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Functional magnetic resonance imaging was used to image
pain-associated activity in three levels of the neuraxis: the
medullary dorsal horn, thalamus, and primary somatosensory
cortex. In nine subjects, noxious thermal stimuli (46°C) were
applied to the facial skin at sites within the three divisions of the
trigeminal nerve (V1, V2, and V3) and also to the ipsilateral
thumb. Anatomical and functional data were acquired to cap-
ture activation across the spinothalamocortical pathway in each
individual. Significant activation was observed in the ipsilateral
spinal trigeminal nucleus within the medulla and lower pons in
response to at least one of the three facial stimuli in all appli-
cable data sets. Activation from the three facial stimulation sites
exhibited a somatotopic organization along the longitudinal
(rostrocaudal) axis of the brain stem that was consistent with
the classically described “onion skin” pattern of sensory defi-
cits observed in patients after trigeminal tractotomy. In the

thalamus, activation was observed in the contralateral side
involving the ventroposteromedial and dorsomedial nuclei after
stimulation of the face and in the ventroposterolateral and
dorsomedial nuclei after stimulation of the thumb. Activation in
the primary somatosensory cortex displayed a laminar se-
quence that resembled the trigeminal nucleus, with V2 more
rostral, V1 caudal, and V3 medial, abutting the region of cortical
activation observed for the thumb. These results represent the
first simultaneous imaging of pain-associated activation at
three levels of the neuraxis in individual subjects. This approach
will be useful for exploring central correlates of plasticity in
models of experimental and clinical pain.
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The ability to discriminate and interpret noxious information
from the environment is an important component of mammalian
survival. Nociceptive information is relayed in a pathway that
includes the spinal or medullary dorsal horn, the thalamus, and
the primary somatosensory cortex (S1). To date, functional neu-
roimaging studies in humans have not demonstrated simulta-
neous activation in this pathway after pain stimuli. The trigeminal
system offers unique advantages for studying the central process-
ing of nociceptive information in human subjects, including its
large central representation, the cranial location of the second-
order neurons, and a presumed high degree of somatotopy.

Clinical observations indicating a complex organization of the
trigeminal nucleus (spV) in humans (Gybels and Sweet, 1989)
have been supported by studies in nonhuman primates (Bushnell
et al., 1984; Dubner et al., 1989; Maixner et al., 1989; Craig et al.,
1999). These studies suggest that the somatotopic representation
of the face in the spV is in an “onion skin” or segmental distri-
bution: the perioral areas are represented rostrally in the nucleus,
and more posterior areas of the face are represented more cau-
dally within the spV (Kunc, 1970; Kim et al., 1997).

Nociceptive neurons within the spV send projections to the
thalamus (Hu et al., 1981; Williams et al., 1994; Craig et al., 1999;
Dostrovsky, 2000). These terminate in the ventroposteromedial
(VPM) nucleus of the ventrobasal complex of the thalamus and
other more medial nuclei (Dostrovsky and Guilbaud, 1990;
Rausell and Jones, 1991; Bushnell et al., 1993; Sherman et al.,
1997). Unlike the distinct somatotopic representation of the body
in the ventroposterolateral (VPL) nucleus, the somatotopy of
facial representation is less distinct (Dostrovsky, 2000). To date,
no functional imaging studies have demonstrated that noxious
stimulation to the body and face produces distinct patterns of
thalamic and cortical activation in the same individuals.

The primary somatosensory cortex (S1) receives noxious and
non-noxious somatosensory inputs from the thalamus (Chudler et
al., 1990; Rausell and Jones, 1991) and encodes information
related to the discriminative aspects of pain (Bushnell et al., 1999,
Hofbauer et al., 2001). Anatomical data in primates has defined
a complex somatotopic representation of the face in S1 (Manger
et al., 1996; Jain et al., 2001). In humans, functional magnetic
resonance imaging (fMRI) data suggest that the homuncular
representation of the face in S1 is inverted (Servos et al., 1999),
contradicting the classical view based on anatomical studies (Pen-
field and Rasmussen, 1950).

Functional imaging studies in humans have identified specific
pain-associated regions of activation in the thalamus or the cere-
bral cortex (Talbot et al., 1991; Coghill et al., 1994, 1999, 2001;
Casey et al., 1996; Svensson et al., 1997; Davis et al., 1998;
Apkarian et al., 2000a; Becerra et al., 2001). Positron emission
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tomographic studies examining activity in the trigeminal system
after painful stimulation (Weiller et al., 1995; Hsieh et al., 1996;
May et al., 1998) have reported activation in brainstem structures
such as the periaqueductal gray, but not in the trigeminal nucleus.
Using structural and functional MRI, we have examined activa-
tion after noxious facial stimulation at all three levels of the
neuraxis: the spinal trigeminal nucleus, thalamus, and cortex.

MATERIALS AND METHODS
Human subjects
The Subcommittee on Human Studies at the Massachusetts General
Hospital approved the study, which conformed to the guidelines of the
Helsinki agreement and the International Association for the Study of
Pain on human experimentation. Nine healthy right-handed male volun-
teers (age, 29.4 � 5.05 years) were recruited to the study.

Study subjects were pain-free and had no significant medical history,
including psychiatric illness or facial or dental pain, and were not taking
any medications. Before the experiment, subjects were informed in detail
about the nature of experiment and the temporal sequence of stimulation
procedures, including methods of rating the thermal stimuli. Once in the
scanner, subjects were asked to remain still for the duration of the
experiment and were instructed to close their eyes during acquisition of
functional scans. Subjects were informed that they could terminate the
experiment at any time.

Thermal stimulation and pain ratings
A 1.6 � 1.6 cm thermode was used to apply thermal stimuli to four
stimulation sites in each subject in the following order: three premarked
sites in the ophthalmic (V1), maxillary (V2), and mandibular (V3)
divisions on the right side of the face (Fig. 1 A) and the palmar surface
of the right thumb. Only one site was stimulated at a time. Each site
received a single stimulus trial that consisted of two painful heat stimuli
of 46°C lasting 25 sec each, separated by a 30 sec interval at the baseline
temperature of 32°C (Fig. 1 B). After each stimulus trial, the subjects

rated their pain intensity using a Likert visual analog scale (VAS) of 0
(no pain) to 10 (highest pain imaginable). Stimulus trials at the different
sites were separated by intertrial intervals of 3 min.

Scanning
Subjects were scanned on a Siemens Sonata 1.5 T system. Imaging for all
nine subjects began with a three-plane scout scan. The axial and coronal
scouts were used for placement and prescription of a three-dimensional
sagittal scan [128 slices; 1.328 mm thick in plane resolution 1 � 1 mm;
repetition time (TR), 11.1 sec; echo time (TE), 4.3 msec]. This scan was
used for transformation of the forebrain into the Talairach space (Ta-
lairach and Tournoux, 1988). fMRI scans were acquired using a gradient
echo sequence with TR of 3.5 sec, TE of 40 msec, and in-plane resolution
of 3.125 mm. For each functional run, 45 volumes of 30 slices, 3 mm thick,
were acquired. The slices were oriented in an oblique plane, parallel to
the medulla and covering the brainstem and most of the parietal lobes
(Fig. 1C).

Data analysis
The image analysis package MEDx 3.3 (Sensor Systems, Bethesda, MD)
was used for all data processing.

Motion correction
Areas around the cortical and spV activations were inspected for residual
motion by visual animation display of each slice after motion correction.

Motion in the brainstem has two origins: gross head motion and
cardiac pulsation. Gross head motion was minimized by restraining the
head during scanning. Most motion correction algorithms are based on a
12-parameter, rigid body model (MEDx). Such an approach will empha-
size realignment of the cerebrum but not necessarily the brainstem. In
these experiments, a strict limit for overall displacement (1 mm) was
implemented to ensure that the motion correction process does not
worsen the motion artifacts in the brainstem. Cardiac pulsation worsens
partial volume effects; hence slices were prescribed along the medulla
axis to reduce these effects, which were further minimized by the
in-plane smoothing process (see below).

Spatial filtering
Gaussian filtering was applied with 6/6/6 mm width. Functional data were
then intensity normalized and thresholded. Gaussian filtering was ap-
plied at two levels for the individual analysis: 6/6/6 and 1.5/1.5/1 mm. The
latter filtering was used to reduce the smearing of the spV activation by
the smoothing process in the analysis of “native” (non-Talairach) scans.

Registration to the atlas
Individual anatomical and functional data were translated into the Ta-
lairach coordinate system (Talairach and Tournoux, 1988). A Talairach
average group for the functional and anatomical data was created for
each trigeminal branch (V1, V2, and V3) and the thumb.

Group average and individual analysis
Student t test maps were produced on a voxel-by-voxel basis on the
individual and averaged data sets. Transition time points between the
baseline and the target temperature were removed from the analysis,
leaving for calculation only the steady-state time points for the 32 and
46°C conditions. The statistical maps were transformed into –log P maps,
color-coded by magnitude, and rendered over the respective group av-
erage anatomical images.

Individual analysis was performed in the original native data sets and
in the Talairach-transformed ones.

Statistical thresholds were based on a cluster size approach (Forman et
al., 1995). Clusters of at least 10 pixels and p � 0.03 were selected for
activation in the cerebrum and group average data. For native data,
processed with a smaller filter width, a cluster size of 3 pixels and p �
0.03 were selected.

Anatomical localization
S1 and thalamus. Activations in the forebrain were localized using the
coplanar stereotaxic atlas of the human brain (Talairach and Tournoux,
1988). Individual activations in the regions of interest in the forebrain
were tabulated (allowing the calculation of group means).

Brainstem including spV. The Talairach coordinate system is not spe-
cific for the brainstem; pixels observed to be significantly activated in the
medulla were also identified and localized separately for each individual.

Figure 1. Experimental paradigm. A, Facial map. White squares denote
location of the Peltier probe on the face. The three shades of gray
differentiate the regions innervated by the V1 (ophthalmic; light gray), V2
(maxillary; medium gray), and V3 (mandibular; dark gray) divisions of the
trigeminal nerve. B, Stimulus paradigm. After the anatomical scan, the
Peltier thermode was applied to the target area within the V1 distribution,
and two 25 sec pulses of 46°C were given 30 sec apart with a baseline
temperature of 32°C. After a 3 min interval, the stimuli were repeated
with the probe in the V2 target region. The same procedure was used for
the V3 region and finally for the palmar surface of the right thumb (T).
After each set of stimuli, subjects rated their pain scores (R, visual analog
rating of pain level from 0 � no pain to 10 � maximum pain imaginable).
The time line for stimulus duration and interstimulus interval at each site
is indicated within the box. C, Slice orientation. Shown is the orientation
through the midsagittal section of the whole brain used for these exper-
iments. Slices (n � 30) were oriented parallel to the brainstem. The circles
show the location of the spV and thalamus and the approximate location
of the SI (projected from its lateral location).
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Together with the Center for Morphometric Analysis at Massachusetts
General Hospital (N. Makris), a self-referential approach for the brain-
stem was adopted (Kennedy et al., 1997). To localize functional activa-
tion within the trigeminal nuclei using MRI, we followed a landmark-
based topographical approach (DaSilva et al., 2001). To this end, the
human brainstem has been parcellated into 28 distinct parcellation units
(PUs; 14 PUs per side) as follows.

The midbrain can be subdivided into six PUs. A line in the midcol-
licular axial plane in the superior-inferior direction divides the region
into two divisions, rostral and caudal components. Each one of these
sectors was subdivided in the anteroposterior direction into three sub-
sectors, resulting in six PUs for the entire midbrain (i.e., anterior, middle,
and posterior segments within the rostral and caudal components, re-
spectively). The anterior PUs contain the crus cerebri and the substantia
nigra. The division between middle and posterior regions would be done
by a coronal plane passing through the cerebral aqueduct. Therefore, the
middle PUs would correspond to the midbrain tegmentum, and the
posterior PUs would correspond to the midbrain tectum.

A similar approach was used in the pons, which was divided into four
PUs. In the superior-inferior direction, the region was divided into two
sectors by an axial plane passing through the line that connects the roots of
the trigeminal nerve (V) as it enters the pons. Each of these was subdivided
in the anteroposterior direction into two subsectors, resulting in four PUs,
(i.e., rostral-anterior and posterior and caudal-anterior and posterior). The
border between anterior and posterior sectors is the coronal plane, con-
taining the stems of the middle cerebellar peduncles. Thus, anterior PUs
contain the crossing transverse pontocerebellar fibers and the descending
corticospinal fiber system, whereas the posterior PUs contain the remaining
structures and the fourth ventricle pertaining to the pons. The posterior
PUs would correspond to the pontine tegmentum, and the anterior regions
of interest (ROIs) would correspond to the basal pons.

The medulla was subdivided into four PUs. In the superior-inferior
direction, the region was divided into two sectors at the axial plane where
the pyramids merge in the midline to decussate. This approximates the
floor of the inferior olivary nucleus, therefore, in the rostral and caudal
medulla. Each one of these sectors has been subdivided in the antero-
posterior direction into two subsectors, resulting in four PUs for the
entire medulla (i.e., rostral-anterior and posterior and caudal-anterior
and posterior). Anterior PUs contain the pyramids, pyramidal decussa-
tion, and inferior olivary nucleus, whereas posterior PUs contain the
remaining structures and the fourth ventricle pertaining to the medulla.
The division between anterior and posterior regions was defined as a
coronal plane passing through the anterolateral sulci of the two sides.
Therefore, the anterior PUs correspond to the medullar base, and the
posterior PUs correspond to the medullar tegmentum.

The parcellation method described above was used to define the topo-
graphic anatomy of the spV. The spV, which comprises oral, interpolar and,
caudal nuclei, extends from the lower to mid pons to the upper cervical
spinal cord (Fig. 2A). The rostral end of the spV is located at the lower
midpontine level (Carpenter and Sutin, 1983), adjacent to anterolateral
corner of the fourth ventricle in a ventrolateral position. Within the upper
and mid portions of the medulla, the spV maintains its ventrolateral
position relative to the fourth ventricle and a medial position to the medial
cerebellar peduncle and posterior to the inferior olivary nucleus (Carpen-
ter and Sutin, 1983; Haines, 1994). At the level of the obex, the anatomical
topography changes. In the lower medulla (below the obex), the spV is
found approximately equidistant between the pyramidal tract and the gracile
nucleus in the dorsoventral extent. At the coronal level of the spinal canal,
the spV is within half distance from the external margin of the medulla.
In this parcellation system, the spV would be included in the following
PUs: anterior caudal pons (P2a), posterior caudal pons (P2p), posterior
rostral medulla (B1p), and posterior caudal medulla (B2p) (Fig. 2C,D).
More specifically, although it will be included entirely within B1p and
B2p and the bulbar level, it is located in the border zone of P2a and P2p.

The individual Talairach activations in the ROIs, including spV, thala-
mus [dorsomedial (DM), VPM, and VPL], and S1, were accepted only if
located no more than three pixels from the coordinates of the peak of
activation in each ROI in the group average. This method was used to
assess whether group average results were biased by a small number of the
subjects. Volumes of activations were determined from ROI cluster size.

RESULTS
Using the paradigm described above, nine subjects received nox-
ious thermal stimuli (46°C) to the facial skin at sites within the
three divisions of the trigeminal nerve (V1, V2, and V3) and also

to the ipsilateral thumb. Anatomical and functional data were
acquired to capture activation across the spinothalamocortical
pathway in each individual. After each stimulus trial, the subjects
rated their pain intensity using a Likert VAS of 0 (no pain) to 10
(highest pain imaginable).

Psychophysical results
VAS scores are shown in Table 1. After thermal stimulation of
each division of the face, VAS ratings for the group were 6.16 �
0.98 for V1, 6.64 � 0.56 for V2, and 6.00 � 0.71 for V3, respec-
tively, and 5.5 � 1.00 after thermal stimulation to the thumb.

Functional magnetic resonance imaging data
After thermal stimuli to the face, we examined activation within
the spV, thalamus, and S1 cortex for each individual. Group

Figure 2. Brainstem parcellation. A, Trigeminal nuclei. Shown is the
approximate distribution of the trigeminal sensory complex in the dorsal
part of the brainstem. Gray, Mesencephalic nucleus; white, main sensory
nucleus; black, spinal trigeminal nuclei (oralis, interpolaris, and caudalis).
B, Parcellation of the brainstem in a sagittal section. To localize func-
tional activation within the trigeminal nuclei using MRI, we followed a
landmark-based topographical approach (for details, see Materials and
Methods). Each line is defined on MRI-based anatomy that is easily
visualized. To this end, the human brainstem has been parcellated into 28
distinct PUs (14 PUs per side) in the midbrain, pons, and medulla. C,
Parcellation of the medulla. A horizontal section through the rostral and
caudal medulla is shown. The medulla has been subdivided into four PUs
[rostral-anterior (B1a), rostral-posterior (B1p), caudal-anterior (B2a),
caudal-posterior (B2p)]. See Materials and Methods for details of the
parcellation method. Within the medulla, the spinal nucleus of V is found
in the B1p and B2p posterior components (white circles). D, Activation
map. Shown is a statistical map of activation within the B1p segment of
the right rostral medulla after a noxious thermal stimulus to the face. Note
that this is the region where the spV is predicted (white circle in C).
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(Table 2) and individual (Table 3) results for activation within
these structures are provided below. Of the nine subjects, two
were eliminated from further analysis because three of four
functional scans (namely, V1, V2, V3, or thumb) were not per-
formed because of technical difficulties. These subjects were ex-
cluded from further analysis. From the remaining seven subjects,
there were 18 usable functional scans after noxious heat applied
to the face and four usable functional scans after noxious heat
applied to the thumb. Five functional scans were eliminated
because of machine [thermal sensory analyzer (TSA)] malfunc-
tion (�) and one subject (subject 7; Table 3) had significant
motion (�) after stimulation to V1 precluding functional analysis
for this stimulus only. Of the 18 facial functional scans, significant
activations were observed in the ipsilateral spV in 15 cases (see
Individual analysis below, Table 3).

Activation in spinal nucleus of V (spV)
Validation of activation in spV
Figure 3A shows an example of signal change in the brainstem of
a single subject after a noxious thermal stimulus. Significant
activation is present within the brainstem in the region of the spV

ipsilateral to the stimulus. The activation is focal, and there is no
activation along the brainstem edge, suggesting the absence of
partial volume effects. The volume of activation represents three
contiguous pixels. The time course within this region is similar to
that in other activated regions of the brain. Activations in non-
neuronal tissue outside of the brainstem lack temporal correla-
tion with the thermal stimulus. Evaluation of equivalent volumes
of brain tissue (pixels) within the brainstem immediately adjacent
to the activation and also on the contralateral side indicates that
the signal change drops off significantly in the adjacent pixels and
is minimal on the contralateral side (Fig. 3A).

Further analysis indicated that motion of the brainstem did not
contribute significantly to the signal change observed in the spV.
Fourier analysis of the temporal variations in the activated area
and its surroundings (Fig. 3B) was performed to evaluate high-
frequency residual components that may contribute to the activa-
tion. As shown in Figure 3B, the activated area presents a Fourier
spectrum with a significant component associated with the deliv-
ered stimulus; this component is much larger than the others that
are most likely associated with cardiac or respiratory pulsations.

Table 1. Individual VAS

Stimulus site

Subject

Mean SD1 2 3 4 5 6 7

Ophthalmic division (V1) 5 7 5 7 7 6 7� 6.16 0.98
Maxillary division (V2) 6.5 7.5 6.5 6 6 7 7 6.64 0.56
Mandibular division (V3) 6 � � 7 5 6 6 6 0.71
Thumb 4 � � 6 � 6 6 5.5 1

�, Movement; �, thermal sensory device malfunction.

Table 2. Group analysis

Stimulus site Brain region

Talairach coordinates

Volume (cm3)a pbML (x) AP ( y) SI (z)

Ophthalmic division (V1) spV 2 �36 �48 0.3 6.8 � 10�3

Thal
VPM/VPL �18 �20 10 0.7 2.0 � 10�6

DM �2 �14 10 0.89 6.4 � 10�6

SI �60 �22 30 1.02 1.5 � 10�4

Maxillary division (V2) spV 6 �36 �38 0.42 8.8 � 10�4

Thal
VPM/VPL �16 �18 8 0.7 3.5 � 10�4

DM �2 �16 8 0.81 8.7 � 10�5

SI �60 �16 16 1.7 1.4 � 10�7

Mandibular division (V3) spV 4 �34 �42 0.1 3.0 � 10�3

Thal
VPM/VPL �18 �18 8 0.61 7.1 � 10�5

DM �4 �16 10 0.76 8.5 � 10�5

SI �58 �18 24 0.29 4.4 � 10�3

Thumb Thal
VPL �16 �16 10 1.01 1.0 � 10�5

DM �8 �16 �4 0.66 1.9 � 10�3

SI �50 �26 32 0.8 4.0 � 10�3

Region identifies the structure on the basis of subcortical location, lobe, gyrus (if medial paralimbic cortex), or placement in the brainstem. Talairach coordinates denotes the
Talairach coordinates using the atlas of Talairach and Tournoux (1988) of the voxel with the maximum p value for the statistical maps. Coordinates are expressed in milimeters
from the anterior commissure. ML, Medial (�)-lateral (�); AP, anterior (�)-posterior (�); SI, superior (�)-inferior (�); Thal, thalamus.
aVolume of activation.
bMaximum p value for each activated cluster of voxels on the statistical map.
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Group analysis (spV)
Table 2 shows activation in the spV after noxious thermal stim-
ulation to V1, V2, and V3 divisions of the face. The data are from
six individuals for V1, seven individuals for V2, and five individ-
uals for V3. Significant activations were observed within the
rostrocaudal extent of the ipsilateral brainstem in the region of
the spV. Note that these activations were plotted in the Talairach
space, allowing for a consistent approach to averaging (see Ma-
terials and Methods). Although the presentations of stimuli to the
face were always in the same order for all subjects (V1 followed
by V2 followed by V3), no statistical differences in activations
within the spV were observed (Student’s t test). Note that there
was no activation within the spV after thermal stimulation of the
thumb.

As shown in Figure 4A, the activations associated with stimu-
lation of each division could be segregated in a manner that was
predicted by the segmental input from each stimulus site. Thus,
after V2 stimulation, activation is present at the most rostral
extent; after V3 stimulation, activation is in the middle; and the
most caudal extent of activation is seen after V1 stimulation (Fig.
4B). These results are distinct from the classic distribution of V3,
V2, and V1 in the rostrocaudal extent of the spV. Time courses
for activation for each division are also shown in Figure 4.

Individual analysis (spV)
Using the parcellation method described above (see Materials
and Methods), activations were evaluated for each individual
after stimuli to V1, V2, and V3. Only those activations within the
expected area (e.g., B1p in the ipsilateral brainstem) (Fig. 2) were
considered positive. Table 3 shows analysis for each individual.
Note that individual activations were present in five of six subjects
after V1 stimulation (one subject had a movement artifact), six of
seven subjects for V2, and four of five subjects for V3 (in two
cases there was machine malfunction).

Figure 5A shows activation within the spV from two individuals
after stimulation to the face at V1 and V2 in each case. The
location of activation for each individual was mapped onto the
native cross section of the brainstem using the parcellation
method described above (Fig. 5B). Details are provided in the
figure legend. Note that the distribution of the activation pattern
after stimulation at V1, V2, and V3 approximates the relative
location of these in the brainstem as shown in Figure 4B.

Thalamic activation
A 46°C stimulus applied to the face produced two separate zones
of activation, one in the ventrobasal complex and one in the DM
nucleus. Thumb stimulation produced activation in a similar
region of the DM nucleus and in a region of the ventrobasal
complex that was lateral to the activation produced by facial
stimulation.

Group analysis (thalamus)
After stimulation to each division of the trigeminal nerve, signif-
icant thalamic activation was present in two regions in each case.
The first included an extended activation within the VPM nu-
cleus, and the second was within the DM nucleus (Table 2).
Figure 6A shows activation in the thalamus after stimulation to
V1, which was similar to that observed in the structure after
stimuli to the other two divisions. Figure 6B is an overlap map
showing the common areas of activation within the thalamus after
stimuli to V1, V2, and V3.

Individual analysis (thalamus)
After V1 stimulation, five of six and four of six subjects demon-
strated activation in VPM and DM nuclei, respectively. V2 stim-
ulation activated the VPM and DM in six of seven and five of
seven subjects, respectively, and after V3 stimulation, four of five
subjects showed activation in the VPM nucleus, and four of five

Table 3. Individual analysis

Stimulus site Brain region

Subject

Totala1 2 3 4 5 6 7

Ophthalmic division (V1) spV �/(�) �/(�) �/(�) �/(�) �/(�) �/(�) � (5)/6
Thal

VPM/VPL � � � � � � � 5/6
DM � � � � � � � 4/6

S1 � � � � � � � 6/6
Maxillary division (V2) spV �/(�) �/(�) �/(�) �/(�) �/(�) �/(�) �/(�) (6)/7

Thal
VPM/VPL � � � � � � � 6/7
DM � � � � � � � 5/7

S1 � � � � � � � 7/7
Mandibular division (V3) spV �/(�) � � �/(�) �/(�) �/(�) �/(�) (4)/(5)

Thal
VPM/VPL � � � � � � � 4/5
DM � � � � � � � 4/5

S1 � � � � � � � 3/5
Thumb Thal

VPL � � � � � � � 4/4
DM � � � � � � � 3/4

S1 � � � � � � � 3/4

Region identifies the structure on the basis of subcortical location, lobe, gyrus (if medial paralimbic cortex), or placement in the brainstem. �, positive activation using
Talairaich; (�), positive activation using the parcellation method; (�), no significant activation; Thal, thalamus.
aTotal number of subjects showing positive activation/total number with usable data and not excluded because of movement (�) or thermal (�) sensory device malfunction.
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showed activation in the DM nucleus (Table 3). As noted in Table
3, some individuals showed no activation (�) or were excluded
because of movement (�) or machine malfunction (�).

Thumb (thalamus)
Application of a painful thermal stimulus to the palmar aspect of
the ipsilateral thumb produced thalamic activation in two sepa-
rate regions that correspond to the VPL and DM nuclei, based on
the atlas of Talairach and Tournoux (1988). The activation coor-
dinates (see Table 2) show that this region is lateral to the regions
activated by facial stimuli.

S1 activation
Group analysis (S1)
Significant activation was present in S1 after stimulation to each
of the three divisions (Table 2). An overlap map of activation is
shown in Figure 7. Note that the distribution of activation follows
a pattern that would be predicted by the segmental nature of

facial innervation: the rostral components of the face activate S1
regions inferior to those activated by more caudal facial
components.

Individual analysis (S1)
In the S1 cortex, six of sic, seven of seven, and three of five
individuals demonstrated activation in the S1 cortex after thermal
stimulation to V1, V2, and V3 divisions, respectively.

Thumb (S1)
Activation in S1 after stimulation to the thumb was present in
three of four individuals (in three individuals there was TSA
malfunction). The region of activation was adjacent to that ob-
served after stimulation to the most rostral S1 cortical activation
of the face (i.e., V1 and V3) (Fig. 7C).

DISCUSSION
Noxious stimulation of the face produced somatotopically orga-
nized patterns of neural activation detected by fMRI at three
levels of the trigeminothalamocortical pathway: the ipsilateral
brainstem trigeminal complex, the contralateral somatosensory
thalamus, and the contralateral primary somatosensory cortex.

Spinal trigeminal nucleus
Because electrophysiological mapping of the trigeminal nucleus
has not been done in humans, we used anatomical landmarks
easily observed in standard MRI images to parcellate the brain-
stem in a manner that defines the region containing the spV (see
Materials and Methods). The location of activations can be de-
fined within these prescribed anatomical segments (see Materials
and Methods). The activated regions in the spV extended along a
column ipsilateral to the thermal stimulation in all seven subjects.

After noxious thermal stimuli applied separately to the skin of
the face at sites within the distribution of each of the three
divisions of the trigeminal nerve, we observed significant activa-
tion in the spV for at least two of the three divisions in all
individuals tested. The somatotopy of spV activation after pain-
ful stimuli to the face is in agreement with data from previous
electrophysiological and surgical studies. In detailed mapping
studies in animals, the spV exhibits a precise somatotopy that has
two components: (1) the dorsoventral axis of the face (V1-V2-
V3) is represented in a ventral-to-dorsal sequence; and (2) the
rostrocaudal axis of the face is represented in a rostral-to-caudal
sequence in spV (Price et al., 1976; Sessle et al., 1986; Strassman
and Vos, 1993; Strassman et al., 1994). Surgical studies indicate
that a similar somatotopy may be present in humans. After
trigeminal tractotomy (caudotomy) at different levels, patients
develop sensory deficits in the face that vary according to an
onion skin or segmental distribution: the perioral areas are rep-
resented rostrally in the nucleus, and more posterior (caudal)
areas of the face are represented more caudally within the spV
(Kunc, 1970). The three facial stimulation sites we used were all
located in different zones of the onion skin distribution, and the
resulting regions of activation in the brainstem followed a rostro-
caudal sequence that could be predicted from their relative po-
sitions on the onion skin map. Differences were not observed in
the dorsoventral position of the regions of activation. This may be
the result of differences between human and animal trigeminal
anatomy or most likely a result of technical limitations of spatial
resolution of fMRI.

The extent of activation observed in the medullary dorsal horn
and caudal pons corresponds with the known distribution of

Figure 3. Signal analysis in the brainstem. A, Activation map in the
brainstem. Shown is the activation map within the brainstem after the 46°C
stimulus. The area indicated in red (2) is the activated zone, and the panels
above (1), below (3), and opposite (4) the area activated (2) are also
shown. B, Signal validation. The gray region in all the time course graphs
indicates the 46°C stimulus duration. The panels show time courses of
signal change within a three-voxel region, which matches the thermal
stimulus temporally. The time courses for activity within brainstem regions
of equal volume superior (1), inferior (2), and contralateral (3) to the
activated zone (4) are shown. Percent signal change is shown in arbitrary
units (a.u.). C, Fourier analysis. Shown is Fourier analysis for the thermal
signal itself (TSA; top panel ) and for the adjacent and contralateral signal
changes shown in A for brainstem sites 1–4. The Fourier analyses indicate
that other frequency changes are present, which may be respiratory or
cardiac. Note, however, that contributions to the signal are present but not
significant in the voxels above and below the activation.
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nociceptive neurons in all three divisions of spV in animals: the
caudalis, interpolaris, and oralis (Hu et al., 1981; Young and
Perryman, 1986; Jacquin and Rhoades, 1990; Raboisson et al.,
1995; Dallel et al., 1998; Ro and Capra, 1999). Recordings of

Figure 4. Activation in the spV. A, Predicted activation within the spV.
Shown is the specificity of activation in the spV after noxious thermal
stimulation to V1, V2, and V3 regions of the face based on the onion skin
segmental divisions of the head ( first panel ) and the sensory innervation
of the left side of the face with V1, V2, and V3 distributions depicted in
different shades of blue (second panel ). In the latter panel, the face is
divided into 1.6 � 1.6 cm squares (the size of the thermal probe), with
color squares indicating the location of experimental stimulation sites for
V1 (blue), V2 ( yellow), and V3 (red). In addition, the rostrocaudal
distribution of the concentric segmental arrangement of innervation is
shown in gray. These are seen in a hemisection of the face in the third
panel. On the basis of the location of the stimulation sites and the
segmental divisions, activation within the trigeminal nucleus is predicted
( fourth panel ). Note that the three stimulation sites involve different

Figure 5. Individual analysis in the spV. A, Activation maps from single
subjects. Shown are activation foci from two individuals mapped onto
anatomical sagittal sections through the brainstem after a thermal stim-
ulus to V1 or V2. D, Dorsal; V, ventral. B, Individual activations based on
the parcellation method of the brainstem. Left panel, The parcellation for
the pons and medulla is shown on the lef t. The red circles represent the
expected areas containing the spV in P2p (caudal pons), B1p (rostral
medulla), and B2p (caudal medulla). Right panel, Individual activations
after stimulation to facial sites V1, V2, and V3 were localized according
to the brainstem level using the parcellation method shown in the lef t
panel. The mean frequency of activations, plotted as squares, shows the
same rostrocaudal (R-C) somatotopy as for group average activations
using a different approach as shown in Figure 4 B. Blue square, V1; yellow
square, V2; red square, V3.

4

segments in the rostrocaudal extent as well as three different divisions of
the trigeminal nerve. R, Rostral; C, caudal; L, lateral; M, medial; V, ventral;
D, dorsal. B, Actual activations in the spV. Shown is group average
activation in spV after thermal stimulation to V1, V2, and V3 divisions of
the trigeminal nerve. The lef tmost panel is an overlay of statistical maps of
averaged data from seven healthy subjects after 46°C stimulation with a
1.6 � 1.6 cm Peltier thermode to V1, V2, and V3 of the face. Note that these
are actual data, but that the regions of activation are color-coded for each area
stimulated ( p � 0.005). The center panels show statistical maps of activation
in the sagittal and horizontal planes in the Talairach domain. The use of
parcellation methods allows for definition of activation within a region of the
brainstem correlating with the location of the trigeminal nucleus. Time
courses for each group are also shown (right panels). The color code for each
corresponds with the overlap map of activations within the nucleus. V,
Ventral; D, dorsal; numbers in the top right corners indicate coordinates in the
mediolateral axis (left panel) or in the rostrocaudal (z) axis.
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nociceptive neurons in human spV have not been made; however,
indirect evidence suggests a similar distribution (Ellrich et al.,
1999).

Thalamus
A number of fMRI studies have demonstrated activation in the
human thalamus (Davis et al., 1998; Becerra et al., 1999; 2001;
Peyron et al., 2000). The spinothalamic tract conveys nociceptive
information from the dorsal horn and trigeminal nucleus to nuclei
within the thalamus, including the ventrobasal complex
(Dostrovsky, 2000). Classic descriptions of the somatotopy show
that the face is represented in the VPM nucleus and the body is
represented in the VPL nucleus (Casey and Morrow, 1983;
Chung et al., 1986; Apkarian et al., 2000b; Craig and Dostrovsky,
2001). However, human imaging studies have not differentiated
between activation in the VPM and VPL nuclei after noxious
stimuli to the face and body. Our data show that all facial stimuli
produce peak activation in a region corresponding to the VPM
nucleus, whereas thumb stimulation activates a region corre-
sponding to the VPL nucleus. After both facial and thumb stim-
uli, we observe activation in the DM nucleus as shown previously
after a noxious thermal stimulus to the dorsum of the hand
(Becerra et al., 1999). This area may correspond to the region of
the thalamus that has specific thermoreceptive neurons (Craig et
al., 1999; Blomqvist et al., 2000).

Data from the animal (Yokota et al., 1985; Rausell and Jones,
1991; Koyama et al., 1998) and human (Lenz et al., 1988) litera-
ture have defined somatotopic activation in the thalamus with
different facial sites. The maps obtained in these electrophysio-
logical studies show that all three of the stimulation sites used in
the present study would produce activation primarily within the
dorsal part of the VPM nucleus, whereas the ventral part of the
nucleus contains the intraoral representation. In this study, there
was no obvious somatotopy in the thalamic activation produced
by V1, V2, or V3 stimulation. This could be attributable to the
proximate input from the three stimulation sites within VPM
nucleus and the limitations of resolution using a 1.5 T magnet.

Primary somatosensory cortex
Physiological and anatomical data have demonstrated somato-
topic representation in S1 (Merzenich et al., 1978; Kaas, 1983;
Garraghty et al., 1990). Recent neuroimaging studies have dem-
onstrated varying degrees of somatotopic activation in S1 after

Figure 6. Activation in the thalamus. A, Group activation. Activation in
the contralateral thalamus is shown after a noxious thermal stimulus to
the V3 region of the face. B, Face and thumb activation. Activation is
shown in the contralateral thalamus after stimulation to the face and
hand. The white areas show regions of common activation after thermal
stimulation to the V1, V2, and V3 distributions of the face in regions
defined as the DM and VPM nuclei. Activation of the thumb is mapped
onto the same anatomical section ( purple circle) and corresponds to the
VPL nucleus. The regions are defined anatomically using the atlas of
Talairach and Tournoux (1988). Time courses of activation for each area
are shown in the insets. Percent signal change is shown in arbitrary units
(a.u.); numbers in the bottom corners indicate the Talairach coordinates in
the rostrocaudal ( z) axis.

Figure 7. Activation in S1. A, Facial representation (see legend to Fig. 4A, second panel ). B, Face, segmental (see legend to Fig. 4A, third panel ). C,
S1 cortex. Shown is the expected activation patterns in a schematic of the S1 cortex based on the segmental nature of the face and the specific sites
stimulated (shown in B). D, Cortical activation maps. Shown is activation in the contralateral somatosensory cortex after 46°C stimulus to the right V1,
V2, and V3 divisions of the trigeminal nerve ( A) and right thumb in seven subjects. Activations are shown as statistical maps of the contralateral cortex,
color-coded to match the stimulation sites for each region in C. C, Composite of activations. P, Posterior; A, anterior; numbers in the bottom corners
indicate the Talairach coordinate in the mediolateral ( x) axis.
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sensory stimuli principally to the hand and fingers (Lin et al.,
1996; Gelnar et al., 1998; Kurth et al., 1998; Hlustik et al., 2001).
In addition, using optical imaging of the human cortex during
surgery, one study has reported segregation of cortical activation
after electrical stimulation of the first and third divisions of the
trigeminal nerve (Sato et al., 2002). In the current study, the
pattern of activation produced in S1 by stimulation of the three
facial sites showed greater overlap than in the brainstem but still
demonstrated clear somatotypy with an inverted representation
of the face: the most caudal facial site (V1) was closer to the hand
area than the most rostral facial site (V2). The two components
that are farthest apart in the brainstem are also farthest apart in
the cortex, with the caudal part of the face being closest to the
thumb. Some potential confusion is caused by the fact that acti-
vation after V3 stimulation occurs in two areas in S1: one in the
middle portion of the column and one in the rostral extent. A
similar pattern of isolated “islands” of activation within the cortex
after facial stimulation in monkeys has been shown using electro-
physiology (Jain et al., 2001). The presence of V3 activation both
above and below V1 activation may explain the controversy that
exists over whether the representation of the face in S1 is right
side-up (Penfield and Rasmussen, 1950) or inverted (Servos et al.,
1999). The pattern of V3 activation may depend on the site of facial
stimulation relative to the onion skin segmental arrangement.

S1 activation after noxious stimulation of the thumb was lo-
cated adjacent and dorsorostral to the area activated by V1 and
V3, in agreement with the classical Penfield description of S1
organization and more recent fMRI studies of S1 activation in
humans (Moore et al., 2000) and monkeys (Hayashi et al., 1999).
The use of cortical flattening techniques (Dale et al., 1999; Fischl et
al., 1999) will allow for further definition of these sensory maps.

Caveats
A number of caveats should be raised in connection with this
study. Although the anatomy of the human trigeminal system has
been defined, its functional organization has not. Data from
nonhuman primates and from surgical interventions in patients
have shown that the basic organization is similar to that of the
rodent (Kunc 1970; Afshar and Dykes, 1984; Brown, 1997; Usun-
off et al., 1997; Jawahar et al., 2001). The data presented here
suggest that functional changes occur within the spV based on
where the face is stimulated relative to the dermatomal pattern.

A second issue relates to ordering effects. The aim of these
experiments was to localize spV activation after stimulation to
each of the three divisions of the trigeminal nerve. We believe
that the order of stimulation in our approach is unlikely to affect
localization of activation; it may effect the intensity of activation.
The VAS data show that there is a small change in VAS across the
three sites with V2 � V1 � V3 for the same thermal stimulus. In
previous studies using thermal stimuli to the hand, we found that
four sequential stimuli in relatively rapid succession produced
adaptation (Becerra et al., 1999, 2001; Zubieta et al., 2001). The
current paradigm differs in two important respects: only two
stimuli were administered to each site, and there was a separation
of 	3 min between stimulation at different sites. There was no
significant difference in percent signal change for the three sites
(see Results), suggesting that the paradigm did not produce
central sensitization at one site, affecting another.

Conclusions
This study demonstrates the ability to simultaneously measure
changes at three levels of the trigeminal sensory pathway (spV-

thalamus-S1 cortex) in individual subjects after a noxious stimu-
lus to the skin of the face. The ability to measure functional
changes within spV using fMRI will allow a number of important
developments, including mapping of the nucleus in more detail
using higher-field magnets and the ability to evaluate altered
activity at the level of the first nociceptive synapse in surrogate
models of pain and in human subjects with clinical pain. Further-
more, these data suggest that an objective fMRI-based method
can be developed for testing the efficacy of analgesics in clinical
pain states.
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