
The Centennial of the Einthoven
Electrocardiogram

Paul Kligfield, MD

Abstract: Recording of the electrocardiogram by string galvanometer evolved
a century ago from wide-ranging advances in physiology, physics, and engi-
neering. Although body surface recordings had been obtained prior to the
work of Willem Einthoven, his ingenuity in mathematically correcting capil-
lary electrometer tracings and incorporating recent advances in electromagne-
tism, recording technology, optics, and quartz chemistry into the new instru-
ment led to a fundamental tool for the investigation of the heart. For his work,
Einthoven received the Nobel Prize. Key words: Einthoven, electrocardio-
gram, string galvanometer, capillary electrometer.

This year marks the centennial of the introduc-
tion of the string galvanometer into clinical electro-
cardiography by Willem Einthoven of Leiden (Fig.
1). Recording of the human electrocardiogram with
the string galvanometer was first reported in a 1902
festschrift (1) to Professor S. S. Rosenstein (Fig. 2),
who for many years held the Boerhaave Chair in
Medicine at the University of Leiden. An expanded
journal description of the clinical application of this
new methodology appeared, also in Dutch, the
following year (2), along with contemporary jour-
nal versions in English (3), German (4), and French
(5). As introduced by Einthoven, high quality re-
cording of the electrical activity of the heart from
the body surface was the beginning of modern
electrocardiography. Tracings obtained with the
highly sensitive quartz string device stand in sharp
contrast to the markedly damped recordings that

were then available with the Lippmann capillary
electrometer (Fig. 3).

The present review examines the context in
which the string galvanometer developed from ad-
vances in physiology and in technology in the final
decades of the 19th Century. Earlier graphic meth-
ods of pulse recording introduced considerable un-
derstanding of heart rhythm prior to the direct
recording of the electrical activity of the heart.
Before the string galvanometer, the electrical activ-
ity of the heart was studied in animals and in
humans by means of the capillary electrometer.
Einthoven greatly improved the quality of tracings
obtained with the electrometer, and he also devel-
oped an ingenious correction for their poor fre-
quency response that allowed him to predict the
correct form of the human electrocardiogram. As
will be seen, the string galvanometer was a remark-
able synthesis of diverse technological advances in
industry. For Einthoven, a physicist as well as
physician, one of the rewards of the new method
was its validation of his theoretical predictions
regarding the electrical activity of the heart.

The life and work of Einthoven (1860-1927),
who received the 1924 Nobel prize in Physiology or
Medicine for his work in electrocardiography, are
detailed in the Dutch biographies of de Waart (6)

From the Division of Cardiology, Department of Medicine, Weill
Medical College of Cornell University, New York, NY.

Reprint requests: Paul Kligfield, MD, Division of Cardiology,
Department of Medicine, Weill Medical College of Cornell
University, 525 East 68th St, New York, NY 10021;
pkligfi@med.cornell.edu.

Copyright 2002, Elsevier Science (USA). All rights reserved.
0022-0736/02/350S-0018$35.00/0
doi:10.1054/jelc.2002.37169

Journal of Electrocardiology Vol. 35 Supplement 2002

123



and Hoogerwerf (7). Additional insight and per-
spective is available in the admirable English lan-
guage publications of Snellen (8-10). The general
history of electrocardiography is well documented in
the classic text by Burch and de Pasquale (11) and in

more recent reviews by Burnett (12), by Frank (13),
and by Fye (14). I am greatly indebted to these writers
for the clinical, technical, and social perspectives that
illuminate Einthoven’s achievement.

Graphic Methods and Heart
Rhythm before the
Electrocardiogram

Recording of the electrical activity of the heart
has its roots in graphic recording of pressure pulses
in the circulatory system. Graphic methods in med-
icine can be traced to the kymograph of Carl
Ludwig and to the sphygmograph developed by his
student, Etienne-Jules Marey (1830-1904). Marey,
a medical graduate of Paris, introduced a levered
movement for recording the displacement caused
by pressure waves in the arteries and veins in 1860
(15). Of note, that same year of 1860 saw the birth

Fig. 1. Willem Einthoven (1860-1927). Photograph
courtesy of Willem G. Einthoven.

Fig. 2. Title page of the Herrineringsbundel, 1902, with a
portrait of Professor Rosenstein.

Fig. 3. Composite illustration of (A) the half title to the
Einthoven contribution to the Herrineringsbundel, (B) the
figure from the text, newly labeled to indicate the
damped capillary electrometer recording (top), the math-
ematically “corrected” electrometer tracing (middle), and
the tracing obtained from the same subject with the string
galvanometer (bottom).
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of Willem Einthoven in Semarang, the Dutch East
Indies, now Java, Indonesia. Application of graphic
methods in the study of the heart reached a peak in
the work of Karel Frederik Wenckebach and of
James Mackenzie, whose original investigations of
disorders of cardiac rhythm were accomplished
without benefit of electrocardiography.

Wenckebach (1864-1940) was a student of En-
gelmann and a friend of Einthoven at school in
Utrecht. He became professor of Medicine succes-
sively at Groningen, Strassburg, and Vienna. Dur-
ing the final years of the 19th Century, Wenckebach
used the timing of the the arterial pulse alone to
distinguish ventricular and atrial premature con-
tractions by the presence and absence of a compen-
satory pause and to define the physiologic behavior
of AV block that now bears his name (16,17).

James Mackenzie (1853-1925) was a Scot who
practiced general medicine in Burnley for nearly
three decades. In Mackenzie’s detailed studies of
arrhythmias using the polygraph, he used simulta-
neous recording of pressure waves derived from the
radial arterial pulse, the carotid pulse, the jugular
venous pulse, the hepatic pulse, or the apex beat at
the chest wall to deduce varied sequence of electri-
cal activation patterns from their mechanical con-
sequences. For example, comparison of dual chan-
nel recordings from discordant jugular and radial
pulses were able to document the nature of com-
plete heart block. His classic text on the study of the
pulse appeared in 1902 (18), the same year as
Einthoven’s report in the Rosenstein festschrift.

Electrical Activity of the Heart
prior to Einthoven

Einthoven was not the first to record the electri-
cal activity of the heart, and indeed, the string
galvanometer was diagnostically evolutionary even
as it was technologically revolutionary (11-13).
However, prior to the development of the string
galvanometer, the graphic detail of cardiac electro-
grams was limited by the sensitivity and frequency
response of available equipment. At the time, the
most useful device for animal electrophysiologic
study was the capillary electrometer, developed by
Gabriel Lippmann (1845-1921) while studying in
Heidelberg in the early 1870’s. Lippmann later
became professor of mathematical and experimen-
tal physics at the Sorbonne, and he was awarded
the Nobel Prize for Physics in 1908 for his work in
color photography.

The capillary electrometer records the effect of

small currents on the optically magnified move-
ment of the meniscus formed within a thin tube at
the interface of mercury and sulphuric acid. How-
ever, while reasonably sensitive to small currents,
the inertia of the heavy mercury results in limited
high frequency response that obscures the detail of
recorded signals (see, for example, the capillary
electrometer tracing of Figure 3). But even with
limitations, the instrument was used productively
by Marey, by Burdon-Sanderson, and by Waller,
among other experimental physiologists.

John Burdon-Sanderson (1828-1905) received
his medical degree from Edinburgh and studied the
electrophysiology of both plants and animals as
Chair of Practical Physiology and later Human
Physiology at University College, London. With
F. J. M. Page, Burdon-Sanderson published high
quality recordings of the animal electrocardiogram
in 1880-1883, using the capillary electrometer with
optical amplification and rapid sequence photogra-
phy in the frog and in the tortoise (19).

Augustus D. Waller (1856-1922) was the son of
Augustus V. Waller of neurologic eponym fame.
The younger Waller became Lecturer in Physiology
at St. Mary’s Hospital in1883 and later Director of
the Physiological Laboratory at the University of
London. In his electrophysiological investigations,
Waller expanded the application of the capillary
electrometer to the body surface recording of the
mammalian heart, including that of his pet bulldog
“Jimmie.” In 1887, he published the first capillary
electrometer recordings of the human heart, taken
with saline-filled tub electrodes (20). One might
reasonably describe this paper as the founding of
human electrocardiography, and this view was cer-
tainly held by Waller himself, despite his evident
appreciation for the later achievements and contri-
butions of Einthoven.

About the time that Waller began his cardio-
graphic studies in England, the 25-year-old Willem
Einthoven published his doctoral thesis on stereo-
scopic vision in Leiden in 1885 (21). That same
year, the youthful Einthoven was appointed to the
Chair of Physiology at Leiden, where he would
spend his entire professional life.

From the Capillary
Electrometer to the Corrected

Form of the Human
Electrocardiogram

The First International Congress of Physiology
was held in Basel, Switzerland, in 1889. At this
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meeting, Waller demonstrated his method for re-
cording of the human electrocardiogram by capil-
lary electrometer to an attentive European audi-
ence that included the single representative from
the Netherlands, Willem Einthoven. This demon-
stration was reported to Dutch colleagues in enthu-
siastic detail by Einthoven on his return to Leiden
(22), and it is evident from contemporary docu-
mentation that Einthoven began similar electro-
physiologic studies in humans within a year of the
Basel meeting. “I read [your papers] with much
pleasure,” Einthoven wrote to Waller from Leiden
on July 23, 1890 (23), “and had already the oppor-
tunity to deliver a lecture on your extremely inter-
esting investigations and to demonstrate the elec-
tromotive changes connected with the beat of the
human heart” (Fig. 4).

At the 1889 Congress, Einthoven had shared his
observations in stereoscopic vision with Waller,
whose own investigative interests included neuro-
physiologic optics. In 1890, Waller encouraged
Einthoven to translate his optical studies into En-
glish for publication in the British neurological
literature (23). Interestingly, for nearly two decades
after meeting Einthoven in 1889 and their begin-
ning correspondence in1890, Waller did little fur-
ther original work on the electrical activity of the
human heart. This is more likely explained by
Waller’s somewhat limited perception of the ulti-
mate clinical value of the endeavor than by any
competitive disadvantage of his methodology.
Waller’s early writings focus strongly on the rela-
tionship of different lead amplitudes to the normal
leftward and inferior depolarization vector, rather
than on the diagnostic use of the tracings. In this
context, his enthusiasm for the technique appears
to have peaked with the validation of this concept
by the demonstration of a rightward depolarization
vector in a subject with dextrocardia (24).

During the period from 1890 to 1895, Einthoven
not only used the capillary electrometer exten-
sively, but he made considerable improvements in
its resolution. Technical advances in the instrument
were afforded by more rapid transition in the bore
of the capillary tube, by careful attention to clean-
liness and drying of the tube, by advances in optical
system magnification and focus, and by increased
speed of the recording photographic plate transport
mechanism (11-13). Resolution of the electrometer
recordings in Leiden were superior to those made
by Waller, but still, the method had important
residual limitations for recording the electrocardio-
gram. These limitations of the electrometer in-
cluded its high moment of inertia and long periodic
time, resulting in poor high frequency response of
the recorded signal. Further, considerable variabil-
ity of recording was present between different in-
struments, resulting in difficult comparison be-
tween patients.

Einthoven’s approach to resolving the interpre-
tive difficulties of the capillary electrometer itself,
distinct from his later innovative construction of the
new string galvanometer, is a revealing insight into
his scientific and mathematical prowess.

In an extraordinary series of papers in the mid-
1890’s, Einthoven demonstrated that differential
equations could be used to “correct” the tracings
obtained from the capillary electrometer to approx-
imate the form of a “true” electrocardiogram that
would be recorded by an instrument not limited by
frequency response (25,26). The result, and success,
of this mathematical correction is illustrated by

Fig. 4. First page of an autograph letter from Einthoven
to Augustus D. Waller, dated September 23, 1890, noting
the use of the capillary electrometer to record the human
electrogram in Leiden soon after its demonstration at the
Physiologic Congress in Basel.

126 Journal of Electrocardiology Vol. 35 Supplement 2002



comparing the top and middle graphs shown in
Figure 3.

With transformations tailored to each individual
capillary instrument, manually corrected forms of
the human electrocardiogram could be derived to
represent the range of normal and abnormal find-
ings and to compare findings between tracings
taken with different electrometers (27). This pro-
vided a “common standard” for early graphic re-
cording of the electrical activity of the heart. Thus,
even before the precision and fidelity later intro-
duced by the string galvanometer, the manual
correction of electrometer tracings, albeit a highly
time-consuming process, provided a basis for the
evaluation and classification of large numbers of
electrometer recordings that were gathered by
Einthoven and his colleagues at the Physiological
Laboratory at the close of the 19th Century (28).

From the Corrected
Electrometer Tracing to the

String Galvanometer

Even with mathematical correction of electro-
grams taken with the capillary electrometer, signif-
icant residual methodologic problems limited
Einthoven’s work. Not only was the correction time
consuming, but as a result, the tracings were not
directly interpretable without adjustment. Further,
individual correction was required for each capil-
lary tube. What was needed was a galvanometer
with high sensitivity that produced an undistorted,
directly readable graphic record of the electrical
activity of the heart. Einthoven assembled his solu-
tion to these problems from an eclectic range of
advances in industry that evolved from 1880 to the
turn of the century.

A number of contemporary industrial develop-
ments facilitated Einthoven’s conceptualization and
construction of the string galvanometer (11-13).
Technical progress included the development of
accurate oscillographs by Blondel and by Duddell
for recording rapidly alternating voltages to opti-
mize the efficiency of power stations and transmis-
sion lines of the emerging electrical power industry.
Technical progress in speeding telegraphic trans-
mission of the emerging transoceanic cable industry
led to the development of more accurate and more
sensitive galvanometers, from the moving coil type
of d’Arsonval to the single wire string type of Ader.
Other, unrelated, industrial progress included the
development and engineering of quartz filiaments,
the introduction of carbon arc white light source for

illumination, the development of apochromatic
projecting microscope lenses, and the improvement
of photographic emulsion.

The basic principle of the string galvanometer is
that current flow through a conducting wire in-
duces a magnetic field around the wire that is
proportional to the current applied. When the wire
is suspended in a separate magnetic field, the re-
sulting interaction between the two magnetic fields
causes a displacement of the wire that is propor-
tional to the applied current. Projection of the
shadow of the moving string, with amplification
and photographic recording over time, produces a
graphic image of the variation of source current.

Einthoven recognized that adequate performance
of a string galvanometer for electrocardiographic
recording was dependent not only on magnetic
field strength and on optical magnification, but on
reducing the mass of the string itself. Production of
an extremely thin quartz string was achieved by
drawing out the molten fiber behind an arrow fired
from a bow. Insertion of the quartz string, coated
with silver, in a powerful electromagnet, combined
with a carbon arc light source, apochromatic pro-
jecting lens, and sensitive recording film completed
the construction. As observed by Burnett (12), the
significance of the electrocardiograph designed by
Einthoven was not just “the ingenuity behind its
conception” but “the combination in one instru-
ment of so many different and new ideas.”

In a sense, Einthoven’s publication of 1902 was
as much a scientific validation of his mathematical
correction of the capillary electrometer as it was an
introduction of new diagnostic instrumentation.
Review of the plate that accompanies the text (Fig.
3) will indicate how closely the “corrected” tracings
accurately predicted the “true form” of the electro-
cardiogram that was revealed by the string galva-
nometer. As noted by Einthoven in his Nobel Prize
lecture, “there was a certain satisfaction. . .because
this correspondence signified firstly that the earlier
calculations were correct, and secondly that the
new galvanometer fulfilled its purpose” (29).

The Early Years of the String
Galvanometer

The description of the new string galvanometer,
without reference to its use for recording of
the electrocardiogram, was first published by
Einthoven in the French language in a Dutch
journal in 1901 (30). The Herinneringsbundel paper
of 1902 and its journal variants during the subse-
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quent 2 years linked technical progress with clinical
applicability. An expanded version of the method-
ology appeared in the Annalen der Physik in 1903
(31), again without examples of the electrocardio-
gram. Presentation of the engineering as a distinctly
pure scientific accomplishment in this prestigious
German journal, alongside the work of Einstein,
among others, exemplifies Einthoven’s success and
reward as a working physicist as well as a physiol-
ogist.

Advantages of the new galvanometer for clinical
work were immediately obvious. As later observed
by Waller, “In its original form— and to the best of
my knowledge Einthoven’s’ first model has not
been surpassed or even equalled by any subsequent
model—the ‘string,’ weighing about one millionth
of a gramme, can respond to the millionth of a
millionth of an ampere (10�12 amp.), and when its
tension is suitably adjusted, records directly the
human electrocardiogram with a magnification 10
times that yielded by the electrometer and with an
accuracy of form that may be regarded as approxi-
mately perfect” (24).

As a consequence of the large size and weight of
the string galvanometer, the electrocardiographic
signals from patients whose limbs were immersed
in saline tubs at the University hospital were re-
corded photographically after transmission over
telephone wire to the relatively immovable instru-
ment that remained housed in the basement of the
Physiologic Laboratory, about a mile away. The
new tool was used extensively by Einthoven and
his colleagues to profile a wide range of abnormal
heart rhythm and configurational observations in a
large series of subjects and patients. A first series of
clinical findings appeared in 1906 in the extensively
illustrated paper titled “Le Telecardiogramme” (32).
A second series of important observations, “Weit-
eres uber das Elektrokardiogramm,” was published
in 1908 (33).

In May of 1908, a young English physician wrote
for the first time to Willem Einthoven in Leiden to
request a reprint of “Le Telecardiogramme” (9).
Unfortunately, all copies of the offprint had been
distributed. But when Einthoven wrote back to
Thomas Lewis in London with encouragement and
a reprint of the second series, it was the beginning
of a long and productive friendship. The era of
clinical electrocardiography had arrived.
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