
PERSPECTIVES

taste) and interoceptive (visceral) modalities,
and he categorized temperature and pain as
aspects of touch4.

Recent findings on the functional anatomy
of the lamina I spinothalamocortical system
indicate that interoception should be rede-
fined as the sense of the physiological condi-
tion of the entire body, not just the viscera5–7.
This system is a homeostatic afferent pathway
that conveys signals from small-diameter pri-
mary afferents that represent the physiological
status of all tissues of the body. It projects first
to autonomic and homeostatic centres in the
spinal cord and brainstem, thereby providing
the long-missing afferent complement of the
efferent autonomic nervous system. Together
with afferent activity that is relayed by the
nucleus of the solitary tract (NTS), it generates
a direct thalamocortical representation of the
state of the body in primates that is crucial for
temperature, pain, itch and other somatic feel-
ings. This anatomical organization shows that
these feelings are highly resolved, sensory
aspects of ongoing homeostasis that represent
the physiological condition of the body itself
— a distinct shift from the concept that pain
and temperature are aspects of touch.
Converging evidence from functional imaging
studies substantiate this interoceptive cortical
image and indicate that its re-representation
in the anterior insular cortex of the non-
dominant (right) hemisphere, possibly
uniquely in humans, constitutes a basis for the
subjective evaluation of one’s condition, that
is,‘how you feel’.

Background
The view represented in most textbooks
regards pain and temperature as distinct, dis-
criminative, cutaneous sensations that are
relayed to somatosensory areas of the cortex
by the thalamic ventrobasal complex8,9 (FIG. 1).
Visceral sensations are assigned to a system
that relays vagal, glossopharyngeal, facial and
spinal afferent activity by way of the brain-
stem parabrachial nucleus to the same ventro-
basal complex, but then to the insular cortex
— a fact that is used to explain why such
sensations are less distinct10,11.

However, these concepts could not explain
several important discrepancies. First, the
involvement of the somatosensory cortex is
challenged by the fact that pain and tempera-
ture sensations remain after cortical lesions of
the postcentral gyrus. For this reason, Head
and Holmes12 assigned awareness of pain sen-
sation to the posterolateral thalamus and pre-
scribed a modulatory role for the cortex.
Second, the association of pain with touch
implies the existence of convergent, modifi-
able pain-and-touch cells (considered to be
the so-called ‘wide dynamic range’ cells of the
deep dorsal horn9,13,14), despite the obvious
inability of such modality-ambiguous cells to
engender the distinct sensations elicited by dif-
ferent stimuli (for example, sharp versus burn-
ing pain). Third, although there is a clear need
for an afferent pathway to elicit efferent auto-
nomic adjustments to somatic events that pro-
duce feelings from the body (for example, for
the ongoing homeostatic process of thermo-
regulation15), the concept of a ‘sympathetic
afferent’ system has often been dismissed10,11.

The prevailing views also stumbled on the
fundamental fact, recognized long ago16, that,
in the central nervous system, pain, tempera-
ture and itch sensations are distinguished
from touch by their association with the
spinothalamic projection, which ascends in
the contralateral spinal cord, rather than with
the dorsal column/medial lemniscal system in
the ipsilateral spinal cord. Because of this
arrangement, spinal hemisection produces
contralateral loss of pain and temperature

As humans, we perceive feelings from our
bodies that relate our state of well-being,
our energy and stress levels, our mood
and disposition. How do we have these
feelings? What neural processes do they
represent? Recent functional anatomical
work has detailed an afferent neural
system in primates and in humans that
represents all aspects of the physiological
condition of the physical body. This system
constitutes a representation of ‘the
material me’, and might provide a
foundation for subjective feelings, emotion
and self-awareness.

The feelings we perceive from our bodies
include temperature, pain, itch, tickle, sen-
sual touch, muscular and visceral sensations,
vasomotor flush, hunger, thirst, AIR HUNGER

and others related to the body’s state. Early
German physiologists regarded such general
bodily feelings as Gemeingefühl, or ‘common
sensation’, and distinguished them from the
five senses1. Sir Charles Sherrington concep-
tualized a sense of ‘the material me’ by con-
sidering that all of these feelings are related
and form a foundation for the sense of one’s
physical self 2. William James presented simi-
lar natural philosophical arguments and
regarded the feelings from our bodies as the
basis for self-awareness and emotion3.
However, Sherrington later codified the
senses into teloreceptive (vision and hear-
ing), proprioceptive (limb position), extero-
ceptive (touch), chemoreceptive (smell and
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its homeostatic role.Accordingly, this feeling is
directly dependent on the body’s needs19,20. For
example, compare the pleasant feeling of cool
water when your body is overheated with the
gnawing discomfort generated by the very
same cool stimulus when you are ‘chilled to the
bone’. Thermoregulation is a primal evolution-
ary requirement for all animals, particularly
homeothermic mammals, and the affective
aspects of such feelings correspond to the
motivations that are essential for behavioural
thermoregulation and homeostasis — that is,
survival21,22. Thermoreception is therefore

is their inherent association with emotion
(but see the discussion below on sensual
touch). These feelings all have not only a sen-
sory, but also an affective, motivational aspect.
The emotional aspect of thermal sensation, in
particular, is easily under-appreciated; we typi-
cally project temperatures onto the object we
are touching or onto our environment, as
Aristotle did. However, temperature is ulti-
mately a physiological condition of the tissue
itself (and likewise for all bodily feelings), and
it generates an inseparable affect (pleasantness
or unpleasantness) — a feeling — that signals

sensations, and ipsilateral loss of fine-touch
perception (the Brown–Sequard syndrome).
Phylogenetic arguments that defined so-called
‘palaeo-’ and ‘neo-’ spinothalamic systems
attempted to explain how pain and tempera-
ture were part of the touch system at the thala-
mocortical level, although separate at the
spinal level17,18. However, the fundamental
commonality of pain, temperature and other
bodily sensations as interoceptive, rather than
exteroceptive, remained unrecognized.

A key feature that distinguishes pain, tem-
perature and other bodily feelings from touch
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Figure 1 | Pain, visceroceptive and spinothalamocortical pathways. Comparison of organizational charts of a | the conventional view of pain pathways, b | the
conventional view of visceroceptive pathways and c | the lamina I spinothalamocortical pathway.
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project to the main homeostatic integration
sites in the brainstem. The latter include
regions that also receive vagal and glossopha-
ryngeal afferent activity (by way of the solitary
nucleus) and are heavily interconnected with
the hypothalamus and amygdala — that is, the
ventrolateral medulla, catecholaminergic cell
groups A1, A2 and A5–A7, the parabrachial
nucleus and the periaqueductal grey. Lamina I
terminations in the medulla coincide precisely
with the developmental border between the

representative, because all of the feelings from
the body are directly related to homeostatic
needs and associated with behavioural moti-
vations that are crucial for the maintenance of
body integrity, and their neural representation
reflects this homeostatic primacy.

The ascending neural activity that repre-
sents temperature and other physiological
conditions of the body is conveyed by the
lamina I spinothalamocortical pathway (FIG. 1).
The physiological and anatomical characteris-
tics of this system will first be reviewed, and
then the functional imaging and clinical 
evidence that documents the primary intero-
ceptive cortex will be summarized. Finally, the
cortical re-representations of interoceptive
state that provide the basis for subjective
awareness of the feelings from the body 
will be described and related to concepts of
self-awareness and consciousness.

The functional anatomy of lamina I
Lamina I, the most superficial layer of the
spinal (and trigeminal) dorsal horn, is the
only neural region that receives monosynap-
tic input from small-diameter (Aδ and C)
primary afferent fibres, which innervate
essentially all tissues of the body6. The adja-
cent lamina II (substantia gelatinosa) was
once described as the pain-processing region
of the dorsal horn, but it contains only local
interneurons in cat and monkey, and it
essentially receives C-fibres only from skin.
(In rodents, lamina II is less distinct from
lamina I.) Lamina I is the source of output
from the superficial dorsal horn, contribut-
ing half of the spinal input to the brainstem
and thalamus. It is usually associated with
‘pain and temperature’ and, indeed, its pro-
jections contain LABELLED LINES that specifically
subserve these sensations. However, the evi-
dence indicates that these are simply particu-
lar aspects of interoception and that lamina I
neurons fundamentally represent many
aspects of the physiological condition of the
tissues of the body.

The association of small-diameter affer-
ents and lamina I neurons begins with their
development, which is temporally coordi-
nated and distinguished from the large-
diameter exteroceptive and proprioceptive
afferents that project to the deep dorsal horn;
this developmental differentiation seems to
reflect a simple physiological distinction
between the inside and outside of the body.
Whereas the large-diameter fibres originate
from the first wave of large (A) dorsal root
ganglion cells, the small-diameter afferents
originate from small (B) cells and enter the
spinal cord in a second wave, subsequent to
the larger fibres. Their arrival in the dorsal

horn is genetically coordinated to coincide
with the arrival of lamina I neurons. The
lamina I neurons, which arise from the prog-
enitors of autonomic interneurons in the lat-
eral horn, migrate to their superficial dorsal
position during a ventromedial rotation of
the entire dorsal horn, which occurs simulta-
neously with the arrival of the small-diameter
afferents23. A common transcription factor
(DRG11) is activated in the B cells and lam-
ina I neurons at this time24. This rotation
places the small-diameter afferent fibres that
enter by the lateral division of the dorsal root
in contact with lamina I neurons. This rota-
tion concurrently results in the characteristic
recurrent trajectory of the large-diameter
fibres, which do not connect with lamina I
neurons25. This course of development 
supports the view that the small-diameter
afferents and lamina I constitute a cohesive
homeostatic afferent system.

The Aδ- and C-type primary afferent fibres
that are relayed by lamina I relate homeostatic
information — that is, much more than sim-
ply ‘pain and temperature’ sensations — from
all tissues. These fibres convey slow activity that
is sensitive to changes in a wide variety of phys-
iological conditions — not only temperature
and mechanical stress, but also local metabo-
lism (acidic pH, hypoxia, hypercapnia, hypo-
glycaemia, hypo-osmolarity and lactic acid),
cell rupture (ATP and glutamate), cutaneous
parasite penetration (histamine), mast cell acti-
vation (serotonin, bradykinin and eicosa-
noids), and immune and hormonal activity
(cytokines and somatostatin)6,7,26–30. This per-
spective emphasizes that the category ‘nocicep-
tors’, although heuristically of enormous value,
is actually a theoretical simplification, because
the empirical mechanical, thermal and poly-
modal thresholds of small-diameter afferents
extend broadly across the ‘pain’ threshold in all
tissues, as expressed clearly by many investiga-
tors31–34. Microneurographic data indicate
that only the summated activation of ‘C-noci-
ceptors’ causes a conscious perception of ‘pain’
in humans35, and C-fibres often have slow
ongoing discharge without provocation,
which is not perceived34,36,37 and is likely to be
related to current tissue metabolic status. In
addition, many cutaneous C-fibres are selec-
tively and exquisitely sensitive to slow, weak
mechanical stimuli that evoke sensual (‘lim-
bic’) touch38, as are neurons in lamina I and in
the inner substantia gelatinosa39.

The ascending projections of lamina I
neurons, which have been detailed in cat and
monkey, unambiguously indicate their role in
homeostasis6,40,41 (FIGS 1 and 2). First, they pro-
ject strongly to the sympathetic cell columns
of the thoracolumbar spinal cord. Next, they
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Figure 2 | Hierarchical organization of neural
homeostasis involving the sympathetic
nervous system. Small-diameter afferent fibres
that report the physiological condition of all tissues
of the body terminate in lamina I of the spinal and
trigeminal dorsal horns. The ascending projections
of lamina I neurons provide the bases for somato-
autonomic reflex arcs at the spinal, medullary and
mesencephalic levels. At the spinal level, lamina I
projects strongly to the sympathetic regions in the
intermediomedial and intermediolateral cell
columns of the thoracolumbar cord, where the
sympathetic preganglionic cells of the autonomic
nervous system (ANS) originate. In the medulla,
lamina I neurons project to the A1 and A2
catecholaminergic cell groups and to other sites
(including the rostral ventrolateral medulla, RVLM),
which are interconnected with the pre-
sympathetic neurons that project to spinal levels.
The A2 cell group (that is, the nucleus of the
solitary tract) also receives direct parasympathetic
(vagal and glossopharyngeal) afferent input (not
shown), and A1 projects to the hypothalamus. 
In the pons and mesencephalon, lamina I neurons
project to the parabrachial nucleus, the main
brainstem homeostatic integration site, and to the
periaqueductal grey (PAG), the main homeostatic
brainstem motor site. The hypothalamus (the main
autonomic control centre) and the limbic cortical
regions project to all of these sites in the
brainstem, and to lamina I and the sympathetic
preganglionic regions in the spinal cord. VMM,
ventromedial medulla.
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several distinct, modality-selective classes that
receive input from particular subsets of small-
diameter fibres. These classes of neurons serve
as labelled lines, because they differ morpho-
logically, physiologically and biochemically,
and their activity corresponds to distinct sen-
sations47,48. Primarily on the basis of cutaneous
stimulation (and the heuristic concept of
nociception), we now recognize two classes of
neurons that signal sharp pain (FIRST PAIN) and
burning pain (SECOND PAIN) that selectively
receive inputs from Aδ-nociceptors and poly-
modal C-nociceptors, respectively49,50. In addi-
tion, there are two types of thermoreceptive
lamina I cell that respond selectively to cooling
or to warming, distinct types of chemorecep-
tive cell that respond selectively to histamine
or to noxious chemicals, and other classes that
respond selectively to muscle or joint afferents
or to mechanical ‘slow brush’ (tickle)39,51–54.
A particularly convincing demonstration of
the selectivity inherent in this pathway is pro-
vided by the histamine-responsive cells that
we recently identified, which constitute a
specific pathway for the sensation of itch55.
Further types remain to be documented more
clearly. For example, although most viscero-
ceptive lamina I cells reported so far have con-
vergent cutaneous input54,56,57, such cells might
have been sensitized by the requisite surgical
preparation and repeated visceral search stim-
ulation, and distinct types of visceroceptive
cell probably exist that even distinguish renal
artery from renal vein occlusion by respond-
ing selectively to renal osmoreceptors or
mechanoreceptors58, similar to the selectively
metaboreceptive muscle-responsive lamina I
neurons that we recently identified (see
below)59. In stark contrast to these neurons,
the cells in the deep dorsal horn provide a
modality-ambiguous integration of all affer-
ent inputs, including mechanoreceptive,
proprioceptive and nociceptive activity9,60,61.

The thermoreceptive lamina I cells that are
sensitive to cooling respond predominantly to
Aδ-fibre input and have ongoing discharge at
normal skin temperature that is inhibited by
warming. They uniquely evince a linearly
increasing response to skin temperatures
below a neutral skin temperature (~34 °C)
that corresponds directly with human psycho-
physics48. Their activity reaches a plateau at the
cold temperatures that we perceive as noxious
(<15 °C); at these temperatures, the polymodal
nociceptive cells that signal burning (second)
pain are increasingly active. Analysis of the
thermal-grill illusion of pain (BOX 1) indicates
that the perception of thermal distress and
cold pain depends on the comparison of these
two sensory channels in the forebrain62,63, as
well as on core temperature20. Notably, the

example, respiration is linearly modulated by
graded changes in innocuous thermosensory
activity45. Completing this anatomical circuitry,
lamina I receives descending modulation
directly from brainstem pre-autonomic
sources (A5,A7 and raphe nuclei). Most strik-
ingly, the only spinal regions that receive
descending controls directly from the hypo-
thalamic paraventricular nucleus — the main
diencephalic autonomic control centre — are
the autonomic motor nuclei and lamina I46.

Lamina I neurons relate many aspects of
the ongoing physiological status of the tissues
of the body. In cat and monkey, they comprise

alar and basal plates that defines the classic
‘general visceral afferent’ integration region42,
and throughout the brainstem they co-localize
with the catecholaminergic cell columns that
identify homeostatic regions. These spinal and
bulbar lamina I projections substantialize (pro-
vide the anatomical substrate for) the somato-
autonomic reflexes that are activated by small-
diameter afferents (including visceroceptive
activity) and are crucial for cardiorespiratory
and other homeostatic functions43,44.
Importantly, these reflex pathways are not sim-
ply emergency mechanisms; rather, they pro-
vide continuous homeostatic feedback. For

Box 1 | The thermal-grill illusion of pain

Thunberg’s (1896) thermal grill evokes a
burning, ice-like pain sensation with interlaced
innocuous warm (40 °C) and cool (20 °C) bars.
A similar, albeit stronger, sensation is elicited
by pouring warm water on feet that are numb
with cold (an unmistakable signal of
thermoregulatory distress), and only burning
pain is evoked by a cool stimulus (<24 °C)
when A-fibre conduction (and normal cool
sensation) is blocked by pressure on a
peripheral nerve. These demonstrations reveal
two basic phenomena: the increasing
activation of the polymodal C-nociceptive
sensory channel by cold below a threshold of
~24 °C (the normal thermoneutral ambient
temperature), and the central inhibition of
that activity by innocuous thermosensory
activity (‘cold inhibits pain’).

The burning pain sensation caused by
polymodal C-nociceptors (HPC), which are
sensitive to noxious heat and pinch, as well as to cold, is normally masked centrally by the
activity of the specific cutaneous Aδ-fibre thermoreceptors that are responsible for the sensation
of cooling. When the activity of cooling receptors is reduced, the polymodal nociceptive activity
that is evoked by cooling is disinhibited centrally and causes a burning sensation at cool (<24 °C)
temperatures that is normally felt only at noxious cold (<15 °C) temperatures.

The thermal-grill illusion can be explained physiologically by an unmasking of the cold-
evoked activity of polymodal nociceptive lamina I spinothalamic neurons (which are selectively
activated by polymodal C-nociceptors) due to the reduction of the normal cold-evoked activity
of thermoreceptive lamina I spinothalamic neurons (which are selectively activated by Aδ-type
cooling thermoreceptors) by spatial summation of the simultaneous warm stimuli in the
thermoreceptive but not the nociceptive neurons62. The grill effectively produces a relative
balance of polymodal and thermosensory activity similar to that caused by a noxious cold
stimulus of ~10 °C; the equivalence of these sensations has been verified psychophysically.
Reduction of activity in the thermoreceptive sensory channel disinhibits or unmasks the
polymodal nociceptive channel at thalamocortical levels, producing a burning pain sensation.

Functional imaging has confirmed that the thermal grill produces a pattern of activity in the
cortex that is identical to the activation produced by noxious cold63. The cortical activation
unmasked by the grill is in the anterior cingulate cortex (ACC), indicating that ACC activation is
selectively associated with the perception of thermal pain — that is, the affect that signals
thermoregulatory distress. So, the thermosensory activity in the lamina I spinothalamocortical
pathway to interoceptive cortex unmasks activity in the medial lamina I pathway, which activates
the ACC and is associated with burning pain. This indicates that the medial thalamic lamina I
spinothalamic tract projection to the mediodorsal thalamic nucleus (ventral caudal part, MDvc)
might be the crucial site for the inhibition of thermal pain by cold; this suggestion is supported by
preliminary physiological recordings from the MDvc in our laboratory.

Cold

Burning
pain

HPC

Warm
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Functional imaging with PET (positron
emission tomography), SPECT (single-
photon emission computed tomography) and
fMRI (functional magnetic resonance imag-
ing) verify that the anatomically identified

polymodal nociceptive channel responds to
cold with accelerating activity below ~24 °C —
corresponding to our increasing thermoregu-
latory distress below a thermoneutral ambient
temperature — and, when Aδ-type thermo-
receptive afferent activity is reduced by a nerve
block or by the thermal grill, the activity in
this channel elicits a burning-pain sensation
at such temperatures48,62,64. This emphasizes
that pain is not a binary (yes or no) modality,
and compels the conceptual shift of viewing 
the role of polymodal C-nociceptors and the
lamina I neurons that convey their activity as
a homeostatic afferent pathway rather than
simply a ‘nociceptive’pathway.

To directly address the role of lamina I in
homeostasis, we recently examined the
responses of lamina I neurons to muscle
contraction. We identified a class of lamina I
spinobulbar neurons that respond selectively
during and after muscle contraction. These
neurons provide a substrate for the EXERCISE

PRESSOR REFLEX59. Some of the muscle Aδ- and
C-fibres that are represented by these lamina I
cells are sensitive to contraction; others are
sensitive to lactic acid and other metabolites
released during muscular exercise, and can be
viewed as metaboreceptors (or ERGORECEPTORS)
that continuously drive a variety of regional
and whole-body homeostatic adjustments to
muscular work36,65–67. It is important to rec-
ognize that large increases in such activity
can cause the familiar aching or burning sen-
sation from muscles, and synchronous acti-
vation causes a painful cramping sensation68,
but the activity elicited continuously by mus-
cle contraction normally produces homeo-
static adjustments without the perception of
a behaviourally motivating signal. This class
of neurons clearly confirms the role of lam-
ina I in ongoing homeostasis, and substanti-
ates the concept that it relates the current
physiological condition of all the tissues of
the body.

Lamina I spinothalamocortical pathway
Anterolateral cordotomy in humans interrupts
contralateral temperature, pain, itch, sensual
touch and visceral sensations, if made at the
location of ascending lamina I axons in the
lateral spinothalamic tract6,69. In primates,
lamina I spinothalamic neurons project to a
dedicated thalamocortical relay nucleus in
the posterolateral thalamus — the posterior
part of the ventromedial nucleus, or VMpo70

(FIGS 1 and 3). The VMpo is small in the
macaque monkey thalamus, and it is only pri-
mordially represented in sub-primates, but it
is proportionately very large in the human
thalamus71. It has appropriate anatomical
characteristics for a thalamic relay nucleus:

dense clusters of large, glutamatergic lamina I
boutons that are organized topographically
(in the rostrocaudal direction) and associated
with TRIADIC ARRANGEMENTS of GABA (γ-amino-
butyric acid)-containing presynaptic den-
drites and proximal relay cell dendrites in
cytoarchitectonically distinguishable cell
nests70,72. The VMpo is contiguous rostrally
with the basal part of the ventromedial
nucleus, or VMb (which, for historical reasons,
is denoted by some as the parvicellular part of
the ventroposterior medial nucleus, or VPMpc,
even though it does not project to the somato-
sensory cortex as the remainder of the VPM
does) and, in primates,VMb receives a direct
(bilateral) input from the nucleus of the
solitary tract, which conveys vagal and glosso-
pharyngeal (general visceral and gustatory)
afferent activity73. Therefore, these two thala-
mic nuclei together represent all homeostatic
afferent inflow (both sympathetic and para-
sympathetic) from the body, and they form a
separate, rostrocaudally organized column
that is orthogonal to the mediolateral align-
ment of the exteroceptive and proprioceptive
representations in the ventroposterior nuclei,
to which they are connected at the representa-
tion of the mouth. The direct lamina I path-
way to VMpo and the direct pathway from
the nucleus of the solitary tract to VMb are
distinguishable only in primates; essentially,
homeostatic afferent input in sub-primates
reaches the forebrain after integration in the
brainstem parabrachial nucleus10 and by direct
spinohypothalamic projections (in rats)74.

Nociceptive and thermoreceptive neurons
with properties similar to lamina I neurons
have been identified in VMpo in macaque and
owl monkeys70,75, and such neurons have also
been recorded in the region of VMpo in awake
humans76,77. These different modalities are
segregated within VMpo. Significantly, micro-
stimulation in this region of the thalamus in
awake humans elicits discrete pain or cooling
or visceral sensations77–80. Anatomical tracing
in monkeys indicates that VMpo and VMb
project in a rostrocaudally topographic fash-
ion to a cytoarchitectonically distinct field in
the fundus of the superior limiting sulcus at
the dorsal margin of insular cortex, with the
VMb projection field extending rostrally from
the VMpo projection to include the previously
recognized gustatory cortex6,81,82. A smaller,
ancillary VMpo projection terminates in area
3a in the fundus of the central sulcus. These
anatomical and functional findings directly
contradict the conventional view of pain pro-
cessing and the view of some investigators that
nociceptive activity simply passes through the
posterior thalamus to VPM and VPL and
thence to the somatosensory cortex9.
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Figure 3 | The organizational chart for
interoception. Small-diameter afferents that
innervate tissues in parallel with sympathetic
efferents (‘sympathetic afferents’) provide input to
lamina I; small-diameter afferents that innervate
tissues in parallel with parasympathetic efferents
(‘parasympathetic afferents’) provide input to the
nucleus of the solitary tract (NTS). In mammals,
such activity is integrated in the parabrachial
nucleus, which projects to insular cortex by way of
the ventromedial thalamic nucleus (VMb, also
known as VPMpc). In primates, however, a direct
projection from lamina I to the ventromedial
nucleus (VMpo), and a direct projection from the
NTS to the VMb, provide a rostrocaudally
contiguous column that represents all
contralateral homeostatic afferent input and
projects topographically to the mid/posterior
dorsal insula. In humans, this cortical image is 
re-represented in the anterior insula on the same
side of the brain. The parasympathetic activity is
then re-represented in the left (dominant)
hemisphere, whereas the sympathetic activity is
re-represented in the right (non-dominant)
hemisphere. These re-representations provide the
foundation for a subjective evaluation of
interoceptive state, which is forwarded to the
orbitofrontal cortex, where hedonic valence is
represented in mammals.
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(hypertonic saline injection), hunger and air
hunger95,97–99. Consistent with the anatomical
tracing studies, gustatory stimuli activate the
dorsal insular cortex more rostrally100.
Activation of this interoceptive cortex was
also observed using light, slow brushing in a
patient with polyneuropathy who has only
peripheral nerve C-fibre conduction, consis-
tent with the essential role of lamina I and
the lateral spinothalamic tract for sensual
(limbic) touch101,102.

So, the evidence indicates that, in primates,
the dorsal insular cortex contains a sensory
representation of the small-diameter afferent
activity that relates to the physiological condi-
tion of the entire body. This cortical region
seems to constitute a primary interoceptive
image of homeostatic afferents. Embedded in
the interoceptive cortex are the cortical repre-
sentations of several highly resolved, distinct
sensations, including temperature, pain, itch,
muscular and visceral sensations, sensual
touch and other feelings from the body. The
importance of the interoceptive cortex for
physical well-being is underscored by its clear
delimitation in the monkey by in situ hybridiza-
tion labelling for the mRNA of receptors for

cortical field. So, tactile stimulation of the
hand activates a portion of S2 close to the lip
of the lateral sulcus, more than 16 mm lateral
to the site in the dorsal posterior insula that is
activated by cooling the hand.

This same region in the dorsal posterior
insula (albeit slightly more rostrally) shows
(graded) activity in every imaging study that
uses noxious heat applied to the hand87–91. It
shows ongoing activity in chronic pain
patients92, as well as evoked activity in 
NEUROPATHIC PAIN patients, in which pain can be
caused by normally innocuous stimuli93. (In
anaesthetized monkeys, noxious cold stimuli
produce fMRI activation at precisely the sites
identified in our anatomical tracing studies6.)
Furthermore, this same dorsal posterior insu-
lar site shows graded activity that is correlated
with itch sensation in humans94. This intero-
ceptive site is activated by both isometric and
dynamic exercise95,96, like the lamina I neurons
that respond selectively during and after mus-
cle contraction59. It is activated by a range of
modalities associated with visceral sensations,
such as the Valsalva manoeuvre, manipula-
tions of blood pressure (maximal inspiration;
lactate or cholecystokinin injection), thirst

VMpo/VMb projection field in the dorsal
insular cortex is activated by temperature,
pain and numerous interoceptive modalities
that cause feelings from the body, consistent
with the functional anatomical data on 
lamina I (FIG. 4). This site is distinct from the
parietal somatosensory cortices, supporting
the idea of a neural distinction of intero-
ception from exteroception. Our PET study
using graded innocuous cooling of the hand
showed correlated activity only at this site in
the fundus of the superior limiting sulcus of
the posterior insula5. This site coincides with
the location of cortical lesions that produce
thermanaesthesia and hypalgesia83,84, and it
verifies that the terminus of the lamina I
spinothalamocortical pathway is the same in
humans as in monkeys. In human atlases, this
site has been included with the parietal oper-
culum as the second somatosensory region
(S2), on the basis of comparative anatomical
tracing work that was carried out before the
recognition of VMpo85. However, this site is
distinct from S2. The S2 has a topography
that is aligned from lateral to medial (face to
foot86), which is orthogonal to the rostro-
caudal topography in the interoceptive VMpo

e  Dynamic exercise g  Graded itch

c  Thermal pain d  Chronic pain

f  Respiration/isometric exercise

b  C-fibre toucha  Graded cooling

h  Cold allodynia

Figure 4 | Activation of the interoceptive cortex in the dorsal posterior insula by various modalities. a | Graded cooling (reproduced, with permission, from
REF. 5 © 2000 Macmillan Magazines Ltd). b | Sensual (limbic) touch evoked by slow brushing in a polyneuropathy patient with only C-mechanoreceptor activation
(reproduced, with permission, from REF. 101 © 2002 Macmillan Magazines Ltd). c | Thermal pain (reproduced, with permission, from REF. 91 © 2002 Elsevier Science).
d | Chronic pain (reproduced, with permission, from REF. 92 © 2001 International Association for the Study of Pain). e | Dynamic exercise on a bicycle (reproduced,
with permission, from REF. 96 © 1999 The American Physiological Society). f | Forced respiration and isometric exercise with a hand grip (reproduced, with
permission, from REF. 95 © 1999 John Wiley & Sons). g | Graded itch elicited by cutaneous histamine injection (reproduced, with permission, from REF. 94 © 2001
International Association for the Study of Pain). h | Cold allodynia (reproduced, with permission, from REF. 93 © 2000 International Association for the Study of Pain).
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the parabrachial nucleus and other brainstem
homeostatic sites seems likely116. Like the lam-
ina I pathway to VMpo, this direct medial
pathway to the ACC does not exist in sub-
primates, in which a phylogenetically earlier
lamina I projection is relayed by the thalamic
submedial nucleus to the orbitofrontal cortex6.
Although the underlying anatomy differs,
data from studies in rats support a primordial
role of the ACC in behavioural motivation 
by homeostatic distress, probably due to

corticotropin-releasing factor, which is
thought by many to be a definitive indicator of
an association with homeostatic stress103.

Notably, the absence of this direct intero-
ceptive representation in sub-primates implies
that they cannot experience feelings from the
body in the same way that humans do. In
humans, lesions of the dorsal insula interrupt
these feelings83,84, disrupt homeostatic process-
ing104 and cause permanent loss of discrimina-
tive thermal sensation. By contrast, in cats
that have been trained on a high-resolution
thermosensory discrimination task, lesions of
the rudimentary thalamocortical lamina I
relay cause only a weak, transient behavioural
deficit, whereas a spinal lesion of the ascend-
ing lamina I axons causes permanent disrup-
tion105. These findings indicate that behaviour
in sub-primates reflects motivational signals
from homeostatic integration centres in the
brainstem and hypothalamus, and they reveal
that homeostatic integration in the brain-
stem parabrachial nucleus is sufficient to
motivate thermoregulatory behaviour. Indeed,
in humans, a lesion of the lamina I spino-
thalamocortical pathway that eliminates ther-
mal (and evoked pain) sensation can result in
the central pain syndrome (BOX 2), which
probably reflects a similar motivational signal
to forebrain behavioural mechanisms by
brainstem homeostatic drives that are released
from descending insular cortical modula-
tion5,6,106. The occurrence of central pain after
lesions that disrupt evoked pain sensibility was
a key argument made against the existence of
a specific neural representation of pain13; how-
ever, the available evidence indicates that cen-
tral pain can be regarded as thermoregulatory
distress, consistent with the recognition that
pain is both an aspect of interoception and a
behavioural drive caused by a physiological
imbalance that homeostatic systems alone
cannot rectify.

So, like other feelings from the body, pain
normally consists of both a sensation and a
motivation. The cortical region associated
with such motivation seems to be the anterior
cingulate cortex (ACC). The insula has long
been regarded as limbic sensory cortex,
because of its association with visceral sensa-
tion by Penfield’s stimulation studies in
humans, whereas the ACC can be regarded as
limbic motor cortex, because of its association
with autonomic and emotional control107,108.
Both are strongly interconnected with the
amygdala, hypothalamus, orbitofrontal cortex
and brainstem homeostatic regions109,110.
Many recent functional imaging studies have
documented the role of the ACC in behav-
ioural drive and volition111–113. A particular
portion of the ACC is activated in virtually all

studies of pain89,90,114. The ACC is activated
selectively during the thermal-grill illusion of
pain, and therefore signifies the urgency of
thermal distress63; similarly, the unpleasant-
ness of thermal pain has been directly corre-
lated with ACC activation using hypnotic
manipulation115. In primates, the underlying
pathway seems to be an ancillary lamina I
spinothalamocortical route through the ven-
tral caudal portion of the medial dorsal
nucleus6, where convergence with input from
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Box 2 | Central pain syndrome

Damage to the brain can cause the
central pain syndrome, in which
ongoing, intractable pain is referred to
contralateral deep and cutaneous
tissues, where there is always a loss of
thermal (cool and warm) sensation
and often a paradoxical loss of acute
pain (pinprick and heat)
sensation6,158. Central pain is
characteristically described as
burning and hyperpathic
(augmenting), and is often
accompanied by mechanical or
thermal (cold) allodynia — that is,
pain is evoked by normally innocuous
stimuli. It apparently results from
damage to the lamina I
spinothalamocortical pathway at any
level, including interoceptive cortex,
but it is not produced by lesions of the
exteroceptive lemniscal pathways,
the parietal somatosensory cortices 
or the medial thalamus. It occurs in
~5% of stroke patients and 25–40% 
of patients with multiple sclerosis 
or spinal cord injury. Tricyclic
antidepressants are efficacious for
about half of patients with central
pain, but opiates are usually
ineffective. Head and Holmes12 first
postulated that this is a release
phenomenon that results from loss of
an inhibitory effect of discriminative
pain processing on the emotional
aspect of pain, and others suggested
release of phylogenetically old
brainstem inputs or hyperactive
bursting in somatosensory pathways.
A recent proposal, the thermosensory-
inhibition hypothesis, is based on the
anatomy of the lamina I projection
system. This hypothesis posits that
central pain results from the loss of
descending controls from interoceptive cortex on brainstem homeostatic sites that drive
thermoregulatory behaviour by way of the medial thalamus and the anterior cingulate cortex 
(see figure; minus symbols denote inhibition). The disinhibition proposed by this hypothesis is
conceptually similar to the unmasking shown by the thermal-grill illusion (BOX 1). This proposal
views central pain as a thermoregulatory dysfunction, and it emphasizes the concept that pain is
not only a feeling, but also a behavioural drive that signals a homeostatic imbalance.
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anger, anticipatory anxiety and pain, panic,
disgust, sexual arousal, trustworthiness and
even subjective responses (positive or nega-
tive) to music121–127 (FIG. 5). For example, anger
was associated with activation in the right
anterior insula and the orbitofrontal cortex, as
well as in the interoceptive dorsal posterior
insular region123 (albeit labelled ‘S2’).
Activation correlated with the implicit level of
disgust elicited by computer-generated facial
expressions was shown in the anterior insular
and orbitofrontal cortices on the right side124,
even though this emotion is usually regarded
as a derivative of gustation. Sexual arousal
elicited by erotic films (measured by testos-
terone release and intumescence) was
strongly correlated with right anterior insular
activation128. Subjective assessment of the
trustworthiness of faces also activated right
anterior insula129, and such activation has
been explicitly interpreted as representing the
subjective feeling (or ‘gut reaction’) elicited by
each face130.

These convergent findings are consistent
with the concept that the re-representation of
the cortical image of the interoceptive condi-
tion of the body serves as a limbic sensory
substrate for subjective feelings and emotions.

direct evidence that the underlying anatomi-
cal pathway involves first the contralateral
anterior insula, which must contain an ini-
tial re-representation of interoceptive cortex
on the same side, and then, by way of a cal-
losal pathway, a lateralized, second-order 
re-representation on the right side that is
subsequently forwarded to orbitofrontal 
cortex. Recent fMRI data indicate precisely
the same progression of insular activity for the
subjective appreciation of pain91. Sequential
cortical processing occurs in all sensory sys-
tems, and it seems reasonable to conclude
that evolutionary development of such a
progression for interoception would be
advantageous for survival by differentiating
and refining the representation of internal
feelings. Analogous re-representation and
lateralization of gustatory processing in the
left anterior insular and orbitofrontal cor-
tices in humans has been proposed on the
basis of clinical findings119, and corroborated
by functional imaging120.

These observations match a wide variety
of functional imaging studies that have asso-
ciated activation of right anterior insular and
orbitofrontal cortices with subjective emo-
tion, such as recall-generated sadness or

parabrachial and other brainstem inputs117,118.
So, activation of the ACC is associated with
motivation, and activation of the insula is
associated with feeling, which together form
an emotion.

Subjective awareness of feelings 
How do we perceive the feelings from our
bodies? We examined this question in our
PET study of innocuous thermal sensibility5,
in which human volunteers provided a sub-
jective magnitude rating of the perceived
intensity of each stimulus (irrespective of
emotional valence). Their ratings were not
perfectly correlated with stimulus tempera-
ture, and regression analysis of these per-
cepts showed strongly correlated activity in
the right (ipsilateral, non-dominant) anterior
insula (FIG. 5) and the orbitofrontal cortex,
which differed significantly from the linear
representation of stimulus temperature in
the interoceptive cortex. This revealed that
subjective evaluation of the thermal stimuli
— the feeling elicited in each person by the
graded coolness — depended on post-
processing in those cortical regions. Close
inspection of the correlation maps (see 
figure 2 in REF. 5, levels 20–24 mm) provided

a  Anger b  Subjective coolness c  Graded disgust in faces d  Trustworthiness in faces

e  Sexual arousal

in

mb

ac

S2S2

Figure 5 | Activation of the right (non-dominant) anterior insular cortex associated with different subjective feelings. a | Recall-induced anger, in which
activation is also visible in the right orbitofrontal, anterior cingulate (ac) and interoceptive (S2) cortices (reproduced from REF. 123 © 2000 Macmillan Magazines Ltd).
in, insular cortex; mb, mammillary bodies. b | Regression analysis of subjective ratings of the intensity of cooling the hand (reproduced from REF. 5 © 2000
Macmillan Magazines Ltd). c | Activation after exposure to graded disgust in computer-generated faces (reproduced from Nature (REF. 124) © 1997 Macmillan
Magazines Ltd). d | Activation elicited by subjective ratings of trustworthiness in faces (reproduced from REF. 129 © 2002 Macmillan Magazines Ltd). e | Activation
elicited by sexual arousal (reproduced, with permission, from REF. 128 © 1999 Kluwer Academic Publishers).
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than a basic sensory awareness of the environ-
ment. It is required for extended autobio-
graphical and cognitive continuity, because it
engenders the fundamental image of the
physical self as a feeling (sentient) entity.

Conclusions and future directions
The identification of an entire neural system
that can be cogently conceptualized as a rep-
resentation of the physiological condition of
the material body has several fundamental
implications. It provides a rational explana-
tion for the long-recognized association of
pain, temperature, itch and other feelings
from the body, separate from the lemniscal
system that represents exteroceptive touch
and proprioception. It incorporates specific
labelled lines for several physical conditions
that generate distinct feelings, and it substan-
tiates their common integration in the hier-
archical homeostatic network. It provides the
long-missing peripheral and central afferent
complement to the efferent autonomic ner-
vous system. These findings reveal a direct
cortical image of the state of the body that
differentiates primates from sub-primates
neuroanatomically. The size and multiple 
re-representations of this interoceptive image
seem to differentiate humans from sub-
human primates. Finally, these findings 
signify the cortical representation of feelings
from the body as the likely basis for human
awareness of the physical self as a feeling
entity. This association provides a funda-
mental framework for the involvement of
these feelings with emotion, mood, motiva-
tion and consciousness. These concepts
emerge directly from the functional anatomy
of the lamina I spinothalamocortical system,
rather than from preconceived ideas.

This fits the idea that the evaluation of the
state of the body in response to a pertinent
stimulus serves as the basis for emotional feel-
ings — the James–Lange theory of emotion3.
In particular, these data are consistent with
the neurological hypothesis, based on analy-
ses of clinical cases and imaging data, that the
right (non-dominant) anterior insula is inte-
gral for the generation of the mental image of
one’s physical state, which underlies basic
emotional states and is required for the moti-
vation to make rational decisions that affect
survival and quality of life — the essence of
the ‘somatic marker’ hypothesis of conscious-
ness131 (see also REFS 99,132) (BOX 3). Indeed,
Damasio explicitly suggested that a re-map-
ping of the representation of the state of the
body (interoceptive sensation) could provide
an ‘as if ’ circuit that would allow the brain to
judge and predict the effects of emotionally
relevant stimuli on the body, which is what
these functional anatomical data seem to
indicate. So, a refined image of the state of the
body seems to provide the basis for awareness
of the physical self across time.

Nonetheless, it is equally important to rec-
ognize that the ACC (as well as subcortical
structures, such as the amygdala and ventral
striatum133–136) is co-activated with the ante-
rior insula in virtually all imaging studies of
emotion111,112,121,123,127,137, consistent with the
view that an emotion is both a feeling and a
motivation. Notably, this provides the active
agent that is missing from the somatic-
marker hypothesis, in which Damasio conjec-
tured that the subjective ‘I’ is generated only
as an illusory by-product of the re-mapping.
For example, a recent imaging study of
placebo analgesia revealed concomitant acti-
vation of both the ACC and the right anterior
insula138; according to the present interpreta-
tion, this reflects the active modulation by the
behaviourally motivating agent (limbic motor
cortex, the ACC) of the feeling represented by
the image of the expected state of the body (in
the right anterior insula). This interpretation
is consistent both with the interoceptive lam-
ina I spinothalamocortical projections and
with the overall anatomical organization of
primate frontal cortex into medial (motor)
and orbital (sensory) networks139,140.

The orbitofrontal cortex, which correlated
most strongly with subjective thermal per-
ception5, is associated with the discrimina-
tion of positive and negative rewards (pleas-
antness/unpleasantness, or hedonic valence,
corresponding to approach/avoidance encod-
ing) in relation to the body’s needs136,141,142. For
example, this region engenders stimulus-spe-
cific satiety to food143, so it would probably
also differentiate the affect associated with a

thermal stimulus, or any other bodily feeling,
according to the body’s homeostatic needs. In
fact, the orbitofrontal cortex guides feeding
behaviour and behavioural valence in the rat
as well; it is not a phylogenetically recent
development. Anatomical data in the
macaque monkey indicate that this region
receives convergent input from several sen-
sory systems, and it seems to receive a direct
projection from gustatory and interoceptive
insular cortex133. In other words, whereas the
macaque monkey has an anatomically visible
interoceptive thalamocortical pathway, it has
direct interoceptive cortical projections to
orbitofrontal cortex, and therefore might not
have the intervening re-representations of
the subjective state of the body in the right
anterior insular cortex that are clearly present
in humans.

These functional anatomical considera-
tions indicate clearly that primates differ from
sub-primates in the encephalization of a
direct cortical image of the physiological con-
dition of the body. Furthermore, they strongly
suggest that humans differ from monkeys not
only in the relative size of the interoceptive
thalamocortical pathway, but also in the
development of sequential re-representations
of the physiological state of the body in the
right anterior insula. The interoceptive re-
representation that is lateralized in the right
anterior insula of humans corresponds with
the ability to perceive the self as a physical and
separate entity — that is, self-awareness. The
functional imaging data strongly support the
integral role of the right anterior insula in
the feelings we perceive that are the basis of
our perceptions of our selves, and therefore 
of consciousness. As Damasio131 has elegantly
described, this level of consciousness is more
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Box 3 | The ‘somatic marker’ hypothesis of consciousness

On the basis of neurological analyses of patients with forebrain lesions, Antonio Damasio123,131

has advanced the ‘somatic marker’ hypothesis of consciousness. He proposes that the subjective
process of feeling emotions requires the participation of brain regions that are involved in the
mapping and/or regulation of our continuously changing internal states — that is, in
homeostasis. These feelings help to guide behavioural decisions that affect survival and quality
of life by producing a ‘perceptual landscape’ that represents the emotional significance of a
particular stimulus that is being experienced, or of a projected future action by means of a
further ‘as-if-body loop’ mechanism. The feelings are grounded in the body itself, based on
multi-tiered and evolutionarily developed neural mechanisms that control the body’s state.
These feelings distinguish between inner-world representations and outer-world representations,
and allow the brain to build a meta-representational model of the relationship between outer
and inner entities159. So, the representational image of the body’s state provides a neural basis for
distinguishing self from non-self, and re-representations of this image enable the behavioural
neural agent to project the effects of possible actions onto the state of the body, as well as the
resultant changes in such feeling states due to interactions with other (external) agents. This
hypothesis posits that degrees of conscious awareness are related to successive upgrades in the
self-representational maps159. The anatomical features of Damasio’s hypothesis include a central
role for the anterior insular cortex in the representation of such feeling states.
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stress — including a direct cortical image of
physical well-being — provides a sound epis-
temological foundation for integrated
approaches to the treatment of pain, meta-
bolic, eating and psychosomatic disorders. For
example, this provides an easy formulation for
somatization under emotional stress. Similarly,
these considerations imply that mysterious
pain syndromes, such as fibromyalgia (deep
aches and pains), could be related to homeo-
static dysfunction (for example, salt or water
balance or cardiovascular function), rather
than to tissue damage, and this possibility
deserves vigorous study. Consideration of these
findings led directly to the recent proposal that
the central pain syndrome is a thermo-
regulatory disorder5,106. The recognition that
sensual touch is incorporated into the intero-
ceptive system has strong implications for the
neurobiological and health effects of con-
specific contact — visitors to zoos will remem-
ber that monkeys, chimpanzees and bonobos
normally spend an enormous amount of
time grooming and cuddling each other, and 
readers will remember the classic studies by 
H. Harlow showing the importance of con-
specific contact for emotional development.
Last, the observation that the neuroanatomical
substrate for subjective emotion in humans is
based on an abstracted meta-representation
of the physiological state of the body, consis-
tent with the conjectures of James3 and
Damasio131, provides a basis for the volitional
modulation of feelings, emotion and efferent
activity affecting the state of the body that is
unique to humans138, and clearly emphasizes
the role of the body’s health in human 
consciousness and interaction.
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tion of human insular cortex on both sides153,
and corresponding cortical lateralization has
been observed with micturition154 and gusta-
tion120. Such a basic organization would be
parsimonious with many considerations and
could explain the perceptual differences, but
this certainly needs further study, particularly
because of the potential clinical significance155.

The association of the re-representation of
the interoceptive pathway with self-awareness
implies the existence of neuroanatomically
verifiable correlates of conscious behaviour.
To this end, we are now comparing the size
and cytoarchitectonic differentiation of the
thalamic relay VMpo in different primate
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portive; VMpo in the pygmy chimpanzee,
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clearly similar to that in the human, albeit
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tive cortex in sub-human primates and of the
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needed, and correlative imaging and clinical
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Finally, this conceptual framework has
strong implications for medicine. The inte-
grated neural representation of all aspects of
the condition of the body in a system respon-
sible for homeostasis and associated with

It is important to recognize that this neural
sensory system is part of an entire network
involved in homeostasis; that is, in the auto-
nomic, hormonal and behavioural neural
mechanisms that maintain optimal physiologi-
cal conditions in the body and that respond in
an integrated and ongoing fashion to all inte-
rior and exterior environmental challenges,
ranging from exercise, dehydration or altitude
to injury, sepsis or social interactions. The
organization of this network is focused at the
spinal level on cardiovascular and direct end-
organ control11,144, at the brainstem level on
integrated control of fluid, electrolyte, energy,
immune and cardiorespiratory balances44,145,
at the forebrain level in sub-primates on
neuroendocrine and behavioural control146,147,
and in primates in a high-resolution enceph-
alized representation of all aspects of the
condition of the tissues. Nevertheless, it is a
vertically integrated system, and it is impor-
tant to recognize that the basis for feelings
from the body in humans is this hierarchical
association with homeostatic mecha-
nisms131,148. This hypothesis is supported by
the close correlation of brainstem activity
with these subjective feelings in human imag-
ing studies5,123,148. This recognition recom-
mends analysis of the interactions of feelings
and emotion with many aspects of subcon-
scious homeostasis; for example, in stress or
pain or cognitive behavioural research.

Glossary

AIR HUNGER

Hypercapnia with mechanically restricted ventilation.

ERGORECEPTION

Afferent activity relating tissue energy and 
metabolic needs.

EXERCISE PRESSOR REFLEX

Increased blood pressure and heart rate caused by
activity in small-diameter afferents from muscle.

FIRST PAIN

Sharp, pricking pain associated with rapidly
conducting Aδ-fibres.

LABELLED LINES

Anatomically and physiologically distinct neurons that
are specifically associated with particular sensations.

NEUROPATHIC PAIN

Intractable pain associated with damage to the
peripheral or central nervous system.

SECOND PAIN

Dull, burning pain associated with slowly conducting
C-fibres.

TRIADIC ARRANGEMENT

Ultrastructural contacts between an afferent terminal,
a relay cell dendrite and a GABA-containing
presynaptic dendrite that is characteristic of high-
fidelity transmission in sensory relay nuclei.
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