
Gate Control Theory
On the Evolution of Pain Concepts
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Descartes'concept that pain is produced by a direct,
straight-through transmission system from injured
tissues in the body to a pain center in the brain has
dominated pain research and therapy until recently.
The gate control theory of pain, published in 1965,
proposes that a mechanism in the dorsal horns of
the spinal cord acts like a gate that inhibits or facili
tates transmission from the body to the brain on the
basis of the diameters of the active peripheral fibers,
as well as the dynamic action of brain processes. As
a result, psychological variablessuch as past experi
ence, attention, and other cognitive activities have
been integrated into current research and therapyon
pain processes. The gate control theory, however, is
not able to explain several chronic pain problems,
such as phantom limb pain, which require a greater
understanding of brain mechanisms. A new theory of
brain function, together with recent research that has
derived from it, are described. They throw light on
complex pain problems and have important implica
tions for basic assumptions in psychology and neu
roscience. Key words: gate control theory, pain, dor
sa/ horn, neuromatrix

T
heories of pain, like every other kind of theory,
evolve in conjunction with the accumulation
of scientific facts. Theories give rise to experi
ments, which generate new facts, and these, in

turn, reveal the inadequacies of older theories and pro
vide the foundations for new ones. This article dis
cusses the gate control theory of pain in the perspec
tive of earlier theories and outlines the data that call for
a new one. In particular, phantom limb pain cannot be
explained by any current theories and reveals that the
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study of brain function, in general, is in a state of crisis.
We have a multitude of facts but no adequate frame
work to incorporate them into a meaningful whole.

A BRIEF HISTORY OF PAIN

The theory of pain we inherited in the 20th century was
proposed by Descartes three centuries earlier (see
Melzack and Wall [32]). Descartes was the first philoso
pher to be influenced by the scientific method that flour
ished in the 17th century, and he achieved a major rev
olution by arguing that the body works like a machine
that can be studied by using the experimental methods
of physics pioneered by Galileo and others. Although
humans, Descartes proposed, have a soul (or mind),
the human body is, nevertheless, a machine, like an
animal's body.

The impact of Descartes' theory was enormous. The
history of experiments on the anatomy and physiology
of pain during the first half of this century (reviewed in
Melzack and Wall [32]) is marked by a search for spe
cific pain fibers and pathways and a pain center in the
brain. The result was a concept of pain as a specific,
straight-through sensory projection system. This rigid
anatomy of pain in the 1950s led to attempts to treat
severe chronic pain by a variety of neurosurgical
lesions. Descartes' specificity theory, then, determined
the "facts" as they were known up to the middle of this
century, and even determined therapy.

Specificity theory proposed that injury activates spe
cific pain receptors and fibers that, in turn, project pain
impulses through a spinal pain pathway to a pain center
in the brain. The psychological experience of pain,
therefore, was virtually equated with peripheral injury. In
the 1950s, there was no room for psychological contri
butions to pain, such as attention, past experience, and
the meaning of the situation. Instead, pain experience
was held to be proportional to peripheral injury or
pathology. Patients who suffered back pain without pre
senting signs of organic disease were labeled as psy-
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chologically disturbed and sent to psychiatrists. The
concept , in short, was simple and, not surprisingly, gen
erally failed to help patients who suffered severe
chronic pain. To thoughtful clinical observers, specificity
theory was clearly wrong.

There were several attempts to find a new theory.The
major opponent to specificity was labeled as "pattern the
ory," but there were several different pattern theories and
they were generally vague and inadequate. However,
seen in retrospect, pattern theories gradually evolved
and set the stage for the gate control theory (Fig. 1).
Goldscheider [5] proposed that central summation in the
dorsal horns is one of the critical determinants of pain.
Livingston's [16] theory postulated a reverberatory circuit
in the dorsal horns to explain summation, referred pain,
and pain that persisted long after healing was completed.
Noordenbos's theory [33] proposed that large-diameter
fibers inhibited small-diameter fibers, and he even sug
gested that the substantia gelatinosa in the dorsal horns
plays a major role in the summation and other dynamic
processes described by Livingston. However, in none of
these theories was there an explicit role for the brain
other than as a passive receiver of messages. Neverthe
less, the successive theoretical concepts moved the field
in the right direction: into the spinal cord and away from
the periphery as the exclusive answer to pain.

THE EVOLUTION OF NEW CONCEPTS

Progress in science, according to historians of science
such as Thomas Kuhn [12], occurs in two ways: by the
gradual accumulation of information that we call "facts"
and by the rapid jumps in the integration of facts that
occur when a new theory, concept , or "paradigm" is pro
posed. The former is "normal science"; the latter is a
"revolution." The process occurs in a cycle that may
involve generations of scientists and take centuries to
complete. This historical process is depicted in Figure
2, with specific reference to the history of pain.

The power of theory was summar ized briefly by Don
ald O. Hebb: ''The 'real world' is a construct, and some
of the peculiarities of scientific thought become more
intelligible when this fact is recognized .. . Einstein him
self in 1926 told Heisenberg it was nonsense to found a
theory on observable facts alone: 'In reality the very
opposite happens. It is theory which decides what we
can observe' " (Hebb [7] pp. 5-9). In the case of pain,
theory not only determines what we observe in physiol
ogy, but it determines how we treat people in pain. We
now know that neurosurgical lesions to abolish chronic
pain usually fail and the pain tends to return. Yet theory
and so-called facts about pain fibers and pathways said
they should work and neurosurgeons-notwithstanding
their own observations on the tendency for pain to

Figure 1. Schematic representation of conceptual models of
pain mechanisms. (A) Specificity theo ry. Large (L) and small
(S) fibers are assumed to transm it touch and pain impulses
respectively, in separate, specific , straight-through pathways to
touch and pain centers in the brain. (8) Goldscheider's summa-

. tion theory, showing convergence of small fibers onto a dorsal
horn cell. The central network projecting to the central cell rep
resents Livingston's (1943) conceptual model of reverberatory
circuits underlying pathological pain states. Touch is assumed
to be carried by large fibers . (C) Sensory interaction theory, in
which large (L) fibers inhibit (-) and small (S) fibers excite (+)
central transmission neurons. The output projects to spinal
cord neurons, which are conceived by Noordenbos (1959 ) to
comprise a multisynaptic afferent system. (D) Gate control the
ory. The large (L) and small (S) fibers project to the substantia
gelatinosa (SG) and first central transmission (T) cells . The
central control trigger is represented by a line running from the
large fiber system to central control mechanisms, which in turn
project back to the gate control system. The T cells project to
the entry cells of the action system. +, excitation; - , inhib ition .
From Melzack [23]. With perm ission .

return after surgery-continued to carry out cordo
tomies, rhizotomies, cortical ablations, and so forth. The
emphasis was on the temporary successes, not on the
long-term follow-up failures [3,37].
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Figure 2. The pattern of scientific progress according to Kuhn (1970). "Normal science" is a generally tranquil stage in which sci
entific data are acquired within the framework of a theory or "paradigm" that is generally accepted by all or most scientists. During
this period, data are obtained that represent an anomaly-they do not fit the accepted paradigm. These data usually lead to sev
eral new theories to explain the anomalous data and produce a contentious and unsettled period. Finally, a single theory emerges
that becomes the new paradigm and represents a revolution from the old paradigm to the new one. Within this new paradigm, nor
mal science produces new data and proceeds until a period of anomaly again arises, thus leading to a new cycle that culminates
in the revolution of a new paradigm. This sequence is shown specifically for pain, with the major events and scientists associated
with each stage. From Melzack [23]. With permission.

Descartes' views have so thoroughly permeated our
concepts about physiology and anatomy that we still
cannot escape them. In addition to the concept of a
specific pain projection system, Descartes left us
another legacy that has perverted our understanding of
how the nervous system works: it led to psychophysics,
the idea that the relationships between sensation and
stimulus energy can be expressed in elegant mathe
matical formulas, suggesting mechanical, immutable
laws, like the physics of long ago. Certainly we find
these laws-when we use rats and students in artificial
laboratory chambers. In the normal world, perception
and behavior are highly variable, with a multitude
of contributing factors. Fortunately, psychology has
recently undergone major changes [13]. Behaviorism,
which ignored the brain and its functions, is vanishing;
cognitive psychology, which recognizes the variability of

perception, the malleability of memory, thought, and
imagery, has now become the dominant concept.

This new approach in psychology is, happily, being
paralleled by major changes in our views of brain func
tion. We now know that the brain possesses widely dis
tributed, parallel processing networks and that it pro
duces an excess of neurons and synapses, so that we
can conceive of memory as a sculpting process rather
than a slow "cementing" of synapses. This new,
dynamic picture of the brain is gradually having an
impact on our understanding of pain.

THE GATE CONTROL THEORY OF PAIN

Science is a highly personal endeavor and it is neces
sary for me, therefore, to discuss the milieu in which I
first approached the problem of pain. The careers of



many scientists are launched during the formative years
of working on a doctoral thesis , and the concept of "gat
ing" by the brain evolved during that exciting period of
my life. I had the good fortune , in the early 1950s, to
have a superb research advisor-Donald O. Hebb
and a challenging problem: pain. Happily, Hebb was
then engaged in a long correspondence on the problem
of pain with George H. Bishop-a brilliant physiologist
who shared Hebb's fascination with the nervous sys
tem. Bishop was convinced that pain would one day be
explained entirely (or primarily) in terms of the sizes of
fibers (which his research helped to sort out) and their
projections to the brain. However, the brief section on
pain in Hebb's book [7], The Organization of Behavior,
which ascribed pain to abnormal patterns of firing in the
brain, intrigued Bishop. In the course of the exchange of
ideas, Hebb described his ongoing research on the role
of early sensory experience on adult behavior in Scot
tish terriers and stated his hope that experiments such
as these might throw light on the role of learning in pain
perception.

Here, suddenly, a possible PhD thesis topic leaped
out at me. Scottish terriers were already being raised in
social isolation in Hebb's laboratory in special sensory
restriction cages (kennel cages with boards on the side
and top) , and Iittermate controls were being raised in
homes as pets. Hebb was interested in the effects of
sensory-social restriction on intelligence. I was now
curious to know whether this kind of restriction had an
effect on pain perception.

When the restricted dogs were removed from their
cages, they became extremely excited. They ran wildly
around the laboratory rooms, in sharp contrast to the
controls who cautiously explored every important place
and object. At a suitable time, I lit a match in the pres
ence of a restricted dog. He sniffed it, withdrew reflex
ively for a moment and sniffed again-and again and
again. The other restricted dogs behaved essentially
the same way. The control dogs, in sharp contrast , care
fully avoided the flaming match so that I had to chase
after them. The few that ventured one sniff would not try
another. Similar behavior was observed when the stim
ulus was pricking the skin with a dissecting needle.

More litters of dogs and more elegant testing ses
sions led to similar observations [27]. The question
raised by these observations was this: Did the dogs
really not feel pain or did they have to learn the mean
ing of different stimuli until they learned that flaming
matches or sharp needles were different and more dan
gerous than other kinds of inputs? Several years of
research subsequently led me to conclude that the
restricted dogs had difficulty in discriminating among
stimuli , largely because of their high level of arousal
[18]. I developed the hypothesis that part of the input
from an object such as a flaming match must travel
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rapidly up the largest fibers and fastest pathways to the
brain and activate neural processes that act down on
the more slowly conducted input. The information
descending from the brain, I proposed , acted at levels
that had to be below the brainstem reticular formation.
The brains of restricted dogs, without the advantage of
prior learning, allowed all information to ascend to the
brain. Flaming matches and dissecting needles were no
more important than anything else in the environment,
and the massive, unfiltered sensory input produced
high levels of reticular arousal. The restricted dogs, I
believed, could indeed feel pain, but the irrelevant mes
sages were not being inhibited below the level of the
reticular formation, and the relevant injury signals failed
to rise above the background noise.

In 1959, then, when I was appointed assistant profes
sor of psychology at Massachusetts Institute of Tech
nology and met a young professor of biology, Patrick
Wall, we both had ideas that we shared : pain is due to
patterns of nerve impulses rather than straight-line
transmission of modality-specific impulses to a pain
center; information that arrives at the spinal cord is fil
tered and selected on the basis of the total pattern of
activity in stimulated fibers as well as by descending
information from the brain. Wall and I wrote a paper on
somesthesis that was published in Brain in 1962 [30],
and we then decided to write a paper specifically on
pain, which was published in Science in 1965 [31]. The
development of the gate control theory has been
described elsewhere [22J. The final model is shown in
Figure 1 in the context of earlier theories of pain. It is
evident that it is the first theory of pain that incorporated
the central control processes of the brain.

The gate control theory of pain (Fig. 1D) is based on
the following propositions :

1. The transmission of nerve impulses from afferent
fibers to spinal cord transmission (T) cells is modu
lated by a spinal. gating mechanism in the dorsal
horn.

2. The spinal gating mechanism is influenced by the
relative amount of activity in large-diameter (L) and
small-diameter (S) fibers: activity in large fibers
tends to inhibit transmission (close the gate) while
small-fiber activity tends to facilitate transmission
(open the gate).

3. The spinal gating mechanism is influenced by nerve
impulses that descend from the brain.

4. A specialized system of large-diameter, rapidly con
ducting fibers (the central control trigger) activates
selective cognitive processes that then influence, by
way of descending fibers, the modulat ing properties
of the spinal gating mechanism.

5. When the output of the spinal cord transmission (T)
cells exceeds a critical level, it activates the action
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system-those neural areas that underlie the com
plex, sequential patterns of behavior and experience
characteristic of pain.

When the gate control theory was published, Wall and
I were astonished by the reception. The theory generated
vigorous (sometimes vicious) debate, as well as a great
deal of research to disprove or support the theory. The
search for specific pain fibers and spinal cells by our
opponents now became almost frantic. It was not until
the mid-1970s that the gate control theory was presented
in almost every major textbook in the biological and med
ical sciences.At the same time there was an explosion in
research on the physiology and pharmacology of the dor
sal horns and the descending control systems.

The theory's emphasis on the modulation of inputs in
the spinal dorsal horns and the dynamic role of the
brain in pain processes had a clinical as well as a sci
entific impact. Psychological factors, which were previ
ously dismissed as "reactions to pain;' were now seen
to be an integral part of pain processing and new
avenues for pain control were opened. Similarly, cutting
nerves and pathways was gradually replaced by a host
of methods to modulate the input. Physical therapists
and other health care professionals who use a multi
tude of modulation techniques were brought into the
picture, and transcutaneous electrical nerve stimulation
became an important modality for the treatment of
chronic and acute pain. The current status of pain
research and therapy has been evaluated [32] and indi
cates that, despite the addition of a massive amount of
detail, the conceptual components of the theory remain
basically intact after more than 30 years.

BEYOND THE GATE

I believe the great challenge ahead of us is to under
stand brain function. Kenneth Casey and I [25] made a
start by trying to convince our colleagues that special
ized systems in the brain are involved in the sensory
discriminative, motivational-affective, and evaluative
dimensions of pain (Fig. 3). These phrases seemed
strange when we coined them, but they are now used
so frequently and seem so "logical" that they have
become part of our language. So too, the McGill Pain
Questionnaire, which taps into subjective experience
one of the functions of the brain-is widely used to
measure pain [19,29]. Later articles tried to understand
the spinal and cerebral systems that underlie acute and
chronic pain [2], and we have gained a far better under
standing of the analgesic effects of morphine [21,39].

The gate control theory had another, unexpected
effect. The increasing visits to China by Westerners ,
beginning in the early 1970s, led to a fascination with
acupuncture. Interestingly, the explanation for the abil
ity of acupuncture to relieve some kinds of pain, given
by Chinese scientists with a "Western" training and ori
entation , was the gate control theory. Acupuncture
needles were assumed to activate large fibers that
closed the gate to inputs from slowly conducting "pain
fibers." This explanation lent credibility to acupuncture
for pain , and a surge of research on the topic occurred
in Western laboratories of physiology, psychology, and
pharmacology [24].

An early study I carried out with W. K. Livingston dur
ing three postdoctoral years in his laboratory led to the
discovery that the area surrounding the aqueduct in the
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Figure 3. Conceptual model of the sensory, motivational, and central control determinants of pain. The output of the T (transmiss ion)
cells of the gate control system projects to the sensory-discriminative system and the motivational-affective system. The central con
trol trigger is represented by a line running from the large fiber system to central control processes ; these, in turn, project back to the
gate control system, and to the sensory-discriminative and motivational-affective systems. All three systems interact with one
another, and project to the motor system. From Melzack and Casey [25]. With permission.
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midbrain exerted a tonic inhibitory effect on pain (28].
This experiment was, in large part, the basis for postu
lating a descending inhibitory control in the gate theory.
It also led directly to Reynolds' demonstration [24] that
electrical stimulation of the periaqueductal gray pro
duced analgesia. This study was followed by Liebeskind
and Paul's [15] research on the mechanisms of the
descending inhibition and by the discovery of pharma
cological substances such as endorphins that con
tribute to it [4]. My interest in the observation that "pain
takes away pain;' in which I postulated that descending
inhibition tends to be activated by intense inputs, led to
a series of studies on intense transcutaneous electrical
nerve stimulation [20]. Later, a series of definitive stud
ies on "diffuse noxious inhibitory controls" was carried
out by Besson and colleagues [14], which firmly estab
lished the power of descending inhibitory controls.

In 1978, John Loeser and I [26] described severe
pains in the phantom body of paraplegics with verified
total sections of the spinal cord and proposed a central
"pattern generating mechanism" above the level of the
section (Fig. 4). This concept represented a major
advance: it did not merely extend the gate, it said that
pain could be generated by brain mechanisms in para
plegics in the absence of a spinal gate because the
brain is completely disconnected from the cord. Psy
chophysical specificity, in such a concept, makes no
sense and we must explore how patterns of nerve
impulses generated in the brain can give rise to somes
thetic experience. This concept does not diminish the

role of sensory inputs and spinal processing in pain due
to injury, inflammation , and other pathology. It simply
provides a new perspective in which the brain synthe
sizes raw sensory inputs and generates perceptual
experience. This approach seems radical and difficult to
comprehend, but I am convinced that it is the logical
extension of concepts that began with the gate control
theory's incorporation of the brain in the attempt to
understand pain.

PHANTOM LIMBS AND THE CONCEPT OF
A NEUROMATRIX

It is evident that the gate control theory has taken us a
long way. Yet, as historians of science have pointed out,
good theories are instrumental in producing facts that
eventually require a new theory to incorporate them.
And this is what has happened. It is possible to make
adjustments to the gate theory so that, for example, it
includes long-lasting activity of the sort Wall [41] has
described. But there is a set of observations on pain in
paraplegics that just does not fit the theory. This does
not negate the gate theory, of course. Peripheral and
spinal processes are obviously an important part of
pain, and we need to know more about the mecha
nisms of peripheral inflammation, spinal modulation,
midbrain descending control, and so forth. But the data
on painful phantoms below the level of total spinal sec
tion [26] indicate that we need to go beyond the fora
men magnum and into the brain [22,23].

To Brain Areas that Underlie Pain
Experience and Localization of Pain

Phasic Dowriilow 'rom Brain
/ (Allentio~; an xiety; expectation)

Visceral Inputs..

" Inputs Due to Autonomic
Nervous System Activity

~ Ph••• So"." .p."
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of short duration )
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Figure 4. Concept of a pattern generating mechanism controlled by multiple inputs. From Melzack and Loeser [26].With permission .
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Now let me make it clear that I mean more than just
the spinal projection systems to thalamus and cortex.
These are important, of course, but they mark just the
beginning of the psychological process that underlies
perception. The cortex, White and Sweet [44] have
made amply clear, is not the pain center and neither is
the thalamus [37]. The areas of the brain involved in
pain experience and behavior are very extensive. They
must include somatosensory projections as well as the
limbic system. Furthermore, because our body percep
tions include visual and vestibular mechanisms as well
as cognitive processes, widespread areas of the brain
must be involved in pain. Yet the plain fact is that we do
not have an adequate theory of how the brain works.

My analysis of phantom limb phenomena [22,23] has
led to four conclusions that point to a new conceptual
nervous system. First, because the phantom limb (or
other body part) feels so real, it is reasonable to con
clude that the body we normally feel is subserved by
the same neural processes in the brain; these brain pro
cesses are normally activated and modulated by inputs
from the body, but they can act in the absence of any
inputs. Second, all the qualities we normally feel from
the body, including pain, are also felt in the absence of
inputs from the body; from this we may conclude that
the origins of the patterns that underlie the qualities of
experience lie in neural networks in the brain; stimuli
may trigger the patterns but do not produce them. Third,
the body is perceived as a unity and is identified as the
"self;' distinct from other people and the surrounding
world. The experience of a unity of such diverse feel
ings, including the self as the point of orientation in the
surrounding environment, is produced by central neural
processes and cannot derive from the peripheral ner
vous system or spinal cord. Fourth, the brain processes
that underlie the body-self are, to an important extent
that can no longer be ignored, "built-in" by genetic spec
ification, although this built-in substrate must, of course,
be modified by experience. These conclusions provide
the basis of the new conceptual model.

Outline of the Theory

The anatomical substrate of the body-self, I propose, is
a large, widespread network of neurons that consists of
loops between the thalamus and cortex as well as
between the cortex and limbic system. I have labeled
the entire network, whose spatial distribution and
synaptic links are initially determined genetically and
are later sculpted by sensory inputs, as a neuromatrix.
The loops diverge to permit parallel processing in differ
ent components of the neuromatrix and converge
repeatedly to permit interactions between the output
products of processing. The repeated cyclical process
ing and synthesis of nerve impulses through the neuro-

matrix imparts a characteristic pattern: the neurosigna
ture. The neurosignature of the neuromatrix is imparted
on all nerve impulse patterns that flow through it; the
neurosignature is produced by the patterns of synaptic
connections in the entire neuromatrix. All inputs from
the body undergo cyclical processing and synthesis so
that characteristic patterns are impressed on them in
the neuromatrix. Portions of the neuromatrix are spe
cialized to process information related to major sensory
events (such as injury, temperature change, and stimu
lation of erogenous tissue) and may be labeled as neu
romodules, which impress subsignatures on the larger
neurosignature.

The neurosignature, which is a continuous outflow
from the body-self neuromatrix, is projected to areas in
the brain-the sentient neural hub-in which the stream
of nerve impulses (the neurosignature modulated by
ongoing inputs) is converted into a continually changing
stream of awareness. Furthermore, the neurosignature
patterns may also activate a neuromatrix to produce
movement. That is, the signature patterns bifurcate so
that a pattern proceeds to the sentient neural hub
(where the pattern is converted into the experience of
movement), and a similar pattern proceeds through a
neuromatrix that eventually activates spinal cord neu
rons to produce muscle patterns for complex actions.

The four components of the new conceptual nervous
system, then, are (1) the body-self neuromatrix; (2)
cyclical processing and synthesis, in which the neu
rosignature is produced; (3) the sentient neural hub,
which converts (transduces) the flow of neurosigna
tures into the flow of awareness; and (4) activation of an
action neuromatrix to provide the pattern of movements
to bring about the desired goal.

The Body-Self Neuromatrix

The body is felt as a unity, with different qualities at dif
ferent times and, I believe, the brain mechanism that
underlies the experience also comprises a unified sys
tem that acts as a whole and produces a neurosigna
ture pattern of a whole body. The conceptualization of
this unified brain mechanism lies at the heart of the new
theory and I believe the word "neuromatrix" best char
acterizes it. "Matrix" has several definitions in Webster's
dictionary [43], and some of them imply precisely the
properties of the neuromatrix as I conceive of it. First, a
matrix is defined as "something within which something
else originates, takes form or develops."This is exactly
what I wish to imply: the neuromatrix (not the stimulus,
peripheral nerves, or "brain center") is the origin of
the neurosignature; the neurosignature originates and
takes form in the neuromatrix. Though the neurosigna
ture may be triggered or modulated by input, the input
is only a "trigger" and does not produce the neurosigna-



ture itself. Matrix is also defined as a "mold" or "die" that
leaves an imprint on something else. In this sense, the
neuromatrix "casts" its distinctive signature on all inputs
(nerve impulse patterns) that flow through it. Finally,
matrix is defined as "an array of circuit elements ... for
performing a specific function as interconnected." The
array of neurons in a neuromatrix, I propose, is geneti
cally programmed to perform the specific function of
producing the signature pattern. The final, integrated
neurosignature pattern for the body-self ultimately pro
duces awareness and action.

For these reasons, the term neuromatrix seems to be
appropriate. The neuromatrix, distributed throughout
many areas of the brain, comprises a widespread net
work of neurons that generates patterns, processes
information that flows through it, and ultimately pro
duces the pattern that is felt as a whole body. The
stream of neurosignature output with constantly varying
patterns riding on the main signature pattern produces
the feelings of the whole body with constantly changing
qualities.

Psychological Reasons for a Neuromatrix

It is incomprehensible to me how individual bits of infor
mation from skin, joints, or muscles can all come
together to produce the experience of a coherent, artic
ulated body. At any instant in time, millions of nerve
impulses arrive at the brain from all the body's sensory
systems, including the proprioceptive and vestibular
systems. How can all this be integrated in a constantly
changing unity of experience? Where does it all come
together?

I cannot imagine how all these bits are added up to
produce a whole. But I can visualize a genetically built
in neuromatrix for the whole body, producing a charac
teristic neurosignature for the body that carries with it
patterns for the myriad qualities we feel. The neuroma
trix, as I conceive of it, produces a continuous message
that represents the whole body in which details are dif
ferentiated within the whole as inputs come into it. We
start from the top, with the experience of a unity of the
body, and look for differentiation of detail within the
whole. The neuromatrix, then, is a template of the
whole, which provides the characteristic neural pattern
for the whole body (the body's neurosignature), as well
as subsets of signature patterns (from neuromodules)
that relate to events at (or in) different parts of the body.

These views are in sharp contrast to the classical
specificity theory, in which the qualities of experience
are presumed to be inherent in peripheral nerve fibers.
Pain is not injury; the quality of pain experiences must
not be confused with the physical event of breaking skin
or bone. Warmth and cold are not "out there"; tempera
ture changes occur "out there," but the qualities of expe-
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rience must be generated by structures in the brain.
There are no external equivalents to stinging, smarting,
tickling, itch; the qualities are produced by built-in neu
romodules whose neurosignatures innately produce the
qualities.

We do not learn to feel qualities of experience; our
brains are built to produce them. The inadequacy of the
traditional peripheralist view becomes especially evi
dent when we consider paraplegics with high-level com
plete spinal breaks. In spite of the absence of inputs
from the body, virtually every quality of sensation and
affect is experienced. It is known that the absence of
input produces hyperactivity and abnormal firing pat
terns in spinal cells above the level of the break [26).
But how, from this jumble of activity, do we get the
meaningful experience of movement, the coordination
of limbs with other limbs, cramping pain in specific
(nonexistent) muscle groups, and so on? This must
occur in the brain, in which neurosignatures are pro
duced by neuromatrixes that are triggered by the output
of hyperactive cells.

When all sensory systems are intact, inputs modulate
the continuous neuromatrix output to produce the wide
variety of experiences we feel. We may feel position,
warmth, and several kinds of pain and pressure all at
once. It is a single unitary feeling, just as an orchestra
produces a single unitary sound at any moment even
though the sound comprises violins, cellos, horns, and
so forth. Similarly, at a particular moment in time, we
feel complex qualities from all of the body. In addition,
our experience of the body includes visual images,
affect, "knowledge" of the self (versus not-self), as well
as the meaning of body parts in terms of social norms
and values. I cannot conceive of all of these bits and
pieces coming together to produce a unitary body-self,
but I can visualize a neuromatrix that impresses a char
acteristic signature on all the inputs that converge on it
and thereby produces the neverending stream of feeling
from the body.

The experience of the body-self involves multiple
dimensions-sensory, affective, evaluative, postural,
and many others. The sensory dimensions are sub
served, in part at least, by portions of the neuromatrix
that lie in the sensory projection areas of the brain; the
affective dimensions, I assume, are subserved by areas
in the brainstem and limbic system. Each major psycho
logical dimension (or quality) of experience, I propose,
is subserved by a particular portion of the neuromatrix
that contributes a distinct portion of the total neurosig
nature. To use a musical analogy once again, it is like
the strings, tympani, woodwinds, and brasses of a sym
phony orchestra, which each comprise a part of the
whole; each makes its unique contribution yet is an inte
gral part of a single symphony that varies continually
from beginning to end.
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The neuromatrix resembles Hebb's "cell assembly" by
being a widespread network of cells that subserves a
particular psychological function. However, Hebb [7]
conceived of the cell assembly as a network developed
by gradual sensory learning, while I, instead, propose
that the structure of the neuromatrix is predominantly
determined by genetic factors, although its eventual
synaptic architecture is influenced by sensory inputs.
This emphasis on the genetic contribution to the brain
does not diminish the importance of sensory inputs.
The neuromatrix is a psychologically meaningful unit,
developed by both heredity and learning, that repre
sents an entire unified entity.

Action Patterns: The Action-Neuromatrix

The output of the body neuromatrix, I have proposed
above, is directed at two systems: the neuromatrix that
produces awareness of the output and a neuromatrix
involved in overt action patterns. In this discussion, it is
important to keep in mind that, just as there is a steady
stream of awareness, there is also a steady output of
behavior (including movements during sleep).

It is important to recognize that behavior occurs only
after the input has been, at least partially, synthesized
and recognized. For example, when we respond to the
experience of pain or itch, it is evident that the experi
ence has been synthesized by the body-self neuroma
trix (or relevant neuromodules) sufficiently for the neu
romatrix to have imparted the neurosignature patterns
that underlie the quality of experience, affect, and
meaning. Apart from a few reflexes (such as withdrawal
of a limb, eye-blink, and so on), behavior occurs only
after inputs have been analyzed and synthesized suffi
ciently to produce meaningful experience. When we
reach for an apple, the visual input has clearly been
synthesized by a neuromatrix so that it has three
dimensional shape, color, and meaning as an edible,
desirable object, all of which are produced by the brain
and are not in the object "out there." When we respond
to pain (by withdrawal or even by telephoning for an
ambulance), we respond to an experience that has sen
sory qualities, affect, and meaning as a dangerous (or
potentially dangerous) event to the body.

I propose that after inputs from the body undergo
transformation in the body-neuromatrix, the appropriate
action patterns are activated concurrently (or nearly so)
with the neuromatrix for experience. Thus, in the action
neuromatrix, cyclical processing and synthesis pro
duces activation of several possible patterns and their
successive elimination until one particular pattern
emerges as the most appropriate for the circumstances
at the moment. In this way, input and output are synthe-

sized simultaneously, in parallel, not in series. This per
mits a smooth, continuous stream of action patterns.

The command, which originates in the brain, to per
form a pattern such as running activates the neuromod
ule, which then produces firing in sequences of neurons
that send precise messages through ventral horn neuron
pools to appropriate sets of muscles. At the same time,
the output patterns from the body-neuromatrix that
engage the neuromodules for particular actions are also
projected to the sentient neural hub and produce experi
ence. In this way, the brain commands may produce the
experience of movement of phantom limbs even though
there are no limbs to move and no proprioceptive feed
back. Indeed, reports by paraplegics of terrible fatigue as
a result of persistent bicycling movements (like the
painful fatigue in a tightly clenched phantom fist in arm
amputees) indicate that feelings of effort and fatigue are
produced by the signature of a neuromodule rather than
particular input patterns from muscles and joints.

IMPLICATIONS OF THE NEW CONCEPT

Phantom Limb Pain

The new theory of brain function, proposed on the basis
of phantom limb phenomena, provides an explanation
for phantom limb pain. Amputees suffer burning, cramp
ing, and other qualities of pain. An excellent series of
studies [8,11] found that 72% of amputees had phan
tom limb pain a week after amputation and that 60%
had pain 6 months later. Even 7 years after amputation,
60% still continued to suffer phantom limb pain, which
means that only about 10% to 12% of amputees obtain
pain relief. The pain is remarkably intractable; although
many forms of treatment have been tried, none has
proved to be particularly efficacious [36].

Why is there so much pain in phantom limbs? I
believe that the active body-neuromatrix, in the absence
of modulating inputs from the limbs or body, produces a
neurosignature pattern, including the high-frequency,
bursting pattern that typically follows deafferentation,
which is fransduced in the sentient neural hub into a hot
or burning quality.The cramping pain, however, may be
due to messages from the action-neuromodule to move
muscles in order to produce movement. In the absence
of the limbs, the messages to move the muscles
become more frequent and "stronger" in the attempt to
move the limb. The end result of the output message
may be felt as cramping muscle pain. Shooting pains
may have a similar origin, in which action-neuromodules
attempt to move the body and send out abnormal pat
terns that are felt as shooting pain. The origins of these
pains, then, lie in the brain.
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Surgical removal of the somatosensory areas of the
cortex or thalamus fails to relieve phantom limb pain
[44]. However, the new theory conceives of a neuroma
trix that extends throughout selective areas of the whole
brain.Thus, to destroy the neuromatrix for the body-self,
which generates the neurosignature pattern for pain, is
impossible. However, if the neurosignature for pain is
generated by cyclical processing and synthesis, then it
may be possible to block it by injecting a local anes
thetic into a discrete area. Such an injection would be
relatively easy and harmless to carry out and could
bring relief that extends beyond the duration of the
anesthetic .

In the first study on this problem, Tasker and I [38]
injected the local anesthetic lidocaine into the lateral
hypothalamus-an area we considered to be strategic
for a neuromatrix for the body-self and pain. We found
that freely moving rats that received the injection
showed a significant reduction of pain in the formalin
test, which produces a moderately intense pain for 1 to
2 hours and has many of the characteristics of injury
produced pain in humans. However, the injection had
no effect on tail-flick pain, which is primarily a spinally
mediated reflex. Moreover, lidocaine injected into adja
cent hypothalamic structures (including the medial
hypothalamus) had no effect on the formalin-test pain,
indicating that the analgesia was produced by local
anesthesia of a specific group of neurons. Since the
analgesia was bilateral, it is reasonable to assume that
the lateral hypothalamus contains neurons that are
important for producing the neurosignature for pain in
both sides of the body.

Recently, Vaccarino and I [40] injected lidocaine into
the cingulum bundle and other areas that seem to be
strategically located in the neuromatrix for the synthesis
of the neurosignature for pain. The results showed that
the lidocaine produces striking decreases in pain in the
formalin test, as well as in self-mutilation produced by
pain or dysesthesia after peripheral nerve lesions.
McKenna and I [17] obtained similar results after injec
tion of lidocaine into the dentate nucleus. These exciting
results suggest a valuable new approach for the study
of pain. If, ultimately, they lead to the relief of pain and
suffering, the neuromatrix theory will have served at
least one valuable function.

My students and I have also gathered some direct evi
dence supporting my suggestion that the brain-and, by
implication, the neuromatrix---ean generate sensation on
its own. The formalin pain test produces an "early" pain
that rapidly rises and falls in intensity during the first 5
minutes after the injection, followed by a "late" pain,
which begins about 15 minutes after the injection and
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persists for about an hour. By means of this test,
Coderre, Vaccarino, and I [1] found that an anesthetic
block of the paw completely obliterates the late pain, but
only if the anesthetic is delivered in time to prevent the
early response. Once the early pain occurs, the drug only
partly reduces the later response. This observation of
pain continuing even after the nerves carrying pain sig
nals are blocked implies that long-lasting pain (such as
that in phantoms) is determined not only by sensory
stimulation during the discomfort but also by brain pro
cesses that persist without continual priming.

In a related study, Katz et al. [10] showed that an
injury of a rat's paw before it is totally denervated leaves
a lasting memory that influences the rat's later percep
tion of pain in the "phantom" of the denervated paw.
These "pain memories" are consistent with earlier
observations that the pain felt in phantom limbs in
humans often resembles the pains of earlier injuries of
the limbs prior to amputation [9].

The phenomenon of phantom limbs has allowed me
to examine some fundamental assumptions in psychol
ogy. One assumption is that sensations are produced
only by stimuli and that perceptions in the absence of
stimuli are psychologically abnormal. Yet phantom
limbs, as well as phantom seeing [35], indicate this
notion is wrong. The brain does more than detect and
analyze inputs; it generates perceptual experience even
when no external inputs occur.

Another entrenched assumption is that perception of
one's body results from sensory inputs that leave a
memory in the brain; the total of these signals becomes
the body image. But the existence of phantoms in peo
ple born without a limb or who have lost a limb at an
early age suggests that the neural networks for perceiv
ing the body and its parts are built into the brain. The
absence of inputs does not stop the networks from gen
erating messages about missing body parts; they con
tinue to produce such messages throughout life. In
short, phantom limbs are a mystery only if we assume
the body sends sensory messages to a passively
receiving brain. Phantoms become comprehensible
once we recognize that the brain generates the experi
ence of the body. Sensory inputs merely modulate that
experience; they do not directly cause it.
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