of a piece of
malignant tumor arising from the same
brain. The tumor was reduced to half-thick-
ness.`Two pairs of echograms recorded with
the echoscope (mid-right) on the whole
brain (mid-left) are shown at the bottom.
Normal echograms (bottom left) were tak-
en from the opposite lobe of the brain from
that occupied by the tumor. The greater
number of echoes coming from the tumor
can be seen in the echograms (bottom
right).

90:6
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Early medical applications of ultrasound include intraocular foreign body detection and diagnoses of
detachment of the retina, as demonstrated by Arvo Oksala in the mid-1950s (left), and obstetrical and
gynaecological examinations introduced by Ian Donald in the mid-1960s (right).

Ultrasound Doppler techniques are introduced for medical diagnostics in the mid-1950s (see #40) and
in 1969 Inge Edler and Kjell Lindström also show that the method is useful not only to observe moving
structures but also blood flow, as is demonstrated by the chart shown here, taken from their paper.
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Reproduction of the short an-
nouncement made in 1959 
by Rune Elmqvist (1906–
1996) and Åke Senning (1915–
2000) of the first fully implan-
ted pacemaker. The human
case mentioned on the last line
refers to the patient Arne
Larsson, shown below at a lat-
er time holding his pacemaker.
Larsson was an engineer and
participated actively in the
testing of the pacemaker 
design that was implanted.
Larsson lived for another
forty-two years and had five
lead systems and twenty-two
pulse generators (eleven dif-
ferent pacemaker models)
during this time. His death
was unrelated to his conduc-
tion system disease.
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lmquist was born in Lund, Sweden, in 1911. He studied
but never practised medicine. A self-taught engineer
who in 1948 had invented the direct writing ink jet
ECG recorder (91.1), Elmqvist was appointed head of

the laboratory of Järnhs Elektriska AB (later Elema-Schönander
AB and Siemens-Elema AB) in Solna. From 1952 Elmqvist was di-
rector of the Electromedical Division and later also served as a
board member. Senning was born in 1915 in Rättvik, Sweden. He
studied medicine in Uppsala and in 1948 moved to Sabbatsbergs
Hospital in Stockholm, where he helped develop the heart-lung
machine (91.2). From 1956 he carried out pioneering cardiac sur-
gery at Karolinska Sjukhuset. He moved in 1961 to head the Surgi-
cal Clinic of the University Hospital in Zürich.

in this short communication Elmqvist and Senning describe a
fully implantable pacemaker, designed according to their experi-
ences from animal studies and from one human case (91.3). The
device, which is shaped like a shoe polish tin, has a diameter of 55
mm and a thickness of 16 mm and is powered by a nickel-cadmium
accumulator. With two silicon transistors that had recently be-
came available, it generates 2 V pulses of 1.5 ms duration at a rate
of about 80 per minute. It is implanted subcutaneously and has to
be recharged by an induction coil placed over the pacemaker out-
side the skin.

in perspective:

When McWilliam performed the first animal studies of cardiac pacing in 1889
(91.4), the electrophysiology of the heart had been under investigation for almost
half a century (91.5). Hyman was the first to attempt therapy when in 1930 he de-
veloped “an artificial pacemaker” that delivered impulses to the right atrium
through a needle across the chest wall (91.6). From experiences of open-heart sur-
gery, endovenous stimulation of the sinoatrial node was introduced by Bigelow in
1950 (91.7). This work greatly influenced not only Senning but also Zoll, who
demonstrated how to manage Stokes-Adams attacks using plate electrodes on the
chest (91.8). In 1959 Greatbatch and Chardack implanted the first battery-operat-
ed pacemaker with a usability period of about five years (91.9) and subsequently
new methods eliminated the absolute need for thoracotomy (91.10). The patient
in the landmark paper cited survived more than twenty pacemakers over forty-
two years and died of a malignancy in 2000 (91.3). Pacemakers today have sophis-
ticated software, can adapt to the patient and may have a million times more tran-
sistor functions than the device implanted by Senning in 1958.

91.1 See #71 Einthoven page 366 ref. 71.9.
91.2 Crafoord C, Norberg B, Senning Å. Clini-

cal studies in extracorporeal circulation 
with a heart-lung machine Acta Chir Scand
1957; 112:220. See also #86 Kolff page 444 
ref. 86.7 and ref. 86.9.

91.3 Larsson B, et al. Lessons From the First Pa-
tient with an Implanted Pacemaker: 1958– 
2001. PACE 2003; 26(1):114.

91.4 McWilliam JA. Electrical stimulation of 
the heart in man. Brit Med J 1889; 1:348 and
ref. 23.10, 23.11.

91.5 Schechter DC. Exploring the origins of electri-
cal cardiac stimulation. Minneapolis: 
Medtronic Inc.; 1983 and ref. 65.2, 65.3, 
65.7. See also #23 Kite page 128. 

91.6 Hyman AS. Resuscitation of the stopped 
heart by intracardial therapy. Arch Int Med
1930; 46:553.

91.7 Callaghan JC, Bigelow WG. An electrical 
artificial pacemaker for standstill of the 
heart. Ann Surg 1951; 134:8.

91.8 Zoll PM. Resuscitation of the heart in ven-
tricular standstill by external electric stim
ulation. New Engl J Med 1952; 247:768.

91.9 Greatbatch W, Chardack WM. A transis-
torized implantable pacemaker for the 
long-term correction of complete atrioven-
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thoracotomy. J Thorac Cardiov Surg 1965; 
50:229.

Rune Elmqvist, Åke Senning

An Implantable Pacemaker 
for the Heart.
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In 1889 John McWilliam (1857–1937), having just 
observed a case of cardiac failure and sudden death from
ventricular fibrillation, decides to investigate the role of
the autonomic nervous system in the genesis of sudden
death. He studies whether electric shocks can reactivate
the heart of a cat when depressed by vagal stimulation.
The positive results obtained (shown here by two of his
graphs) open up the field of cardiac resuscitation and
pacing. 

Albert Hyman (1893–1972)
and his “artificial pacemak-
er”, which delivers repeti-
tive electric stimulation to
the right atrium through a
needle across the chest wall.
He introduces this first 
attempt at therapy in 1930.
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Paul Zoll (1912–1999)
makes a major advance
in the first years of the
1950s by demonstrating
that plate electrodes
(see the picture of his
equipment) on the chest
can be used to manage
the so called Stokes-
Adams disease, which is
characterised by sudden
collapses into uncon-
sciousness due to a dis-
order of heart rhythm. 

The original Greatbatch-Chardac pacemaker from 1959,
shown separately bottom left and when insulated in a sili-
con rubber capsule, with the electrodes attached left. This,
the first battery operated pacemaker, has a usability peri-
od of about five years.

The first pacemaker designed and implanted in 1958 by
Elmqvist and Senning, as compared to a modern device
that may have more than a million times more transistor
functions and can operate adaptively with sophisticated
sensors and software.
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92:1

The concise introduction of Theodore
Maiman’s paper reporting the first 
observation of LASER (light amplifi-
cation by stimulated emission of radia-
tion) action.

A drawing explaining Maiman’s ruby
laser arrangement and a picture of the
actual device. When the intensity of
the pulses of the flash light (coiled
around the ruby rod) exceeds a certain
level, intense red light pulses, about 
0.5 ms long, are observed leaving the
ruby rod in the axial direction. 

92:2

92:3
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aiman was born in 1927 in Los Angeles. He received a
B.Sc. in engineering physics in 1949 from the Uni-
versity of Colorado and, after studying electrical en-
gineering and physics, he obtained his Ph.D. from

Stanford University in 1955. Maiman was employed as section
head at Hughes Research Laboratories when he built the first
LASER (Light Amplification by Stimulated Emission of Radia-
tion) device in 1960. Two years later he founded his own company
for developing and manufacturing lasers. He joined TRW Inc. in
1976 as director for new high-technology ventures and has subse-
quently also served as director of other companies and organisa-
tions engaged in promoting laser technology.

Maiman describes in this concise report the energy levels of
pink ruby (aluminium oxide with 0.05% chromium), with partic-
ular emphasis on the three excited levels of the chromium atom. A
ruby rod with polished and silvered ends is illuminated using a
flash lamp to raise the atom to the excited states. When the flash
pumping exceeds a certain level, Maiman observes laser action
corresponding to the transition from the metastable excited state
to the ground state. Pulses of an intense red beam of light are gen-
erated with a duration of about 0.5 ms. 

in perspective:

Einstein showed in 1917 that absorption and spontaneous emission of radiation
must be accompanied by the phenomenon of stimulated emission (92.1). In 1954
Townes, Basov and Prokhorov reported observing this at microwave frequencies
(92.2). Four years later Schawlow, Townes and Gould conceived systems operat-
ing at optical frequencies (92.3)(92.4). Soon after Maiman’s report Javan, Ben-
nett Jr and Herriott were able to demonstrate in a He-Ne gas discharge the first
continuously operating laser (92.5)(92.6). Within a few years lasers were devel-
oped in many other media, notably in semiconductors (92.7). The argon ion laser
(92.8) and the Nd-YAG laser (92.9) are used today for retinal surgery. Excimer
(excited diatomic molecule) lasers evolved during the 1970s and produce high
power, pulsed ultraviolet radiation that is suitable for the “cold”, evaporative, re-
moval of biological tissue. They are now the precise tool of refractive surgery
(92.10). Photodynamic therapy, which uses laser light interaction with specific
photosensitising drugs, has been found useful in certain cancer types of the lung,
the skin and the aerodigestive tract (92.11). Laser-based systems are widely used
in microscopic imaging and spectroscopy of biological materials down to the sub-
cellular level, and laser Doppler methods play an important role in cardio-vascu-
lar diagnostics (92.12). 
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92.2 Townes CH. Production of coherent radiation
by atoms and molecules. Nobel Lecture Stock-
holm; 1964.
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Stimulated Optical Radiation in Ruby.
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The abstract of the famous paper from 1958 by Arthur Swawlow (1921–1999) and Charles Townes predicting the
theoretical possibility of producing optical MASER (or LASER replacing Microwave with Light in the acronym)
action, for instance in a potassium vapour system. 
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The first gas laser producing a continuous
beam of light is invented by William Bennett
Jr and Ali Javan in 1960. As is shown on the
opposite page in the diagram of their appara-
tus and in the picture of the actual device, they
excite a He-Ne gas mixture with a discharge
from a radio frequency source. 

Below the inventors stand next to the laser.
From right to left, Bennett Jr and Javan, to-
gether with D R Herriott, who is in the process
of adjusting a mirror of the device.
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Excimer (exited diatomic molecule) lasers are invented during the 1970s and deliver high power
pulsed ultra violet light that lends itself to “cold” evaporative removal of biological tissue. Modern
units such as the one shown in the picture can be controlled with high precision and are the effec-
tive tools of refractive surgery, as illustrated by the ablated cornea in the photograph. 

Laser Indirect Ophthalmoscopy with a frequency-doubled YAG laser allows the examination of the
entire retina even in the presence of cataracts (for direct ophthalmoscopy that reveals only the
more central portions of the retina, see #45). The equipment is frequently used in retinal detach-
ment surgery and in photocoagulation procedures. 
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The schematic representation of a laser-
based optical multichannel analyser (OMA) 
for in vivo fluorescence investigations of the
skin. A nitrogen laser is pumping a dye laser
that emits radiation at 405 nm, close to the
wavelength of the peak fluorescence of skin.
With suitable photosensitising agents (i.e. a
substance called ALA) and laser irradiation
at carefully selected wavelength(s), skin 
areas with basal cell carcinoma can be selec-
tively targeted. The good results obtained
with such a photodynamic therapy (PDT)
are shown by the upper row of images in the
illustration below. The corresponding skin
perfusion images beneath are generated
with laser Doppler techniques (LDPI) (see
#40) and verify the success of the treatment.
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The abstract and illustration from the report of 
Per-Ingvar Brånemark and his colleagues on the
first successful long term experiment with titanium
implants for restoring masticatory function in dogs.
After a five year period no tissue injury or rejection
phenomena is observed.

93:1
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rånemark was born in Karlshamn, Sweden, in 1929.
He studied medicine in Lund and received his M.D.
there in 1956. Three years later he presented his thesis
on vital microscopy of bone marrow (93.1). In 1960 he

moved to the University of Gothenburg, where he became profes-
sor of anatomy in 1969. Brånemark holds more than thirty hon-
orary positions throughout the world and his concept of osseointe-
gration (structural and functional connection between living bone
and an implant) has also lead to successful commercial enterprises.

brånemark and his collaborators (Breine, Adell, Hansson,
Lindström and Ohlsson) present five years’ experience of intra-
osseous titanium implants in twelve dogs. Firstly reviewing the
literature, they find that not enough is known about the biological
prerequisites for permanent anchorage of a prosthesis to bone tis-
sue (93.2). Using X-ray investigations, stereo-microscopy and his-
tological analysis, they find that titanium screws totally imbedded
in the bone are mechanically very stable for several years, provided
that the implant bed is prepared with a minimum of bone tissue
damage and is sealed off from the oral cavity while the barrier
function between implant and tissue is re-established. The au-
thors declare their intention to explore the use of this technique in
human prosthodontics.

in perspective:

Titanium was discovered in 1791 by Gregor (93.3), but was only prepared in pure
form by Hunter in 1901, because the metal’s reactivity easily produced oxide lay-
ers on the surface. This property, however, partly explains why titanium and its al-
loys (TiAlV) are superior as regards corrosion resistance and biocompatibility,
compared to other metal alloys used as implant materials such as stainless steel
and the cobalt alloys (CoCrMo or CoNiCrMo) (93.4). Brånemark’s studies of
bone marrow (93.1)(93.5) led to the chance discovery of the favourable properties
of titanium implants when embedded with proper techniques into bone tissue
(93.6). From an early start in the mid 1970s, the method gained acceptance during
the following decade and today more than a million people worldwide have re-
ceived osseo-integrated titanium-anchored dental prostheses (93.7). The concept
has also proved useful outside dentistry, particularly in reconstructive surgery and
in the attachment of hearing aids and prostheses (93.8). Many key applications of
implants rely on polymeric biomaterials (93.9), some with sophisticated proper-
ties such as bio-degradability and the ability to promote wound healing or bone
formation (93.10). Major uses include components of the cardiovascular system
(vessels and valves), substitutes for different type of tissues, ligaments and skin,
and suture material.
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The chance discovery of the re-
markable biocompatibility 
exhibited by titanium goes back
to 1959 and early studies of the
capillary blood flow in the bone
marrow of rabbits. An overview
of the experimental setup used
by Brånemark in these investi-
gations is shown together with
the microscopic arrangement
and a picture of the capillary
bed in the bone marrow. Titani-
um was inadvertly used in some
of the preparations to create a
permanent microscopic field of
view.
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A titanium inspection chamber inserted in
the upper arm for blood cell studies and a
view of the cells in vivo, as obtained using
the more recent microscopic and imaging
equipment shown.
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A titanium fixture for anchoring bone conduction hearing aids.

An example of a titanium tis-
sue anchored limb prosthesis.
X-ray image showing the
thumb prosthesis anchored to
the skeleton and a picture of
the prosthesis in use.
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A large maxillofacial defect as a result of tumour resection, reconstructed with an autologous
bone transplant and titanium fixtures that provide adequate stability for an upper jaw bridge.
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Raymond Damadian in his laboratory
and the abstract of the paper, where
he reports his discovery that NMR
(nuclear magnetic resonance) tech-
niques can differentiate between tu-
mour and healthy tissue. In the NMR
method a sample in a magnetic field is
exposed to pulsed RF (radio frequen-
cy) radiation and the decaying signal
emitted by the protons of the cellular
water in response to the RF excitation
is detected. According to the theory of
this process developed by Felix Bloch
(1905–1983) in 1946, the decay can be
characterised by two time constants
T1 and T2. The picture shows Dama-
dian at his equipment. The part of his
paper reporting the values of T1 and
T2 for different types of tissue sample
is also reproduced.
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94.1 Mattson J, Simon M. The pioneers of NMR 
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forsch 1956; 1:25.

94.7 Hazlewood CF, Nichols BL, Chamberlain 
NF. Evidence for existence of a minimum 
of two phases of ordered water in skeletal 
muscle. Nature 1969; 222:747.
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94.9 Damadian RV. Field Focusing Nuclear 
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tion of a Tumor in a Live Animal. Science
1976; 194:1430.
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live human body. Physiol Chem Phys 1977; 
194:1430.

94.11 See #96 Lauterbur page 498.

amadian was born in 1936 in Forest Hills, New York.
He studied the violin at the Julliard School of Music,
mathematics at the University of Wisconsin and in
1960 earned an M.D. from the Albert Einstein College

of Medicine. After post-doctoral studies in biophysics at Harvard
University, he joined the faculty at the State University of New
York Downstate Medical Center in 1969. The nuclear magnetic
resonance (NMR) studies cited below were carried out at the
NMR Specialties Company in New Kensington. Damadian
founded the FONAR company in 1978 for the manufacture of
magnetic resonance imaging (MRI) scanners and he is still the
president and chairman of this company.

damadian reports some characteristics of biological tissue
studied by a pulsed NMR spectrometer. Tissue properties are de-
termined, according to a technique introduced by Hahn in 1950
(94.1)(94.2), from the decay times of the radio frequency (RF) ra-
diation that is emitted by the protons of the cellular water subse-
quent to a specific set of RF pulse excitations. It is shown that
healthy tissue taken from the rectus muscle, liver, stomach, small
intestine, kidney and brain of rats may exhibit significantly differ-
ing decay times, but also that malignant liver tissue (Novikoff he-
patoma) is characterised by almost three times longer decay times
than healthy liver tissue. A benign tumour (fibroadenomas) is
found to have properties similar to that of the kidney. 

in perspective:

In 1938 Rabi conducted the first nuclear magnetic resonance experiment, demon-
strating its use for determining nuclear magnetic moments in a lithium chloride
molecular beam (94.3). In 1946 the phenomenon was observed in the solid state
by Bloch (in water) and by Purcell (in paraffin) (94.4). Bloch’s theory of NMR
(94.5) explained the decay times as used by Damadian in the paper cited above.
Since the magnetic field affecting the nucleus depends on the electron clouds
around it, a “chemical shift” of the NMR resonance frequency can be used to ex-
amine molecular structure. For three decades, this was the foremost application of
NMR. Many molecules and compounds were analysed in this way, some also of
direct biological and medical interest (94.6). By the late 1960s attention turned
specifically to the water-protein interaction within cells (94.7). Damadian’s dis-
covery paved the way for progress towards medical applications. Early methods
and equipment for magnetic resonance imaging (MRI) (94.8)(94.9)(94.10) were
soon replaced by new techniques capable of creating images rapidly and of good
enough quality for clinical use (94.11). 

D
Raymond Damadian

Tumor Detection by Nuclear Magnetic
Resonance.

Science 1971; 171:1151.

Raymond Damadian
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In 1938 Isidor Rabi (1898–
1988) and his co-workers de-
scribe the first observation of
the phenomenon of nuclear
magnetic resonance (NMR).
They use a molecular beam of
LiCl in their experiment.
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The cover of the magazine
Science showing the first
image of a tumour in a live
animal obtained by Dama-
dian in 1976 using the
NMR technique developed
by him. With a scanning
aperture of 1 mm and the
thorax diameter of the
mouse being 13 mm, the
image has poor resolution
and overestimates the tu-
mour size.
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Lawrence Minkoff sitting in Damadian’s whole body scan-
ner, called “Indomitable”, taking the first human NMR scan
on 3 July 1977. It takes fourteen hours to prepare for the ex-
periment and more than four hours to collect the 106 picture
elements for the image shown below.
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Drawing from Damadian’s patent from 1974 showing a schematic representation of his FONAR
(field focused nuclear magnetic resonance) whole body apparatus.

Modern MRI (magnetic resonance imaging) pictures of the same subject, illustrating the implica-
tions of using the two different decay time constants T1 (left) and T2 (right) for image formation.
The mechanism behind T1 is the relaxation of the RF excited protons, while that of T2 is the relax-
ation due to exchange of excitation between protons. The markedly different images can be used in
concert for diagnostic purposes. 
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Godfrey Hounsfield (1919–2004) describes the principles of the computerised tomography (CT) system in-
vented by him. The figures referred to in the text are shown on the following pages in images 95:6.

95:1



ounsfield was born in a village in Nottinghamshire
in 1919. During World War II, he joined the Royal Air
Force, working as a radar mechanic and learning radio
communication. After the war he received a diploma in

electrical engineering from the Faraday House Electrical Engi-
neering College in London. In 1951 he joined the staff of EMI
where, among other assignments, he led the design of Britain’s
first all-transistor computer. While working on pattern recogni-
tion problems, he invented the computed axial tomography (CAT
or just CT) technique. Hounsfield shared the 1979 Nobel Prize in
Medicine with Cormack (95.1) for their development of comput-
er-assisted tomography.

hounsfield describes a technique where a narrow collimat-
ed beam of X-rays scans through an object at a multitude of angles
and the absorption of the material within the object is calculated.
Each linear scan illuminates a slice of the object about 1 cm thick
and creates 160 transmission values. With 180 rotations, each one
degree, a total of 180✕160=28,800 readings need to be processed.
The absorption coefficient is determined with an accuracy of
about 0.5%, making the device about 100 times more sensitive
than conventional X-ray systems. This allows the display of varia-
tions in soft tissues of similar density. In clinical tests a picture of a
slice made of 80✕80 points takes about five minutes to generate.

in perspective:

In 1933 Bartelink was the first to describe medical tomography (tomos = slice)
(95.2). With an X-ray tube rigidly connected to the detector, he scanned a focused
beam across the object, producing images of planes by discriminating out-of-fo-
cus areas. Oldendorf conducted tomographic experiments on a simple mechanical
model using collimated gamma radiation and also showed how to reconstruct the
interior of a slice of a very simple object (95.3). In the early 1960s Cormack carried
out similar experiments, but in addition developed general mathematical tools
for image reconstruction (95.4)(95.5). The first clinical study using X-ray CT was
reported by Ambrose, who made brain scans in healthy and diseased states with
the equipment described by Hounsfield (95.6). Today two- and three-dimension-
al images with up to fifty times the resolution described above can be created in
around a second. More than 30,000 locations around the world use X-ray CT
equipment and, together with MRI (95.7) and PET (95.8), it is one of the most
powerful tools in medical diagnostics.

95.1 Cormack AM. Early two-dimensional recon-
struction and recent topics stemming from it.
Nobel Lecture Stockholm; 1979.

95.2 Bartelink DL. Röntgenschnitte. Forschr 
Röntgenstr 1933; 47:399.

95.3 Oldendorf WH. Isolated flying spot detec-
tion of radiodensity discontinuities-dis-
playing the internal structural pattern of a 
complex object. IRE Trans Bio-medical Electr
1961; 8:68.

95.4 Cormack AM. Representation of a func-
tion by its line integrals, with some radio-
logical applications. J Appl Phys 1963; 
34:2722.

95.5 Cormack AM. Reconstruction of densities 
from their projections, with applications in 
radiological physics. Physics in Medicine and 
Biology 1973; 18:195. See also #96 Lauter-
bur page 498 and ref. 99.6.

95.6 Ambrose J. Computerized transverse axial 
scanning (tomography): Part 2. Clinical 
application. Br J Radiol 1973; 46:1023.

95.7 See #94 Damadian page 486, #96 Lauter-
bur page 498.

95.8 See #99 Phelps page 514.

Godfrey Hounsfield

Computerized transverse axial 
scanning (tomography): 
Part I. Description of system.

Br J Radiol 1973; 46:1016.

Godfrey Hounsfield
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Tomography (tomos meaning slice) is first described in some detail in 1933 by D L Bartelink. The
beginning of his paper, shown here, explains the idea of having an X-ray tube rigidly connected
to the detector and then scanning a focused beam across the object, thereby creating an image of
a plane by discriminating out of focus areas. 
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In 1961 W H Oldendorf demonstrates a tomographic recording and reconstruction technique using the simple 
mechanical model shown in the picture. The diagram of the experiment displays the model as rings of iron nails sur-
rounding an iron and an aluminium nail. The system is rotated in a collimated beam of gamma radiation and the 
absorption is recorded. From these measurements the internal structure of the model and the position the aluminium
nail are determined. 
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Illustrations from Hounsfield’s paper in 1973 showing the method employed by the CT system to create an
image. A collimated X-ray beam scans out a 1 cm thick slice by generating 160 transmission values. Then 180
rotations, each 1 degree, build up the total of 160 times 180 or 28,800 readings to be processed. The system is
about 100 times more sensitive than conventional X-ray apparatus.
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The pictures show the apparatus and
some of the clinical results obtained. 
A section through a normal brain is
shown with a scale for comparison and
just to the right the corresponding CT
image. The image 224 2A shows a
haematoma, while the drawing clarify-
ing the image 243 2B reveals a left inferi-
or frontal tumour.
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Paul Lauterbur presents a novel and general approach
to image formation (that he calls “zeugmatogra-
phy”), where a point in an object is characterised
through its joint interaction with two external fields.
The method is demonstrated using NMR (nuclear
magnetic resonance) techniques. A linear magnetic
field gradient is imposed on two water-filled glass
capillaries, and the protons of the water are also ex-
posed to a radio frequency (RF) field. If the direction
of the gradient is rotated relative to the object, a mag-
netic resonance image (MRI) can be built up. The
continuation of the paper follows on page 500.
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auterbur was born in 1929 in Sidney, Ohio. After obtaining
a B.Sc. in chemistry from Case Institute of Technology, he
worked at the Mellon Institute and at the Chemical Cen-
ter Laboratories of the Army. In 1962 he received a Ph.D.

in chemistry from the University of Pittsburgh and joined the fac-
ulty of the State University of New York at Stony Brook. Here
Lauterbur worked on nuclear magnetic resonance (NMR) appli-
cations and developed magnetic resonance imaging (MRI). Since
1985 he has been Professor of Chemistry, Biophysics and Compu-
tational Biology at the University of Illinois in Chicago. Lauter-
bur shared the 2003 Nobel Prize in Medicine with Mansfield for
discoveries concerning MRI. 

lauterbur presents a novel approach to image formation
(“zeugmatography” ), where a point in an object is characterised
through its joint interaction with two external fields. The method is
demonstrated by producing images of two water-filled glass capillar-
ies using NMR techniques. First a linear magnetic field gradient is
imposed on the object, and then the protons of the water are also ex-
posed to a radio frequency (RF) field. Since the expected resonance
frequency and relaxation times of the proton depend on the local
magnetic field, the gradient creates a spatial “scan” of the NMR
properties of the object. If the direction of the gradient is rotated rel-
ative to the object, a magnetic resonance image (MRI) can be built
up. Lauterbur shows that adding a paramagnetic ion to the water
changes the image. The appearance of the image depends also on
which relaxation time is chosen to represent the NMR properties. 

in perspective:

From Rabi first observing NMR in 1938, the technique and the theory developed
into a common tool for chemical studies (96.1)(96.2). The ability of NMR to dif-
ferentiate between different biological tissues and make MRI possible was discov-
ered by Damadian (96.3). Lauterbur’s invention soon gave rise to work to im-
prove image quality and to speed up image generation (96.4)(96.5). In 1976
Mansfield suggested the echo-planar imaging (EPI) technique (96.6)(96.7),
where RF pulses with tailored frequency content allowed fast read-out from an
entire object plane. This made real-time imaging possible at rates of more than 10
images per second. During the 1990s functional MRI (fMRI, visualises blood
flow through the dependence of NMR on the oxygen content of blood) was devel-
oped for brain function studies (96.8)(96.9) and magnetised He-3 and Xenon-
129 gases have also been used to produce images of the airways (96.10).

96.1 See #94 Damadian page 486 and especially
ref. 94.1, ref. 94.2 and ref. 94.5.

96.2 Ramsey NF, Purcell EM. Interactions be-
tween nuclear spins in molecules. Phys Rev
1952; 85:143.

96.3 See #94 Damadian page 486.
96.4 Lauterbur PC, et al. Zeumatographic high-

resolution nuclear magnetic resonance 
spectroscopy of chemical inhomogeneity 
within macroscopic objects. J Am Chem Soc
1975; 97:6866.

96.5 Kumar A, Welti D, Ernst RR. NMR Fourier
Zeugmatography. J Magn Res 1975; 18:69.

96.6 Mansfield P, Maudsley AA. Planar spin im-
aging by NMR. J Phys C: Solid State Phys 
1976; 9:L409.

96.7 Mansfield P, Maudsley AA, Bains T. Fast 
scan proton density imaging by NMR. 
J Phys E: Sci Instr 1976; 9:271.

96.8 Buxton RB. An Introduction to Functional 
Magnetic Resonance Imaging. Cambridge 
University Press; 2002. 

96.9 McRobbie DW, et al. MRI From Picture to 
Proton. Cambridge University Press; 2003.

96.10 Albert MS, et al.:Biological magnetic reso-
nance imaging using laser-polarized 
129Xe. Nature 1994; 370:199. See also 
Klarreich E. Take a deep breath. Nature
2003; 424:873.

Paul Lauterbur

Image Formation by Induced Local 
Interactions: Examples Employing
Nuclear Magnetic Resonance.

Nature 1973; 242:190.

Paul Lauterbur

L
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Continuation of Lauterbur’s paper, where he further
elucidates the properties of the new imaging method.
By adding a paramagnetic ion to the water in one of
the capillaries thereby changing its magnetic proper-
ties, the image of it changes dramatically. The appear-
ance also depends on which relaxation time (see more
on this #94) is chosen to represent the NMR charac-
teristics of the object.

96:4
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Open configuration MRI equipment introduced in the mid 1990s for image-guided therapy. 

Examples of images obtained by so-
phisticated MRI techniques. Far left,
cartilage defect and bone erosion, in
the middle, thin slice near the mid of
the brain and right, a phase contrast
magnetic resonance angiography
(MRA) of the brain showing the arte-
rial (intense) and venous (weak) cir-
culation. 

96:6
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Functional NMR (fNMR) 
visualises blood flow rather
than structure. Visualisation
of cardiac flow velocity fields
using 3D (three dimensional)
phase contrast MRI and 3D
visualisation software (top).
From the flow velocity field
the pressure fields can also be
calculated and displayed, as is
done below for the left ven-
tricle. 

96:10
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The first NMR picture (top left), taken in 1994
by Mitchell Albert of the air filling the rat lung,
using specially prepared hyperpolarised (HP)
gas with the 129Xe isotope. The image top middle
is taken of the same rat lung now with hyperpo-
larised 3He isotope gas. The first NMR image of
the air filling a healthy human lung as obtained
using the hyperpolarised 3He gas (top right). 

Left, a three dimensional rendering of the air-
way tree created by stacking images of coronary
slices of the lung obtained with the 3He MRI
technique. The in plane resolution is 1.8 mm and
the slice thickness is 13 mm.

A study demonstrating the effect of hy-
percapnia (excess carbon dioxide in
blood) on the distribution of inhaled hy-
perpolarised (HP) 129Xe in the rat brain.
Left column, animals are ventilated with
alternate breaths of HP 129Xe gas and
oxygen. Middle column, images acquired
during the induction of hypercapnia, in
which animals are ventilated with alter-
nate breaths of HP 129Xe gas and 5% car-
bon dioxide. Right column, difference
images obtained by subtracting the base-
line image from the image taken during
hypercapnia.  

96:12 96:13 96:14
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The abstract of the paper presenting
the multiple inert gas elimination
technique (MIGET). A schematic 
illustration of the method is given in
the drawing. Six to eight gases with
different solubilities are dissolved in
saline and infused in a vein. Arterial
and mixed venous blood samples are
drawn, together with a sample from
the mixed expired gas. For each of the
gases a retention and excretion ratio is
calculated, as given by the formulae.

97:1
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agner was born in Karachi in 1944, and obtained his
M.D. from the University of Sydney in 1969. The
following year he went to the University of Califor-
nia in San Diego, where he became a member of the

faculty in 1973 and professor of medicine in 1984. Since 1999 he
has also been the head of the Division of Physiology. West was
born in 1928 in Adelaide and received his M.D. there in 1959. He
obtained a Ph.D. from the University of London in 1960. From
1962 onwards West directed the Respiratory Research Group at
the Postgraduate Medical School. He has been professor of medi-
cine and physiology at the University of California in San Diego
since 1969.

wagner, west and Saltzman describe a method to determine the
distribution functions for ventilation (VA) and perfusion (Q) in the
lungs. Six inert gases with different blood solubilities (ranging from
sulphur hexafluoride to acetone) are dissolved in saline and infused
into a peripheral vein. For a given lung compartment in steady
state, the amount of gas eliminated (exhaled) and the amount re-
tained (in the arterial blood) depends only on the ratio VA/Q and
the solubility of the gas. An iterative technique is used to find the
VA/Q ratios distributed over fifty compartments, which agree with
the total measured elimination and retention for all the gases.

in perspective:

In the late 1940s interest in positive pressure ventilation (97.1) led to studies of its
effects on the circulatory system (97.2). The ventilation/perfusion (VA/Q ) condi-
tions in the lungs were initially assessed with simple three compartment lung
models (97.3). In the 1960s Lenfant developed the continuous VA/Q distribution
concept (97.4) and Farhi analysed inert gas exchange over the lungs (97.5). The
method of Wagner and West relied on the development of a technique for simul-
taneous measurement of the blood concentrations of up to eight inert gases, some
in very low concentrations (97.6). Other methods, using transient non-steady
state conditions, have also been developed to study the gas exchange process.
Thus, from the concentration variations of nitrogen and the respiratory gases dur-
ing a single expiration, the inhomogeneity of the lung could be assessed
(97.7)(97.8). Furthermore, topographic information on the distribution of venti-
lation and perfusion has also been obtainable since the early 1960s using radionu-
clides (97.9). More recently, using tomographic techniques (97.10), sophisticated
images have been generated (97.11) showing both the ventilation (with inhaled
Xe-133) and the perfusion distribution (with infused I-131 labelled macroaggre-
gated albumin).

97.1 See #87 Engström page 450 and ref. 87.10.
97.2 Werkö L. The influence of positive pressure

breathing on the circulation in man. Acta 
med Scand. 1947; 193:1.

97.3 Riley RL, Cournand A. Analysis of factors 
affecting partial pressures of oxygen and 
carbon dioxide in gas and blood of lungs: 
theory (methods). J Appl Physiol 1951; 4:77 
and p102. See also ref. 6.6 and ref. 37.6.

97.4 Lenfant C, Okubo T. Distribution func-
tion of pulmonary blood flow and ventila-
tion-perfusion ratio in man. J Appl Physiol
1968; 24:668.

97.5 Farhi LE. Elimination of inert gas by the 
lung. Resp Phys 1967; 3:1. 

97.6 Wagner PD, Naumann PF, Laravuso RB. 
Simultaneous measurement of eight for-
eign gases in blood by gas chromatography.
J Appl Physiol 1974; 36(5):600.

97.7 West JB, et al. Measurement of the ventila-
tion perfusion ratio inequality in the lung 
by the analysis of a single expirate. Clin Sci 
Lond 1957; 16:529.

97.8 Okubo T, Lenfant C. Distribution func-
tion of lung volume and ventilation deter-
mined by lung N2 washout. J Appl Physiol
1968; 24:658.

97.9 West JB, Dollery CT. Distribution of blood
flow and ventilation-perfusion ratio in the 
lung, measured with radioactive CO2.
J Appl Physiol 1960; 15:405.

97.10 See #95 Hounsfield page 492. 
97.11 Jaszczak RJ. Tomographic radiopharma-

ceutical imaging. Proc IEEE 1988; 
76(9):1079.

Peter Wagner, John West

Measurement of continuous 
distributions of ventilation-perfusion
ratios: theory

J Appl Physiol 1974; 36(5):588.

Peter Wagner
John West
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The samples taken according to the MIGET
method shown in illustration 97:2 are equilibrat-
ed with helium and then analysed by gas chro-
matography. The result, obtained in about 8
minutes, is shown in the figure above. High sen-
sitivity and good separation are seen for all gases.

The excretion or retention ratios of entirely ho-
mogeneous lungs with their ventilation to per-
fusion ratio (VA/Q) as a parameter, starting
with 0.01 far left and ending with 10.0 far right.
Each trace is made up of the values of nine differ-
ent gases (listed at the top of the graph) covering
a very wide range of solubility (shown along the
horizontal axis).

Left, three cases where the lungs are no longer
homogenous, meaning that different compart-
ments of a lung have different VA/Q ratios. The
left column shows the three retention and excre-
tion curves and the right column shows the re-
sulting calculated distribution of perfusion (top
right graph) and ventilation (bottom right
graph) as a function of the VA/Q ratio of the
lung compartments.

97:5
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A comparison between CT im-
aging of the chest and the
quantitative assessment of the
ventilation/perfusion condi-
tions using MIGET. A case of
controlled ventilation (denot-
ed in the figure by CV) during
anaesthesia, with the patient in
supine (top) and lateral (mid-
dle and lower) positions. The
middle pair of images show
that in the lateral position a
significant portion of the lung
is not properly ventilated (the
blood flow curve is shifted to
the left of the ventilation
curve), resulting in decreased
oxygenation. The bottom pair
of images demonstrate that ap-
plying a positive pressure
(SEL.PEEP) selectively to the
dependent (lower lying) lung
restores the overlap between
the ventilation and the perfu-
sion curves and re-establishes
adequate oxygenation. 

97:8
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In 1974 Vinton Cerf and Robert
Kahn lay out the structure and
protocol for intercommunication
between different packet switch-
ing computer networks. This is
the introduction of the internet-
work protocol (IP).
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erf was born in New Haven in 1943. After studying
mathematics at Stanford University, he obtained his
Ph.D. in computer science from the University of Cali-
fornia in Los Angeles in 1972. He was with the Ad-

vanced Research Project Agency (ARPA) from 1976 to 1982, when
he joined MCI, serving there since 2003 as senior vice president of
Technology and Strategy. Kahn was born in Brooklyn in 1938. He
received a B.E.E. from City College and his Ph.D. from Princeton
University in 1964. He has worked at the Bell Telephone Labora-
tories and with Bolt Beranek and Newman Inc. After thirteen
years at ARPA, in 1986 he founded the Corporation for National
Research Initiatives, where he is now chairman and president. 

cerf and Kahn lay out the structure and protocol necessary for
intercommunication between different packet-switching com-
puter networks. Each network with its transmission control pro-
grams (TCP) is interfaced by gateways to other networks. The for-
mat necessary for internet communication as permitted by the
gateways is established from fundamental considerations and ex-
plained with great clarity. The resulting internetwork protocol
(IP) is flexible and can support messaging between computer net-
works of widely varying character. 

in perspective:

Since the Peloponnesian war (431 BC), when optical signalling with torches first
came into widespread use (98.1), military concerns have been an important driv-
ing force behind the development of communication technology. Hooke, when
reading about the plight of the citizens of Vienna during the Turkish siege, pro-
posed in 1684 a “way how to communicate one’s mind at great distances” using
signs and telescopes (98.2). Chappe put Hooke’s idea into practice in 1794, when
the desperate military situation after the French Revolution demanded rapid
communication between Paris and Lille (98.3). More recently military concern
for computer network vulnerability gave the impetus to the work cited above
(98.4)(98.5). Health-related information exchange, from patients to profession-
als or among professionals, traditionally takes place through meetings or through
point-to-point contacts and has been used to demonstrate the potential of ad-
vanced telemedicine (98.6)(98.7). However, many applications rely increasingly
on the Internet (98.8). At the end of the 20th century an estimated 60 million
adults used the internet to find health-related information (98.9). Confidentiali-
ty, security and data integrity remain major concerns (98.10)(98.11), but better
informed patients are likely to take more responsibility for their health care deci-
sions in the future, thereby fundamentally changing the role of the professionals
and the way health care is delivered. 

98.1 Karass Th. Geschichte der Telegraphie. Teil 1. 
Braunschweig: F.Vieweg & Sohn; 1909. 
p27.

98.2 See ref. 38.3 p142. 
98.3 Chappe I. Histoire de la télégraphie. Paris: 

chez l’auteur; 1824. See also ref. 85.6 
p178–181.

98.4 Holzmann GJ, Pehrson B. The Early History 
of Data Networks. IEEE Computer Society 
Press; 1995. See also #85 Eckert-Mauchly 
page 438.

98.5 Lynch DC. Historical Evolution. In Lynch 
DC, Rose MT. editors. Internet System 
Handbook. Reading: Addison-Wesley 
Comp.; 1993.

98.6 Norris AC. Essentials of Telemedicine and 
Telecare. John Wiley & Sons; 2002.

98.7 Marescaux J, et al.: Transatlantic robot-
assisted telesurgery. Nature 2001; 413:379.

98.8 Rusovick RM, Warner DJ. The globaliza-
tion of interventional informatics through 
Internet mediated distributed medical in-
telligence. New Medicine 1998; 2:155.

98.9 Kaufmann M. The Internet: A reliable 
source? Washington Post February 16 1999. 
pZ17.

98.10 Silberg WM, Lundberg GD, Musacchio 
RA. Assessing, controlling and assuring the
quality of medical information on the 
Internet. JAMA 1997; 277:1244.

98.11 Spielberg AR. On call and online: Socio-
historical, legal and ethical implications of 
email for the patient-physician relation-
ship. JAMA 1998; 280. See also ref. 4.11.

Vinton Cerf, Robert Kahn

A Protocol for Packet Network 
Intercommunication.

IEEE Trans Communications 1974; COM-22(5):637.

Vinton Cerf
Robert Kahn
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The torch system was used by the Greeks for communication during the Peloponnesian war of 430 BC. Two groups of
torches, each having one to five units, could designate positions in a 5✕5 matrix covering the entire Greek alphabet.

The plight of the citizens of Vienna during the Turkish siege of 1683 prompts Robert Hooke to propose a new method
of communication using mechanical signs and telescopes to read them at a distance.

98:7
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Another illustration of the importance of communications in wartime. The French telegraph corps setting up
telegraph lines (left) that are cut down by Prussian troops (right) during the Franco-Prussian war of 1870-71.

In 1791 Claude Chappe (1763-1805) constructs a telegraph based on two synchronised pendulum clocks, with numbers one to
ten on the face of the clocks. When the pointer passes the number to be communicated, a sound signal alerts the receiving par-
ty. Each letter is given a certain number and can be transmitted in this way. A more practical device, the semaphore telegraph,
was demonstrated by Chappe in 1793. It is rapidly taken into service between Paris and Lille to speed up communications,
something badly needed in the desperate military situation of France after the French Revolution. 
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A large number of passive
and active satellites are envis-
aged in the mid-1960s to pro-
vide complete telecommuni-
cation coverage for the whole
earth. 

In 1964 Leonard Kleinrock
provides the theoretical basis
of computer networking and
five years later his computer
becomes the first node of the
ARPANET, the precursor to
the Internet of today.
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Images from the first transatlantic robot-assisted
telesurgery in September 2001, initiated by Jacques
Marescaux. The “Operation Lindbergh”, as the
project is called, lasts about an hour and is success-
fully performed by doctors in New York on a 
patient in Strasbourg, France. The building blocks
of the technical systems are shown together with
images from the operation in progress. 
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The schematics and a photograph of the prototype positron emis-
sion tomography (PET) device designed by Michael Phelps and
co-workers in 1974. Objects marked with radionucleids emit a pair
of high energy photons each time an electron positron pair is anni-
hilated (see #69). Only photons that arrive at the detectors on
each side of the object at the same time are accepted. This criterion
corresponds to the collimation of the X-ray beam used in the CT
method and greatly improves resolution in an image plane. 

The scanning and image reconstruction systems illustrated
above are similar to those employed by the CT and MRI tech-
niques (see #95 and #96).
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helps was born in Cleveland in 1939. He received a
Ph.D. in chemistry from Washington University, St.
Louis in 1970. He stayed until 1975 as a member of the
faculty of the School of Medicine, beginning his work

on positron emission tomography (PET). After a short period at
the University of Pennsylvania, Phelps moved to the University of
California School of Medicine in 1976. Previously professor of
biomathematics and of radiological sciences, since 1992 he has
been head of the division of nuclear medicine and the department
of molecular and medical pharmacology.

together with Hoffman, Mullani and Ter-Pogossian, Phelps
presents a prototype system of a positron emission transaxial to-
mograph. The device creates images of the distribution of posi-
tron-emitting radionucleids. When the positron (99.1) is annihi-
lated, a pair of high energy photons is created. The new concept is
to allow detection only of those photons that arrive at the detec-
tors on each side of the object at the same time. This coincidence
technique corresponds to the collimation of X-rays employed in
computed tomography (CT) (99.2) and results in much-improved
resolution within well-defined image planes. The imaging capa-
bility of the device is demonstrated in model and animal studies
and is found to compare favourably with conventional scintilla-
tion cameras.

in perspective:

Positron annihilation radiation was first used in medicine in the early 1950s for
the localisation of brain tumours (99.3)(99.4). In the early 1970s tomographic
(single plane) techniques were developed (99.5) and, with the invention of X-ray
CT in 1973 (99.2), similar methods were also applied in PET devices (99.6). Over
the years better detector configurations, increased numbers of detectors and new
detector materials have steadily improved image quality and image access time
(99.7). The development of new radiopharmaceuticals has been, and still is, of key
importance in finding new applications of PET in medicine (99.8). Initially only
15O labelled oxygen and carbon dioxide were available but nowadays specially de-
signed mini-cyclotrons are used to produce many other radio-pharmaceuticals,
including the important 14C labelled deoxyglucose and 18F labelled 2-fluorode-
oxy-D-glucose (99.9). Major clinical uses of PET are tumour detection (also with
whole body scans) and cardiac viability diagnosis. Another important area is the
study of brain function in general, and the evaluation of Alzheimer’s and Parkin-
son’s diseases in particular (99.8). A combination instrument PET/CT that is able
to produce both anatomical and biological (functional) images simultaneously
has also been described (99.10). 

99.1 See #69 Thomson page 356 and ref. 69.7.
99.2 See #95 Hounsfield page 492.
99.3 Wrenn Jr FR, Good ML, Handler P. The 

use of positron emitting radioisotopes for 
localization of brain tumors. Science 1951; 
113:525. 

99.4 Brownell GL, Sweet WH. Localisation of 
brain tumors with positron emitters. Nucle-
onics 1953; 11:40.

99.5 Burnham CA, Brownell GL. A multi-crys-
tal positron camera. IEEE Trans Nucl Sci
1972; NS-19(3):201.

99.6 Chesler DA. Positron tomography and 
three dimensional reconstruction tech-
niques. In Freedman GS. Editor. Tomo-
graphic Imaging in Nuclear Medicine. New 
York: Society of Nuclear Medicine; 1973. 
p176.

99.7 Nutt R. The History of Positron Emission 
Tomography. Molecular Imaging and Biology
2002; 4(1):11.

99.8 Phelps ME. Positron emission tomography 
provides molecular imaging of biological 
processes. PNAS 2000; 97(16):9226.

99.9 Reivich M, et al. The (18F) fluorodeoxyglu-
cose method for the measurement of local 
cerebral glucose utilization in man. Circula-
tion Research 1979; 44:127. 

99.10 Beyer T, et al. A combined PET/CT scan-
ner for clinical oncology. J Nucl Med 2000; 
41:1369.

Michael Phelps

Application of Annihilation 
Coincidence Detection to Transaxial 
Reconstruction Tomography.

J Nucl Med 1975; 16(3):210.

Michael Phelps
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Positron annihilation methods are
first applied in medicine in 1953 when
Gordon Brownell designs an appara-
tus for localising brain tumours (see
image 69:8). Following the introduc-
tion of tomographic techniques in the
mid-1960s, Brownell builds the first
tomographic PET imaging device
(shown in the photograph) in 1969. 
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Michael Phelps with the PETT III apparatus, a development of the prototype unit described in the landmark
paper from 1975. This device takes the first PET images of blood flow, glucose metabolism and bone scans us-
ing Fluorine 18 (18F) as the radionucleid.

99:8
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Illustration of the power of
the PET technique for mo-
lecular imaging of biomed-
ical processes. Top, glucose
metabolism of the brain
when performing different
tasks and bottom the pro-
gression of Alzheimer’s
disease, with a comparison
to the normal brain of a
new-born baby.

On the opposing page
(top) the PET images 
reveal the characteristics of
early Parkinson’s disease,
while the conventional
MRI image only shows the
structure of the brain.
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In 2000 the first combination instrument PET/CT (such as the one shown in the photo-
graph) is introduced. The equipment simultaneously generates anatomical and biologi-
cal (functional) images and is able to scan the whole body in about four minutes.
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� Cardiovascular physiology, blood � Lung physiology, gases, ventilation, anaesthesia � Life processes, reproduction, metabolism, gas ex-
change � Germs, theory of diseases, drugs � Diagnostic methods and equipment � Materials, equipment and methods for treating disease
� Basic materials and methods in clinical medicine and medical research � Anatomy, muscle movement and electrophysiology, sensory physiology.
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Graphical presentation of the interrelation between the ninety-nine landmark publications. A line between  two publications means that they
reference each other or that they are described with common references and involve closely associated topics or personalities.
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1. Dürer, Albrecht

Hierinn sind begriffen vier Bücher von men-
schlicher Proportion.

[edited by Willibald Pirckheimer].
[Nuremberg, Hieronymus Andrea Form-

schneyder for Dürer’s widow, 1528].
Folio—128 leaves and 4 double-page folding leaves. Il-
lustrated throughout with 136 wood-cuts of full-length
human figures and numerous smaller woodcut figures
and diagrams in the text and on the folding leaves.

2. Paré, Ambroise

Les Oeuvres. Avec les figures, & portraicts,
tant de l’Anatomie que des instruments de
Chirurgie, & de plusieurs Monstres.

Paris, chez Gabriel Buon, 1575.
Folio—pp (20), 945, (46). Portrait of Paré and 295
woodcuts in the text.

3. Paracelsus, Theophrastus Philippus Au-
reolis Bombastus von Hohenheim 

Der Buecher und Schrifften … Jetzt auffs new
auss den Originalien, und Theophrasti eigner
Handschrifft, soviel derselben zubekommen
gewesen, auffs trewlichts und fleissigst an tag
geben: Durch Ioannem Huserum.

In Ten Volumes and Two Appendices.
Basel, Conrad Waldkirch, 1589–1590.

4to—10 volumes comprising together 5372 pages. The
authors’ portrait is repeated in all volumes. For full col-
lation see: Sudhoff 216–225a.

4. Santorio, Santorio
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