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The neuronal system signaling pain has often been characterized as a labeled line consisting of neurons in the pain-signaling pathway to
the brain [spinothalamic tract (STT)] that respond only to painful stimuli. It has been proposed recently that the STT contains a series of
analog labeled lines, each signaling a different aspect of the internal state of the body (interoception) (e.g., visceral–cold–itch sensations).
In this view, pain is the unpleasant emotion produced by disequilibrium of the internal state. We now show that stimulation of an STT
receiving zone in awake humans (66 patients) produces two different responses. The first is a binary response signaling the presence of
painful stimuli. The second is an analog response in which nonpainful and painful sensations are graded with intensity of the stimulus.
Compared with the second pathway, the first was characterized by higher pain ratings and stimulus-evoked sensations covering more of
the body surface (projected fields). Both painful responses to stimulation were described in terms usually applied to external stimuli
(exteroception) rather than to internal or emotional phenomena, which were infrequently evoked by stimulation of either pathway. These
results are consistent with those of functional imaging studies that have identified brain regions activated in a binary manner by the
application of a specific, painful stimulus while increases in stimulus intensity do not produce increased activation. Such binary pain
functions could be involved in pain-related alarm–alerting functions, which are independent of stimulus amplitude.
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Introduction
The pain pathway has often been characterized as a labeled line
consisting of neurons in the pain-signaling pathway to the brain
[spinothalamic tract (STT)] that respond only to painful stimuli
(Perl, 1984; Willis, 1985). It has been proposed recently that a
series of labeled lines in the STT signal the internal state of the
body (interoception) (Craig, 2003a,b) and that pain is the emo-
tion produced by disequilibrium of that state. We now show that
microstimulation (microampere thresholds) of the STT termi-
nus produces two patterns of pain. The first is a binary pain
response signaling the presence or absence of painful stimuli,
consistent with an alerting–alarm function (Becker et al., 1993;
Zaslansky et al., 1995). The second is an analog pathway in which
activity is graded with intensity of the painful stimulus, consistent
with STT neurons that encode the properties of external stimuli
(Willis, 1985; Price et al., 2003). Both painful responses to stim-
ulation were described in terms usually applied to external stim-
uli (exteroception) rather than to internal or emotional phenom-
ena (interoception).

Materials and Methods
We stimulated groups of neuron–fibers and recorded single neurons in
the thalamus during awake stereotactic procedures (see Figs. 1-4) under
a protocol approved by the local institutional review board (Lenz et al.,
1993; Lee et al., 1999). All patients signed an informed consent for this
protocol. The thalamic target was localized by magnetic resonance im-
aging and confirmed by single neuron recording and stimulation under
local anesthesia with a high-impedance microelectrode (see Figs. 1, 4 A).
The activity of isolated single neurons (see Fig. 4 A) was studied in re-
sponse to stimuli including light touch, tapping or pressure to skin (i.e.,
cutaneous neurons) (Fig. 1C, sites 69 – 82), deep pressure to muscles or
ligaments, and passive joint movement [i.e., deep neurons (51– 66)] (Lee
et al., 1999). The receptive field (RF) of cutaneous neurons was stimu-
lated with a series of thermal (Peltier device: 39, 42, 45, 48, 51 from a
baseline of 33°C) and mechanical (camel hair brush; large, medium, or
small vessel clamp) stimuli, both of which were graded from the non-
painful to the painful range (Lee et al., 1999).

Candidate sites were stimulated with a 1 sec train of the 300 Hz bipolar
stimulus in which a 0.2 msec anodal pulse was followed after 0.1 msec by
a cathodal pulse of the same magnitude and duration. The detection
threshold for current at 300 Hz was determined by the Method of Limits
(Lenz et al., 1993) for sites with thresholds of 5–25 �A. Stimulation
evoked sensations described by the projected field (PF), the quality, and
the intensity of the sensation (see Fig. 2). Thalamic microstimulation-
and cutaneous stimulation-evoked sensations were graded by a visual
analog scale (VAS) anchored by the statement that “�10 is rated as no
sensation, 0 is no pain or the most intense sensation that is nonpainful,
and 10 is the most intense pain imaginable.”

The threshold current (at 300 Hz) was then applied at five frequencies
(10, 20, 38, 100, and 200 Hz) in bursts of 4, 7, 20, 50, and 100 pulses in an
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ascending staircase protocol, the type of protocol commonly used in
studies of pain (Gracely et al., 1988; Yarnitsky and Sprecher, 1994), in-
cluding our studies (Greenspan et al., 2004). This protocol resulted in a
factorial delivery of all pairs (steps on the staircase) of five frequencies
and five numbers of pulses, except 10 Hz–100 pulses (see Fig. 2). Time
constraints dictated that the staircase be delivered single blind, which is
conventional in staircase protocols (i.e., the investigator knows that a
staircase is being used) (Gracely et al., 1988). To assess the influence of
the unblinded investigator, the stimulation paradigm at 13 sites was re-
peated with the investigator blinded to the order of the staircases during
the repeat (i.e., random ordering of the columns in Fig. 2 A). No change
in the classification of a site, related to randomization, was observed at
the sites studied in this manner.

Results
During surgery on 66 patients with either movement disorders
(n � 50) or chronic pain, somatic sensations were evoked by
stimulation at 807 of 1406 stimulation sites. The staircase tech-
nique was applied at 189 of these sites, including all sites (n � 52)
where pain was evoked. Current thresholds at 300 Hz did not vary
significantly by type of patient, site, location, or any combination
of these variables. The size of the PF changed with stimulus fre-
quency or number of pulses (i.e., ascending the staircase) at only
9 of 189 sites, consistent with activation of the same population of
neurons–fibers at each step of the staircase (Ranck, 1975).

We identified two types of response to stimulation. At pain�
sites, pain was evoked by stimulation at 300 Hz and at all steps in
the staircase for which a sensation was evoked (n � 39) (Fig. 2A,
left). At pain�/� sites (n � 13) (Fig. 2A, right), stimulation
evoked nonpainful sensations at threshold for numbers of pulses
and frequency followed by painful sensations further up the stair-
case. Current (300 Hz; p � 0.46; t test), frequency ( p � 0.39), and
pulse thresholds ( p � 0.53) for evoking pain were not signifi-
cantly different between the two types of sites. Ratings of painful
evoked sensations were higher for pain� sites [4.9 � 0.3
(mean � SEM)] than for pain�/� sites (3.7 � 0.4; p � 0.01; post
hoc Bonferroni t test after ANOVA by pulse number, frequency,
and type of site). The number of pain� sites (22 of 24; 92%) in
patients with chronic pain was significantly higher than in those
without chronic pain (17 of 28; 61%; p � 0.02; Fisher’s test). The
description, location, and intensity of the evoked pain and the
locations of sites were not significantly different between patient
groups.

Cutaneous sensations were commonly evoked at both pain�
(22 of 39; 56%) and pain�/� (6 of 13; 46%) sites. Excluding the
change from nonpainful to painful, the description–modality of
the evoked sensation changed along the staircase for each
pain�/� site (13 of 13) but did not change for any pain� site (0
of 39; p � 0.0001; Fisher’s test). The incidence of particular de-
scriptors, including the mechanical and thermal categories, did
not vary significantly between types of patients, sites, locations, or
any combination of these variables. Notably, itch (2 of 13
pain�/� sites; 2 of 39 pain� sites) was never evoked in isolation,

Figure 1. Thalamic map of a single patient with parkinsonian tremor. A, Position of the trajectory,
indicated by the oblique line, relative to the anterior commissure–posterior commissure line [hori-
zontal line, posterior commissure indicated] and the region of the human thalamic principle sensory
nucleus [Vc and subnucleus, Vc portae (VCpor)], thalamic termini of the STT (Lenz et al., 1993). PC,
Posterior commissure; Vim, ventral intermediate (Hirai and Jones, 1989). B, Locations of the neurons
and stimulation sites along a trajectory displayed relative to the anterior commissure–posterior com-

4

missure line. Stimulation sites are indicated by ticks to the left of the trajectory. Long ticks indicate that
a somatic sensation is evoked by stimulation in a part of the body (PF), and the filled arrow is the site
illustratedinFigure2 A, left.Neuronalrecordingsarelocatedbytickstotherightofthetrajectory.Long
ticks indicate neurons responding to stimuli over an area on the body (RF). The anteroposterior loca-
tion of the last neuron with such an RF (site 82) defined the posterior border of Vc. C, Each tick is
numbered with the same number in B and C. C shows the site number and illustrations for RFs and PFs
(threshold below in microamperes). NR, No response.
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and emotion descriptors were uncom-
monly endorsed at either pain� (2 of 39)
or pain�/� sites (0 of 13) (cf. Lenz et al.,
1995).

The parts of the body where stimula-
tion evoked a sensation (PF) were ana-
lyzed, excluding chronic pain patients
who commonly have altered PFs (Lenz et
al., 1994b; Davis et al., 1998). PFs were
classified as large if they included the en-
tire limb below the elbow or knee, the
hemicranium, or two body parts (e.g., face
and arm). Large PFs were more common
at pain� sites (8 of 17; 47%) than at
pain�/� sites (1 of 11; 9%; p � 0.05; Fish-
er’s test) (Lenz et al., 1993).

The dependence of sensory ratings on
stimulus frequency and the number of
pulses was different between the two types
of sites. The slope of pain ratings versus
stimulus frequency was higher for
pain�/� (0.026 VAS/Hz; r � 0.27; p �
0.004) than for pain� sites (0.009 VAS/
Hz; r � 0.26; p � 0.003). The slope of pain
ratings versus number of pulses was
higher for pain�/� sites (0.107 VAS per
number of pulses; r � 0.53; p � 0.00001)
than for pain� sites (�0.0002 VAS/num-
ber of pulses; r � �0.0036; p � 0.97).
Overall, pain ratings above the detection
threshold at pain� sites were constant as-
cending the staircase, consistent with a bi-
nary function.

Sensations were not evoked at some
steps in the staircase, despite stimulation-
evoked sensations at surrounding steps.
Therefore, the results of some staircases contained missing steps
(e.g., Fig. 2A, left, gaps or white steps at 100 Hz for the columns
indicating 20 or 50 pulses) in the expected top right rectangle of
the staircase (e.g., Fig. 2A, left, shaded part of the staircase). Such
gaps were found for 71% (37 of 52) of sites and were corrected by
assumption of linearity, as usual (Gracely et al., 1988). The num-
ber of sites for which a gap was found was significantly higher for
pain� sites (32 of 39; 86%) than for pain�/� sites (5 of 13; 38%;
p � 0.005; Fisher’s test).

Sites within the region of the thalamic principle sensory nu-
cleus [monkey ventroposterior (VP), human ventrocaudal (Vc)]
(Hirai and Jones, 1989) were classified by location in the parasag-
ittal plane into the region where neurons respond to innocuous
stimuli (Vc core) (legend to Fig. 3) or in the region behind it
(right of the vertical). Additionally, location was classified at or
medial to planes where neurons had cutaneous–mucosal RFs
(Fig. 3A) on cranial structures (Fig. 1A) or lateral planes where
noncranial RFs were found (Fig. 3B). There was a trend for
pain�/� sites (11 of 13; 83%) to be located in the medial plane
more often than pain� sites (19 of 34; 56%; p � 0.09; Fisher’s
test). Note that the total number of cells classified by mediolateral
location is 47, less than the total number of pain sites (n � 52),
because cutaneous cells were not found in the plane of five stim-
ulation sites. No significant effects were observed along the an-
teroposterior axis medially, laterally, or overall.

Figure 4A shows the response of a single neuron with wide dy-
namic range (WDR) properties to a painful 45°C stimulus. Re-

sponses to painful stimuli were characterized by the mean firing rate
during painful stimulation, recorded through the microelectrode
(Fig. 4B, x-axis), and by VAS ratings of microstimulation-evoked
pain ( y-axis). There was a significantly steeper increase in VAS pain
scores for the neurons that only responded to painful stimuli
[nociceptive-specific (NS) neurons] than for WDR neurons.

Figure 2. Pain� and pain�/� stimulation sites. Sensations evoked by threshold microstimulation were characterized by the
PF, by descriptors from a validated questionnaire, and by a visual analog scale of intensity (Lenz et al., 1993, 1998; Lenz and Byl,
1999). A, Left, Site where stimulation at 300 Hz and 5 �A produced pain in the PF (shown in the illustration) and of the quality
described. Pain identical to that evoked by 300 Hz was evoked at most sites with trains of �20 pulses and frequencies of �200 Hz
(shaded rectangle; see Results). A, Right, Site where tightness was evoked in the first column at 10 Hz and then a tingle at 20, 38,
and 100 Hz. At �200 Hz, warmth was evoked at each step in the staircase (except at 7 pulses of 10, 20, and 100 Hz) until 50 pulses,
38 Hz. At this step and further up the staircase, painful heat was evoked. B, Average VAS ratings across all pain� and pain�/�
sites. Ratings were taken in response to pulse and frequency pairs ascending the staircase. The gray lines along the outside surfaces
of the three-dimensional displays indicate the average VAS ratings across all sites by frequency and number of pulses.

Figure 3. Location of pain� and pain�/� sites on sagittal planes through the thalamus.
The location of pain� and pain�/� sites relative to the posterior (vertical line) and inferior
(horizontal line) borders of Vc are identified by the most posterior and most inferior neuron with
an RF (neuron 82 for both) (Fig. 1). The core of Vc is above this horizontal and anterior to this
vertical. Sites in planes where the majority of cells have cranial and noncranial RFs are shown in
A and B, respectively.
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Discussion
These studies demonstrate that stimulation at sites in the region
of Vc evokes sensations consistent with one of two pathways, one
binary and the other analog. Stimulation at pain� sites evoked a
constant high level of pain over large, often cutaneous PFs. These
sites were characterized both by descriptors that did not change
along the staircase and by more intense stimulation-evoked pain
than that evoked at the pain�/� sites. These results suggest that
pain� sites participate in a binary, exteroceptive, labeled line that
signals the presence of a painful external stimulus. The steep
initial increase in VAS with the firing rate of NS versus WDR
neurons (Fig. 3B) is consistent with the shorter dynamic range of
thalamic NS cells (Apkarian and Shi, 1994) and with the binary
response to stimulation at pain� sites (Fig. 2B).

These results might not be understood in terms of the activity
of single cells or cell types, because stimulation at 5–25 �A acti-
vates multiple neurons and fibers over a radius of 50 –200 �m
(Ranck, 1975). However, STT fibers are clustered in Vc and in
inferior Vc (Mehler, 1962) as well as in the corresponding mon-
key nuclei (Willis, 1985; Hirai and Jones, 1989). Cells responding
to noxious stimuli are clustered both by location within Vc (Ap-
karian et al., 2000) and by location within somatotopically appro-
priate regions in the compartmentalized, innocuous mechanore-
ceptive representation of VP and Vc (Jones et al., 1982; Lenz et al.,

1988). Cells responding to nociceptive stimuli are also clustered
at the location of STT terminals within the inferior portion of VP
(Apkarian and Shi, 1994), corresponding to the portion of Vc
where most of these stimulations were performed (Fig. 3) (Hirai
and Jones, 1989). Therefore, it is possible that stimulation-
evoked pain was related to infrequent (52 of 704 sites with so-
matic sensory stimulation-evoked sensations) clusters of neural
elements having similar nociceptive properties.

The thalamic stimulation thresholds for nonpainful and pain-
ful sensations are not significantly different (Lenz et al., 1993;
Ohara and Lenz, 2003), suggesting that pain�/� sites did not
result from activation of the system transmitting nonpainful sen-
sations (primarily medial lemniscal) before that transmitting
painful sensations (primarily STT) (Willis, 1985). Finally, the
equivalence of current, pulse, and frequency thresholds for
pain at both types of sites predicts that the neural elements
responsible for the two types of sites (i.e., possibly WDR and
NS cells) should be activated together if they were found at the
same site. Analog pain� responses would be predicted to oc-
cur at such sites, because the combination of binary plus ana-
log neural elements at a site will have analog properties, given
the assumption of linearity. However, analog pain� sites were
not observed. For all of these reasons, it is plausible that our
observations may be the result of selective activation of two
functionally distinct pathways.

An analysis of location revealed only a nonsignificant trend
for pain�/� sites to be located medial to pain� sites. There was
no significant difference in types of sites by location along the
anteroposterior axis. This suggests that the posterior part of the
ventromedial nucleus is more likely to be involved in the analog
pathway than in the predicted labeled-line pain pathway (Craig et
al., 1994; Blomqvist et al., 2000; Craig, 2003a). Furthermore, we
observed a binary pain labeled line (pain�) but not the predicted
analog labeled line for pain (Craig, 2003a). The overlapping lo-
cations of pain� and pain�/� sites within and posterior to Vc
(Fig. 3) may be consistent with the location of STT terminations
in inferior Vc (Mehler, 1962), within Vc as dense bursts (Mehler,
1962; Willis, 1985), and with stimulation of fibers of passage
(Ranck, 1975).

The present results are consistent with functional imaging
studies that have identified brain regions where the application of
a specific, painful stimulus activates the region but additional
increases in stimulus intensity do not produce increased activa-
tion (Coghill et al., 1999; Bornhovd et al., 2002). These sites may
serve as an alarm signal for the occurrence of a painful stimulus
somewhere in a large area of the body in response to as few as four
stimulation pulses (Fig. 2B, left) (Price et al., 2003). Such binary
signals could be involved in pain-related alerting reactions pro-
duced by painful stimuli, which are independent of stimulus am-
plitude (Becker et al., 1993; Zaslansky et al., 1995; Bornhovd et al.,
2002).

The pain�/� sites have properties consistent with the pattern
hypothesis of an exteroceptive pain pathway in which graded
neuronal activity produces an analog, graded pain signal (Price et
al., 2003). This hypothesis is supported by the finding that mon-
key dorsal horn WDR neurons but not NS neurons have electro-
physiological properties (Price and Mayer, 1975) consistent with
those of axons in the human pain-signaling STT pathway (Mayer
et al., 1975). Sensations evoked by stimulation of the STT were
described as a tingle, warm sensation, or cool sensation above
detection threshold (�10 by our VAS) but below the pain thresh-
old (0 by our VAS) (Mayer et al., 1975), as for our pain�/� sites.

Figure 4. Activity of neurons in the region of Vc responding to painful thermal stimuli. The
response to nonpainful and painful heat–mechanical stimuli applied within the RF (Lenz et al.,
1994a; Lee et al., 1999) is compared with the VAS evoked by the same stimulus. A, The response
of a cell (WDR) to painful heat. B, VAS and firing rates for the response to painful stimuli are
plotted for NS cells that respond only to painful stimuli and WDR neurons that respond in a
graded manner to nonpainful and painful stimuli. VAS scores by decade to 20 Hz and by 30 Hz
steps from 20 to 80 Hz were compared by Mann–Whitney U test.
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Therefore, the present results suggest that pain�/� sites signal
the exteroceptive, sensory dimension of pain (Price et al., 2003).

The sensations evoked by stimulation at the pain�/� sites
were characterized by lower-intensity, smaller PFs, changes in
pain descriptors, and fewer gaps ascending the staircase, suggest-
ing more consistent detection of stimulation-evoked sensation.
The pain�/� sites have small PFs, consistent with the small RFs
of thalamic WDR neurons, which are approximately the size of
RFs for cells in monkey VP and human Vc that respond to innoc-
uous stimuli (Casey and Morrow, 1983; Bushnell and Duncan,
1987; Apkarian and Shi, 1994; Lee et al., 1999). Thus, thalamic Vc
WDR cellular RFs are much smaller than those of STT WDR cells
(Chung et al., 1986). The sizes of the PFs of pain� sites were
larger than those observed for pain�/� sites, consistent with the
size of RFs for primate thalamic NS cells (Bushnell et al., 1993; Lee
et al., 1999). Therefore, the pain� and pain�/� stimulation PFs
are consistent with those predicted by the behavior of thalamic
NS and WDR neurons.

In summary, pain� and pain�/� sites are consistent with
exteroceptive pathways that signal, respectively, the presence of
and the sensory features of painful, external somatic stimuli. Nei-
ther signals the internal sensations or emotional phenomena of
the predicted interoceptive pain-signaling system in humans
(Craig, 2003a,b). Overall, the present results suggest that many
thalamic stimulation sites sound the alarm that a painful external
stimulus has occurred somewhere, while others appear to indi-
cate how much and where.
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