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ABSTRACT
ABSTRACT

Electrical stimulation of the nervous system has a long history, starting in ancient Rome, progressing through the 19th century, and being applied with scientiﬁc intention since the beginning of the
20th century. In the middle of the last century, observations were made in the laboratory that
stimulation of the septal area would result in profound analgesia, which led to similar stimulation
being applied in patients with cancer pain. With the introduction of the Melzack-Wall gate theory,
it became apparent that stimulation of the large somatosensory ﬁbers in peripheral nerve and spinal
cord might “close the gate” and inhibit chronic pain. In 1967, Wall and Sweet initiated therapeutic
stimulation of peripheral nerve, and Shealy and Mortimer introduced spinal cord stimulation for
chronic pain management. In 1973, Hosobuchi introduced somatosensory thalamus stimulation for
treatment of denervation, and 4 years later, Richardson and Akil reported the use of periventricular
stimulation for somatic pain. Along with advances in stimulation, improved patient selection has
indicated both spinal and brain electrical neuromodulation for a variety of clinical types of chronic
pain.

Key Words. Functional Neurosurgery; History; Chronic Pain; Pain; Deep Brain Stimulation;
Spinal Cord Stimulation; Peripheral Vascular Disease; Angina

Introduction

B

efore we begin, it would be helpful to deﬁne
several terms. “Neuromodulation,” as used
herein, concerns electrical stimulation of the nervous system for the purpose of modulating or
modifying a function, such as the perception of
pain. It will not include other ways of modulating
neural function such as pharmacological agents or
interruption of pathways.
“Chronic pain,” as used herein, is pain that lasts
a long time, regardless of the etiology, and
includes cancer pain as well as pain of noncancer
origin (although I prefer the term “persistent
pain” when both are included). It must be recognized that the physiology of each of those two
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types of pain is different (as is the physiology of
acute pain) in that cancer pain ordinarily involves
noxious stimulation of tissues or involvement of
nerves, whereas chronic pain may involve pathology of particularly nerve tissue or most commonly
muscle, or may not involve any identiﬁable tissue
pathology at all. Such chronic pain is a perception
rather than a sensation per se, but may be attenuated by the neuromodulation techniques discussed
below.
History (see Table 1)

The dramatic effects of stimulation of the body or
nervous system have long been recognized, and
the use of neuromodulation has grown from
those observations. Indeed, the ﬁrst recorded use
of neuromodulation for the treatment of pain
occurred in about 15 AD, when Scribonius, after
observing that gout pain had been relieved by the
accidental contact with a torpedo ﬁsh, recommended torpedo ﬁsh treatment for pain in
general [1]. Benjamin Franklin was an early
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Table 1
15 AD
1774
1780
1816
1870
1874
1884
1886
1902
1908
1947
1948
1953
1954
1954
1960
1964
1965
1965
1967
1967
1967
1968
1968
1969
1971
1972
1973
1976
1976
1977
1982
1985
1987
1996
1991
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A Timeline of Electrical Stimulation
Scribonius
Benjamin Franklin
Galvani
Mary Shelly
Fritsch and Hitzig
Bartholow
Horsley
Horsley
Horsley and Clarke
Hess and Hassler
Pool
Heath
Olds and Milner
Heath
Hassler and Riechert
Spiegel and Wycis
Alberts et al.
Melzack and Wall
Wall and Sweet
Shealy and Mortimer
Gol
Sweet and Wepsic
Medtronic
Reynolds
Gildenberg
Bechtereva
Hosobuchi
Cook and Dooley
Dooley
Richardson and Akil
Tasker et al.
Augustinsson et al.
Murphy and Giles
Hautvast et al.
Tsubokawa et al.

Torpedo fish shock used for pain treatment
Electrical shock causes muscle contraction
Electrical contraction of frog muscle
“Frankenstein” animated by electricity in novel
Muscle contraction on stimulating dog motor cortex
Muscle contraction on stimulating human motor cortex
Stimulation of encephalocele––eye movement
Motor cortex stimulation in epilepsy surgery
Electreat skin stimulation for pain and illness
Introduction of stereotaxis, including lab stimulation
Chronic animal stimulation
Stimulation of frontal tracts for psychiatric surgery
Behavior changes on deep brain stimulation
Septal stimulus seeking behavior in rats
Septal stimulation for pain relief
Motor effects on brain stem stimulation in OR
Oculomotor localization in campotomy
EEG changes on subcortical stimulation
Gate theory introduced
Analgesia on stimulation of infraorbital nerves
Implantable spinal cord stimulator
Chronic septal stimulation for pain relief
Implantable peripheral nerve stimulator
Commercial implantable stimulator
Analgesia on periventricular stimulation in rats
Spinal cord stimulation for torticollis
Chronic basal ganglia stimulation for Parkinson’s
Somatosensory thalamic stim for denervation pain
Spinal cord stimulation improvements spasticity
Spinal cord stimulation improves blood flow
Periventricular stimulation for pain relief
Atlas of thalamic stimulation
Spinal cord stimulation for peripheral vascular disease
Spinal cord stimulation for angina
Increased coronary flow on spinal cord stimulation
Motor cortex stimulation for pain relief

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[7]
[8]
[11]
[18]
[19]
[20]
[21]
[11]
[13]
[15]
[24]
[26]
[28]
[22]
[27]
[34]
[29]
[23]
[33]
[30,31]
[32]
[35,36]
[16]
[40]
[41]
[42]
[48]

EEG = electroencephalographic; OR = operating room.

investigator of the effect of the muscle contraction that followed electrical shock as early as 1774
[2], several years before Galvani demonstrated
electrical contraction of frog muscle in 1780 [3].
Perhaps the most famous theoretical physiological use of electricity was written by Mary
Shelly [4] in 1816, in her novel Frankenstein,
which was based on scientiﬁc speculation previously published by Dr. Erasmus Darwin, Charles’
grandfather.
In 1870, Fritsch and Hitzig [5] demonstrated
that limb movement occurred on stimulating the
motor cortex of the dog, proving the excitability
of the cerebrum. Several years later, in 1874, the
ﬁrst documentation of electrical stimulation of the
brain of an awake human was performed by Bartholow [6,7]. The patient had osteomyelitis of
an area of the scalp, and the brain was exposed
during debridement. Fortunately, the motor cortex was exposed, and muscle contraction was noted
on faradic stimulation but not on mechanical
stimulation.

The ﬁrst practical use of intraoperative electrical stimulation was performed by Sir Victor
Horsley, who applied stimulation of tissue within
an occipital encephalocele and noted conjugate
eye movements in 1884. Two years later, he used
stimulation to identify the thumb cortical area
for local resection in a patient with focal epilepsy
[8].
The ﬁrst electrical stimulator designed speciﬁcally for treatment was the Electreat, which
appeared at the beginning of the 20th century. It
was advertised to relieve not only pain, but every
imaginable physical malady. It was battery operated and had an uncanny resemblance to later
transcutaneous electrical nerve stimulation
(TENS) units.
When animal stereotaxic techniques were
introduced in 1908 by Horsley and Clarke [9],
they simultaneously introduced stereotactically
localized stimulation of deep brain structures.
This was applied to humans from the ﬁrst stereotactic* procedure reported in 1947 by Spiegel and
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Wycis [10], and has been part of almost every
functional stereotactic operation since. Although
they made the pallidal and medial thalamic lesions
by alcohol injection in the hope of sparing ﬁbers
en passage, they ﬁrst stimulated to be sure that the
tip of the needle was not in the internal capsule.
(*The original term “stereotaxic” has been
retained for use in animal experiments, but in 1973
the spelling convention for human procedures was
changed to “stereotactic” [11].) Although electrical stimulation was used extensively for localization in stereotactic surgery, it is poorly
documented in the literature from 1947 through
the next two decades, when the custom was to visit
other neurosurgeons in the operating room to
learn their techniques, and the publications discussed mainly indications and results.
Hassler [12] was instrumental in suggesting that
observations made on stimulation in the operating
room might have some long-term implications.
He had been a graduate student of Rudolph Hess
in Switzerland during the late 1940s, where
chronic stimulation was routinely administered via
permanently implanted electrodes to awake cats.
They recognized that although stimulation might
produce reversible effects that were essentially the
same as lesion production at the same site, changing the stimulation frequency might produce
enhancement rather than inhibition.
The effects of high (inhibitory) vs low (facilitatory) stimulation frequency were not fully appreciated at that time, either in the laboratory or in
the operating room. Those terms were not universally deﬁned. Low frequency might be between 6
and 60 Hz, whereas high frequency might be
between 50 and 100 Hz. There was considerable
reluctance, especially in Europe, to stimulate
above 50 Hz, since Riechert [13] had reported
provoking a seizure in a patient by stimulating
at that frequency, but others did not report such
kindling.
Intraoperative stimulation became critical for
electrode localization prior to lesion production.
For instance, Spiegel et al. [14] made lesions in
Forel’s ﬁeld for treatment of Parkinson’s disease.
They stimulated at successively deeper levels, until
lateral deviation of one eye indicated that the electrode had entered the emerging oculomotor
ﬁbers. The electrode was withdrawn 2 mm and a
lesion was made.
Stereotactic lesions were commonly used to
treat epilepsy during the 1950s and 1960s [15],
since it was recognized that a change in electroencephalogram or electrocorticogram was seen dur-
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ing stimulation of subcortical structures such as
the thalamus or globus pallidus [16].
Tasker [17] performed an extensive stimulation
study of the computerized map of the human thalamus, which he published as an atlas in 1982. He
had previously worked as a graduate student with
Clinton Woolsey, who had used essentially the
same technique (although not computerized) to
map the cortex and subcortex of animals, from
1961 to 1963 [18].
The use of stimulation as a therapeutic modality came about slowly, because during the ﬁrst two
decades of stereotactic surgery, there was no way
to stimulate for long periods of time. Several
authors inserted electrodes that had external connectors, so that stimulation might be provided but
only intermittently. Perhaps the earliest was Pool
[19], who stimulated frontal tracts rather than performing prefrontal lobotomy for psychosurgery as
early as 1948. Heath [20] had an extensive longterm program starting in the early 1950s wherein
he stimulated a variety of subcortical areas and
made detailed behavioral observations.
In 1954, Olds and Milner [21] observed that
rats would vigorously seek stimulation of the septal area, presumably because it provided them with
great pleasure. That same year, Heath [22] theorized that, as pleasure is the opposite of pain,
septal stimulation might provide pain relief. He
stimulated the septum for intervals of 15 minutes
daily to weekly and was able to successfully alleviate cancer pain in one patient. A decade later when
better stimulators were available, Gol [23] made
similar observations in several cancer patients.
Shortly after, reported in 1972, Bechtereva [24] in
Russia reported what may have been the ﬁrst therapeutic use of stimulation in motor disorders. She
provided the patient with intermittent pallidal or
thalamic stimulation during outpatient visits, as
implantable stimulators were not available.
In the meantime, signiﬁcant advances had been
made in the understanding of pain perception.
The concept that provided the impetus for introducing neuromodulation for pain treatment was
the introduction of Melzack and Wall’s [25] landmark theory in 1965. They proposed that pain
perception involves a gate that can be opened or
closed depending on the balance between ﬁring of
small and large neural ﬁbers. If large touch ﬁbers
were stimulated (“If you rub it, it feels better”), the
gate would close and pain would lessen. Touch
sensation transmitted by large nerves could also be
simulated by applying gentle electrical stimulation
to electrodes taped to the skin [26] (Electreat was
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reinvented!!!) so-called transcutaneous stimulation, later called TENS (which is a misnomer).
If stimulation were gradually increased, at ﬁrst
a nonpainful sensation was felt (the large ﬁbers),
and later the stimulation became painful at a
higher voltage (the small ﬁbers, which have a
higher threshold). Thus, the patient could control
the gate by adjusting the voltage to a level where
sensation but not pain was felt and provide pain
relief. This concept was tested in 1967 by Wall and
Sweet [27], who stimulated their own infraorbital
nerves. Sweet recruited Roger Avery, an engineering colleague at Massachusettes Institute of Technology, to make an implantable stimulator, which
he and Wepsic [28] used to treat chronic pain by
peripheral nerve stimulation, and the ﬁeld of neuromodulation for pain management was born.
At about the same time in 1967, Norman Shealy
[29] at Western Reserve Medical School (later Case
Western Reserve) had the idea to stimulate the
large nerve ﬁbers where they were uniquely gathered in the dorsal columns of the spinal cord. He
theorized that the impulse would travel retrograde
down the spinal cord to those levels at which pain
sensation was entering and the gate in the dorsal
root entry zone would be closed to alleviate pain.
He recruited Thomas Mortimer, a graduate engineering student, to design an implantable stimulator. The ﬁrst model required an external power
supply connected by needles passed through the
skin. Coincidentally, Mortimer had interviewed for
a job at Medtronic 2 years before and contacted
Norm Hagfors, one of their engineers whom he
had met, to see if their cardiovascular stimulator
might be adopted for dorsal column stimulation.
Mortimer designed an implantable electrode that
Shealy used with the Medtronic stimulator, which
provided cancer pain relief for the last several
months of the ﬁrst patient’s life.
Shealy contacted Medtronic again to improve
the system. Medtronic had previously manufactured stimulators that were used for cardiovascular
indications. In 1963, they produced the Barostat,
which was used to stimulate the carotid sinus for
the treatment of hypertension. In 1965, they had
released the Angiostat, which stimulated the
carotid sinus nerve for treatment of angina. The
ﬁrst spinal cord stimulators were modiﬁcations of
those devices, with platinum electrodes originally
made by Mortimer at Case Institute of Technology. Shealy’s second patient used this stimulator
and had relief of chronic pain for 4 years.
It became commercially available through
Medtronic in 1968.
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The early stimulators came in two parts. The
implantable portion was passive and consisted
of an electrode connected to a circular wound
antenna implanted subcutaneously. The external
part had a battery-operated power supply and control box connected to a similar external antenna
taped on the skin overlying the internal antenna.
By 1981, battery technology had improved to the
point where Medtronic was able to provide a fully
implantable spinal cord stimulator. Avery had kept
pace with Medtronic during that time, but when
Roger Avery retired, that company no longer provided stimulators. A third company, Neuromed,
introduced similar stimulators and continues
under a different name.
In 1971, I was working at the Cleveland Clinic
just down the street from where Shealy and Mortimer had introduced spinal cord stimulation, and
I had used spinal cord stimulation to treat pain. I
was able to obtain stimulators modiﬁed to provide
frequencies of 800–1200 Hz, which were useful
for the treatment of spasmodic torticollis, the ﬁrst
use of implanted stimulators for a motor disorder
[30].
Although spinal cord stimulation was used primarily for pain, in 1976, both Cook [31] and
Dooley [32] recognized improvement in spasticity
in patients with multiple sclerosis who had stimulators implanted for pain of muscle spasm. In addition, Dooley [33] recognized an increase in blood
ﬂow to the extremities of patients undergoing spinal cord stimulation for pain management, an
observation that was to become signiﬁcant two
decades later.
In 1973, shortly after the introduction of spinal
cord stimulation, Hosobuchi [34] reported the
successful use of chronic stimulation of the somatosensory thalamus for the treatment of denervation facial pain, anesthesia dolorosa, and the ﬁeld
of deep brain stimulation (DBS) was born.
It had been observed in 1969 by Reynolds [35]
that stimulation of the periventricular area of rats
would produce sufﬁciently profound analgesia
that they could undergo surgery with no apparent
pain. Similar stimulation was provided to patients
with chronic pain by Richardson and Akil [36,37]
in 1977 (Richardson had earlier worked with
Heath [20] and was familiar with chronic stimulation techniques). The following year, they documented that the area was related to endorphin
release [38].
Neuromodulation was being used so extensively
that a symposium on safety and efﬁcacy, sponsored
by the Food and Drug Administration (FDA), was

S11

History of Neuromodulation
held in 1977 [39]. The uses of stimulators for pain,
movement disorders, epilepsy, cerebral palsy, and
bladder control were presented. The consensus
was that the use of neuromodulation for pain had
been documented to be both safe and effective, but
not so for the other indications [40].
It was at that time that the FDA was given the
charge to regulate devices as well as drugs. They
felt that the use of DBS for both motor disorders
and pain management had not been sufﬁciently
documented, and provided the three companies
that made DBS systems several years to conduct
studies to document their beneﬁt. Because of the
concern about conduct of such a study, the only
company that provided data about pain management was Avery, but as Roger Avery retired in
1983 at just about that time and the other two
companies had not complied, DBS for pain management was de-approved, as it remains today,
although the recent surge in DBS activity has
brought renewed interest in that ﬁeld.
It was observed by Augustinsson [41] in 1985
that patients who had spinal cord stimulation for
pain of peripheral vascular disease not only had
pain relief but often had improvement in circulation and improvement in signs of ischemia, an
observation that harkened back to Dooley’s [33]
earlier report. In 1987, Murphy [42] reported
similar pain relief in angina. There was, however,
the concern that relief of pain might make it possible for the patient to exert beyond the myocardial circulatory capacity and increase the risk
of coronary artery disease. In 1996, Hautvast
[43] documented that myocardial perfusion
increased with spinal cord stimulation, which
consequently provided considerable protection
against ischemia.
Spinal cord stimulation has continued to provide a multitude of selected patients with signiﬁcant relief of chronic pain. Although there have
been many efforts to improve results through
modiﬁcation of stimulation parameters [44–47],
the key to success of electrical neuromodulation,
as any other pain management modality, seems to
lie in patient selection [48].
In 1991, Tsubokawa [49] reported that stimulation of the motor cortex (but curiously not the
sensory cortex) alleviated pain, particularly central
pain. In 1995, Migita [50] used extracranial magnetic stimulation of the motor cortex to achieve
that same beneﬁt.
During the past 5 years, there has been an
increasing use of DBS for motor disorders, such
as dystonia or Parkinson’s disease [51]. This

renewed activity has precipitated renewed interest
in the use of brain stimulation, with permanently
deep implanted electrodes [52], and it is anticipated that DBS for management of chronic pain
will again be an approved technique.
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