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Attentional Modulation of Spatial Integration of Pain:
Evidence for Dynamic Spatial Tuning

Alexandre S. Quevedo and Robert C. Coghill

Department of Neurobiology and Anatomy, Wake Forest University School of Medicine, Winston-Salem, North Carolina 27157-1010

In many sensory modalities, afferent processing is dynamically modulated by attention and this modulation produces altered sensory
experiences. Attention is able to alter perceived pain, but the mechanisms involved in this modulation have not been elucidated. To
determine whether attention alters spatial integration of nociceptive information, subjects were recruited to evaluate pain from pairs of
noxious/innocuous thermal stimuli during different spatial attentional tasks. Divided attention was able to abolish spatial summation
and produce inhibition of pain. In contrast, directed attention enhanced pain intensity by partially integrating both stimuli. This dynamic
modulation of spatial integration indicates that attention alters spatial dimensions of afferent nociceptive processing to optimize the
perceptual response to input from a particular body region or stimulus feature. This dynamic spatial tuning of nociceptive processing
provides a new conceptual insight into the functional significance of endogenous pain inhibitory and facilitatory mechanisms.
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Introduction

Spatial summation of sensory information is characterized by the
perception of increased intensity when the size of the stimulated
area is expanded (Price et al., 1989). This phenomenon provides
evidence for spatial integration of afferent information and has
been found in different sensory modalities including the visual
(Harutiunian-Kozak et al., 2006) and auditory (Buell and Hafter,
1991) systems. Spatial summation in the somatosensory system is
a well documented phenomenon (Nielsen and Arendt-Nielsen,
1997) and has been found in a variety of submodalities including
innocuous warmth (Hilz et al., 1999), cool (Hilz et al., 1999), and
mechanical perception (Greenspan et al., 1997). Extensive spatial
summation of pain occurs during noxious thermal (Price et al.,
1989; Coghill et al., 1993; Nielsen and Arendt-Nielsen, 1997),
electrical (Andersen et al., 1994) and mechanical (Greenspan et
al., 1997) stimulation.

Neurons in CNS pathways process information within a local-
ized region of space and a restricted epoch of time. Most studies
of acute nociceptive processing have focused mostly on static
aspects of receptive field (RF) spatial organization. However, the
spatial structure of the receptive field changes as a function of
time and can be modulated by cognitive factors such as attention
(Compte and Wang, 2006). Task dependent tuning of receptive
fields is found across visual (McAdams and Maunsell, 1999), au-
ditory (Ahveninen et al., 2006), and somatosensory (Hayes et al.,
1981) systems. Such tuning is associated with altered perceptual
experiences as indicated by more frequent and more accurate
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detection of stimuli (Braun et al., 2002; Quraishi et al., 2006).
Attention may be a modulatory factor that produces dynamic
alterations of the receptor field sizes of wide dynamic range and
nociceptive specific neurons. For example, single-unit electro-
physiological recordings indicate that attention can cause the
unilateral receptive fields of medullary dorsal horn neurons to
expand or shift such that they begin to respond to contralateral
noxious stimuli (Hayes et al., 1981). However, the subjectively
available perceptual consequences of such receptive field alter-
ations remain unknown.

Indirect evidence suggests that perceived pain intensity dur-
ing spatial summation can be altered by attention related tasks
(Quevedo and Coghill, 2007). Specifically, pain intensity may be
amplified by tasks requiring integration of information across
large body regions. Pronounced spatial summation would be
consistent with nociceptive neurons undergoing receptive field
expansion and/or shifts during such tasks. Conversely, pain in-
tensity may be diminished by tasks that require a spatial segrega-
tion of attention. Reduced spatial summation would be consis-
tent with task related receptive field reductions. To test the
hypothesis that attention can alter the spatial integration of no-
ciceptive information, subjects were recruited to evaluate per-
ceived pain evoked by pairs of noxious stimuli. Different rating
tasks were used to manipulate spatial attention.

Materials and Methods

Subjects. All subjects participating in this study (eight males and seven
females) were healthy, pain- and drug-free volunteers between 20 and 39
years old (average age, 26.4). Eleven subjects were white (four females
and seven males), one Asian (female), and three black (two females and
one male). All subjects gave written, informed consent acknowledging
that they would experience experimental painful stimuli, that all meth-
ods and procedures were clearly explained, and that they were free to
withdraw from the experiment at any time without prejudice. All proce-
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Figure1. Temporal and quantitative synchronization of stimuli. Stimulus temperatures de-

livered by each probe were highly similar and were well synchronized (average of 214 paired
49/49°C trials).

dures were approved by the Institutional Review Board of Wake Forest
University School of Medicine.

General stimulation methods. All thermal stimuli were delivered with
TSAII devices (Medoc, Ramat Yishai, Israel) using 16 X 16 mm stimulus
probe(s). All stimuli were at the target temperature for five seconds and
used rise and fall rates of 4°C/s. Stimuli were delivered to the right or left
leg by a single probe or by two probes simultaneously. Paired stimuli
were temporally synchronized electronically and monitored on a digital
chart recorder (PowerLab/4sp; AD Instruments, Castle, Australia). The
stimulus probes were calibrated to insure (quantitatively and tempo-
rally) synchronized stimulus delivery for identical (stimulus) tempera-
ture (Fig. 1). To further reduce confounds resulting from potentially
slight differences in stimulus delivery between probes, the probe posi-
tions (proximal/distal) were switched halfway through each experimen-
tal session.

A minimum interval of 30 s between any two consecutive stimuli was
maintained throughout the study, and stimuli were sequentially deliv-
ered to marked sites in a predetermined spatial order to avoid long-term
suppression or sensitization of nociceptive afferents (Price and Dubner,
1977). Stimulus conditions were randomized to avoid order effects. Be-
fore and after thermal stimulation, a baseline temperature of 35°C was
used. All trials using pairs of stimuli had the distance between probes
fixed at 10 cm because, in our previous study, higher inhibition was
found at this distance (Quevedo and Coghill, 2007). When paired stimuli
were used (i.e., 35/49°C), the first temperature reported corresponds to
the proximal temperature (i.e., 35°C) and the second corresponds to the
distal temperature (i.e., 49°C). During divided and directed attentional
conditions, the underlined temperature corresponds to the site from
which the rating was obtained.

Psychophysical assessment and training. After each stimulus, pain in-
tensity and pain unpleasantness were rated with mechanical visual analog
scales (VASs). These 15 cm sliding scales were anchored with the words
“no pain sensation”, “the most intense pain imaginable” and “not un-
pleasant at all”, “the most unpleasant imaginable,” respectively. After
subjects slid the scale to the appropriate level that corresponded to their
actual pain perception, the ratings were quantified by a labeled numeric
index (0—10 range) on the back of the scale that was out of the subjects’
view. Subjects were asked about their thermal sensation from a probe at
35°C and described it as a neutral skin temperature with no reports of
cold/warm/pain from the area (VAS, 0).

Two series of training stimuli were used before starting the experi-
ment. In the first training series, a single probe delivering different tem-
peratures (from 35 to 49°C) was used to give subjects experience rating
pain intensity and pain unpleasantness. In the second training series,
pairs of thermal stimuli (combinations of 35 and 49°C) separated by 10
cm were delivered to the medial surface of the leg. This second training
series allowed subjects to gain experience in providing ratings for two
stimuli delivered simultaneously while using different attentional strate-
gies. Subjects reported that they were able to perform the directed and
divided tasks after a few trials without any problems. The relative ease
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with which subjects were able to learn the tasks suggests that the difficulty
or stress associated with making these more complex ratings contributed
minimally to alterations in spatial integration.

Attentional tasks. Attention was manipulated by using three different
pain rating tasks. First, subjects were required to give one overall rating of
two simultaneous thermal stimuli. Overall ratings have been widely used
to assess spatial summation of pain and require the integration of noci-
ceptive information across large body areas (Price et al., 1989; Nielsen
and Arendt-Nielsen, 1997). Second, subjects were instructed to divide
their attention by separately rating both stimuli and giving two ratings,
one from each stimulus. This task requires subjects to minimize nocicep-
tive integration to better evaluate pain from each locus. When attention
was divided by requiring subjects to provide two different ratings, indi-
rect evidence suggests that pain may be inhibited (Quevedo and Coghill,
2007). Third, subjects were required to direct their attention to one of the
two loci and provide only one rating of pain from the specified locus.
Importantly they were instructed to disregard information from the
other locus. This condition serves as a control for nonspecific effects of
attention. To control for multisensory interactions, subjects were re-
quired to focus their gaze on the midpoint between the probes during the
time that paired stimuli were delivered.

Modulation of spatial interactions between multiple noxious stimuli by
different attentional tasks. To test the hypothesis that the divided atten-
tion task is able to reduce spatial summation of pain, subjects received
pairs of 49/49°C stimuli applied unilaterally to the lower leg. To mini-
mize sensitization, testing was distributed across both legs. Repeated
measures analyses of variance were used to compare pain ratings when
subjects performed three different attentional tasks: divided attention,
directed attention, and overall ratings. The following specific post hoc
comparisons were made for both proximal and distal sites: (1) to inves-
tigate the influence of division of attention on spatial summation of pain,
ratings during divided attention were compared with overall ratings. (2)
To investigate whether disruption of spatial summation caused by the
divided attention task is attributable to general attentional modulation or
results from a specific spatial attentional set, pain ratings during divided
attention were compared with those during directed attention. (3) To
evaluate the possible inhibition during divided attention tasks, pain rat-
ings during divided attention were compared with ratings from single
49°C stimuli.

To determine whether disruption of spatial summation of pain during
the divided attention task was accompanied by an attentionally mediated
inhibition of pain rather than a tactile inhibitory effect resulting from the
presence of a second probe, a 49°C stimulus was coupled with a neutral
thermal probe during two different conditions. In one condition the
neutral thermal probe was visibly disconnected from the control device
and had a zero percent probability of being activated (49°C/off). In the
other condition, the neutral thermal probe was set at 35°C (skin temper-
ature), but subjects were aware that the probe could be activated (50%
probability) at a noxious temperature. Pain ratings from the 49°C/off
were compared with pain ratings from 49°C coupled to a probe with high
probability of being activated (50% 35°C/50% 49°C). In addition, pain
ratings from the 49°C/off condition were also compared with those from
single 49°C stimuli to determine whether inhibition was evoked during
simultaneous noxious and tactile stimulation.

Results

The two assessed aspects of pain (intensity and unpleasantness)
were highly similar; thus, for clarity, analyses focused only on
pain intensity. Perceived pain intensity was significantly modu-
lated according to the attentional condition (F 5 ,, = 12.46; p <
0.0005). During pairs of 49/49°C stimuli, divided attention abol-
ished spatial summation of pain. Separate ratings of pain inten-
sity at distal (F; ;4, = 52.80; p < 0.0001) (Fig. 2A) and proximal
(F1,14) = 23.63; p < 0.0001) (Fig. 2B) sites were both signifi-
cantly lower than overall ratings of pairs of 49/49°C stimuli.
These reduced ratings were not induced by general attentional
effects because pain ratings during the directed attention condi-
tion remained significantly greater than those during the divided
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Figure2. Attention modulates spatial integration of information from two noxious stimuli
(mean == SEM). A, B, During divided attention (div att; 49/49°C and 49/49°C) spatial summa-
tion of pain (49/49°C overall) was abolished at distal (49/49°C div att; A) and proximal sites
(49/49°Cdiv att; B). This was associated with inhibition when compared with a single 49°C (49
control) at distal stimuli (4) but not at proximal sites (B). The modulation of pain was not
attributable to nonspecific attentional effects because during the directed attention (dir att;
49/49°Cand 49/49°C) pain ratings were greater than during divided attention at distal (49/49°C
div att; A) and proximal (49/49°C div att; B) sites.
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Figure 3.  Division of attention produces inhibition of pain (mean = SEM). 4, During the
stimulus conditions where proximal probes had a high probability (50%) of being activated
(35/49°C and 49/49°C), distal pain ratings were significantly reduced relative to single stimuli
and to conditions where the proximal probe had a low probability (0%) of being activated
(0ff/49°C). B, Such reduction in pain ratings was not observed at proximal sites.

attention condition at both distal (F, ;,) = 13.03; p < 0.001)
(Fig. 2A) and proximal (F, ;4 = 7.18; p < 0.05) (Fig. 2 B) sites.
The abolition of spatial summation of pain during divided
attention appears to involve a partial inhibition of pain. During
the divided attention condition, pain from the distal site during
paired 49/49°C stimulation was significantly lower than pain
from a single 49°C stimulus (F, ,,, = 4.96; p < 0.05) (Fig. 2A).
However, there was no inhibitory effect of divided attention at
the proximal stimulus site (F, ,,) = 0.34; p < 0.5) (Fig. 2B).
The attentional set appears to be critical for inhibition of pain
and inhibition of spatial summation of pain during the divided
attention condition. During the divided attention condition, rat-
ings of distal 49°C stimuli were significantly modulated by the
attentional demands of the proximal stimulus condition (F, ;3
= 4.71; p < 0.029) (Fig. 3A). When the proximal stimuli had a
high probability of being activated (35/49°C and 49/49°C), rat-
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ings of distal 49°C stimuli were significantly reduced relative to
those of single 49°C control stimuli (F, ,,, = 5.82; p < 0.03),
respectively (Fig. 3A).

To further determine whether this inhibition is attributable
specifically to the attentional demands of the divided rating task,
subjects rated pain from a distal 49°C stimulus when the proxi-
mal probe was visibly disconnected (0ff/49°C) and had a zero
percent probability of being activated. When the proximal probe
had a low probability of activation (off/49°C), the distal ratings
were significantly higher than in conditions where the proximal
probe had a high probability of activation (49/49°C or 35/49°C)
(F1.14) = 9.10; p < 0.001) (Fig. 3A). These data indicate that the
inhibition found during the divided attention condition is not
evoked by tactile stimulation from an additional probe on the
skin, but is caused by the division of attention between the two
different stimulated areas.

During the divided attention condition, spatial summation of
pain was abolished at distal (Fig. 2 A) and proximal sites (Fig. 2 B).
However, unlike distal sites where the reduction in spatial sum-
mation of pain was accompanied by inhibition of pain (Fig. 3A),
ratings of proximal 49°C stimuli were not modulated by the at-
tentional demands of the distal stimulus condition (F(, 4 =
0.45; p < 0.5) (Fig. 3B). The divided attention condition did not
produce inhibition of proximal stimuli during 49/49°C or 49/
35°C when compared with single 49°C control stimuli (F, ,,) =
0.22; p < 0.6) and 49°C/off conditions (F(, ;,) = 0.43; p < 0.5),
respectively (Fig. 3B).

Discussion

The function of our perceptual system is not only to detect, but
also to modulate incoming information (Koyama et al., 2005) to
facilitate the creation of sensation from internal representations
of our sensory environment. Attention, in this context, would
allow us to integrate or isolate peripheral stimuli and organize the
nervous system response to optimize our performance to solve a
given problem. Across different modalities such as vision (Salinas
and Abbott, 1997), audition (King et al., 2007), and somatosen-
sation (Faggin et al., 1997), one way to better adapt the nervous
system to various situations is by dynamically modulating how
information is processed. Central plasticity of sensory maps can
be implemented by bottom-up (Pleger et al., 2001) or top-down
mechanisms (Braun et al., 2002) that are activated in context-
dependent fashions according to the circumstances of the envi-
ronment or cognitive demands. Rapid and reversible plasticity in
the somatosensory system has been reported (Stavrinou et al.,
2006) in the dorsal horn (Hayes et al., 1981), dorsal column nu-
clei (Pettit and Schwark, 1993), brainstem (Faggin et al., 1997),
thalamus (Faggin et al., 1997), and cortex (Faggin et al., 1997).
This dynamic modulation can explain the differential integra-
tion/segregation between the two noxious stimuli in the present
study.

Spatial summation of pain during overall ratings has been
repeatedly identified (Price et al., 1989; Greenspan et al., 1997)
and is thought to reflect static spatial integration resulting from
the intrinsic RF proprieties of nociceptive neurons. Importantly,
the division of attention between two stimuli abolished spatial
summation and may reflect the initiation of inhibitory processes
(Oshiro et al., 2007; Quevedo and Coghill, 2007). Reduction of
pain during multifocal noxious stimulation can result when one
noxious stimulus inhibits another (Le Bars et al., 1979). However,
when a neutral temperature probe that had a 50% probability of
being activated was coupled to a noxious stimulus, similar inhi-
bition of pain was obtained. This indicates that the inhibition



11638 - J. Neurosci., October 24, 2007 - 27(43):11635-11640

A. No attention required
15¢ Stimulus 1

3.0

1.0t
: 20

0.5 10

Neuronal activity

ool

2 3 4 5 Population
Meurons  Output

B. Directed attention ) ,
15 Stimulus 1

1.0

0.5

Neuronal activity

0.0

1 2 3 4 5 Population
Neurons Output

T
£

C. Directed attention

5, s Stimulus 1! Stimylus 2
2 : 4 z
N7) i ) ; =
c 1.0 feees ]
[} ' @
w i 1 i “g
u_ 1 1
s 05| : ; E
()] ' | =
= ' ‘ i ' i i
® 0.0 T I T 1 2 3 4 5 Population
[} 12 4 5 Neurons  Output from
o : ! ¥ g $ stim1and 2
D. Divided attention i | i ' ‘
15 Stimulus1; | iStimulus 2
[ z
10 e issson} 7 £ 30
i , . ' 1 o
S 4 ¥ 7 40
05 1 1 1 =2
' \ ' ' 2 10
i ‘ : z
00 Eode 3 ' ¥ o 1 2 3 4 5 Population
) - } , 458 Neurons  Output from
: i " 1 i 1 stimiand 2
E. Spatial summation | ' 1 i i
15 Stimulus 1 : ' EStlmt:llus 2
i i i >
10 ) . 2
: P g
T
c
05 g
@«
=
0.0
1' 2' . 4' 5' 12345 Populatior
Neurons QOutput

Location on the body surface

Figure4. Conceptualization of attentional effects on RF organization and spatial integration of nociceptive information. Left,
Spatial distribution of RF of nociceptive neurons innervating the body surface. The x-axis represents the location of the receptive
field on the body surface whereas the y-axis represents the sensitivity of that neuron at a given spatial location. Each neuron is
numbered in the center of its RF. Vertical dashed lines originate from the center of the RFs of neurons in A to demonstrate RF shifts
in B—E. Right, Magnitude of the activation of each individual neuron and the total neuronal population output used for the
subjective evaluation of pain. A value of 1 represents the evoked responses from stimulation in the center of the RF (i.e., neuron 1;
A).Population outputs were derived from the sum of the neural output of all neurons activated by a given stimulus. If a neuron was
activated by both stimuli, its total activity is added to both population outputs. The red square symbolizes the site where subjects
were required to pay attention. 4, Each individual neuron is represented with a different color. During a single noxious stimulus
without any spatial attentional requirement, different activation is found in neurons depending on their RF location in relation to
the stimulus. The hypothetical output from the population is ~2.0. B, When subjects are required to direct their attention to a
single noxious stimulus (49 control condition), there is an enhancement of sensitivity inside the target area and a focusing of the
RFs that have their centers close to the stimulus. Also the RFs of neurons adjacent to the stimuli (2, 3, and 4) are shifted to the
attended area. The neurons far away from the focus of attention (5) have their activity diminished to better contrast between
attended and nonattended areas. This pattern of activity is consistent with that predicted by the spotlight/multiplicative enhance-
ment effect (Compte and Wang, 2006). The population output is 2.5. €, Two noxious thermal stimuli are applied simultaneously
and subjects are required to direct their attention to only stimulus 1 (49°C/49°C directed attention). As in B, there is enhanced
sensitivity inside the target area and diminished sensitivity to the nonattended stimulus. However, some neurons (3) are activated
by both stimuli and integrate them. This interaction of neuronal activity can account for the slight increase of pain during the
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during paired noxious stimulation was not
caused by a “pain-inhibiting pain” phe-
nomenon. One alternative possibility is
that the presence of a second probe on the
skin produces inhibition via A fiber in-
put. However, when subjects were aware
that one probe had a 0% probability of be-
ing activated, pain ratings did not fall dur-
ing the divided attention condition. Thus,
tactile stimulation did not produce inhibi-
tion. Given that inhibition and/or aboli-
tion of spatial summation was observed
when the probes had a high probability of
being activated, these reductions in pain
may be attributed to the attentional task
that the subjects were performing.

Alterations in spatial summation of
pain during divided attention could be at-
tributed to a general, nonspecific effect of
attention that could be driven by the cog-
nitive difficulty of rating two stimuli si-
multaneously, general arousal attributable
to the difficulty of the rating task, and
other similar factors. To determine the
specificity of the attentional effect, a sec-
ond attentional task (directed attention)
was used. Pain during the divided atten-
tion task was significantly reduced in com-
parison with pain during the directed at-
tention task. Thus, the modulation of
spatial summation is not caused by general
attentional effects, but varies according to
the spatial focus of the specific attentional
condition.

During the divided attentional condi-
tion, spatial summation was abolished and
inhibitory effects were found. However,
when compared with the control condi-
tion (49°C alone), pain ratings decreased
only at distal stimulus sites (Fig. 3A). Dis-
tally directed inhibition has been reported
previously (Quevedo and Coghill, 2007)
and may be important for optimizing
withdrawal responses (Morgan et al.,
1994).

<«

directed attention condition and produces an increase in the
population output for stimulus 1 (~3.0). D, Two noxious
thermal stimuli are applied simultaneously and subjects are
asked to divide their attention between the two stimuli (49/
49°Cdivided attention). This task requires segregation of in-
formation from the two stimuli, so increased surround inhi-
bition is used to create a silent zone in the intermediate area.
Also to improve spatial resolution, RF sizes are reduced to
better distinguish information from each of the two stimuli.
Accordingly, spatial summation of pain is not allowed to oc-
curandinhibition is produced (B vs D). The population output
for each stimulus is 1.8. E, Two noxious thermal stimuli are
applied simultaneously and subjects are required to integrate
pain experience from both stimuli (49/49°C, no spatial atten-
tion required, overall ratings). There is no spatial focusing of
RF (shrinking around the stimuli), and spatial summation of
pain is produced. Accordingly, the population output is 3.2.
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Potential mechanism of spatial tuning

Noxious stimulus intensity can be represented by the discharge
frequency of single neurons, as well as by the total population
output of activated neurons (Coghill et al., 1993). Computational
models indicate that attentional focus can tune the population
activity of neurons responding to a particular stimulus by mod-
ulating the size and/or position of their RFs to optimize the re-
sponse to input from a particular area or stimulus feature (Salinas
and Abbott, 1997; Salinas and Thier, 2000; Compte and Wang,
2006).

During the divided attention condition, the minimization of
spatial interactions between stimuli as well as the inhibitory ef-
fects may have been accomplished by (1) shrinking excitatory
RFs, (2) increasing the efficacy of the surround inhibition, and/or
(3) shifting the RFs. Such spatial tuning would yield a population
response with two distinct foci of excitatory activity with a silent
area between them (Fig. 4D). In addition, the total population
response to the two stimuli would be decreased and would pro-
vide inhibition and/or abolition of spatial summation of pain.

During overall ratings, pain from both stimuli needs to be
evaluated as a single entity. Thus, spatial convergence between
stimuli has to be maximized. This can be accomplished by (1)
increasing the size or efficiency of excitatory RFs in both areas
and/or (2) decreasing of the efficiency of surround inhibition. In
both cases, neuronal population output increases and could ex-
plain the perception of greater pain intensity as compared with
the divided attentional condition (Fig. 4E).

During the directed attention condition, the system has to
optimally extract information from a single area by (1) expanding
or increasing efficiency of the excitatory RF in this particular area
and/or (2) shifting neighboring RFs to participate in the stimulus
coding. For example, some neurons that are recruited to process
the attended stimulus might also be activated by the unattended
stimulus, thereby yielding increased pain relative to single con-
trol stimuli (Fig. 4C).

The short-term changes in the sensory representation can be
attributed to “pseudoplasticity” where morphological modifica-
tions are not required. RFs can be reshaped by inhibitory inter-
neurons (Foeller et al., 2005) and/or by recurrent excitatory con-
nections (Finnerty et al, 1999). For example, local
administration of GABA antagonists can change the size of the
RFs of dorsal horn (Yokota and Nishikawa, 1982) and SI
(Tremere et al., 2001) neurons. RF tuning can be modulated by
CNS circuits that convey information about training and/or at-
tentional requirements (Gilbert, 1998). This top-down modula-
tion can select higher-order representations of lower-level sen-
sory features that better fit in a single event/task (polymaps)
(Swindale et al., 2000), using short-term neuroplastic mecha-
nisms activated by attention (Braun et al., 2002).

Cortical/subcortical activity and attention

In the dorsal horn, descending pathways may modulate incom-
ing nociceptive information at presynaptic levels (primary affer-
ent), second order neurons, intrinsic interneurons, or at termi-
nals of other descending pathways (Millan, 2002). This richly
interconnected environment can provide numerous substrates
for top-down dynamic modulation of the RF properties of noci-
ceptive neurons. For example, visual attentional cues signaling
impending stimuli produce activity in spinothalamic neurons
during discrimination tasks (Duncan et al., 1987). Also, a second
order neuron that is not activated by a contralateral noxious
stimulus starts to respond to such a stimulus when attention is
directed to the contralateral site (Hayes et al., 1981). Such spa-
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tially focused dynamic changes can also be produced by other
top-down effects (Price et al., 1989; Porro et al., 2003). For exam-
ple, endogenous opioid-mediated placebo analgesia can be highly
topographically organized (Benedetti et al., 1999).

In humans, dorsolateral prefrontal cortex (DLPFC), orbito-
frontal cortex, and anterior cingulate cortex (ACC) are involved
in both attention (Bantick et al., 2002; Luks et al., 2007) and pain
modulation (Bantick et al., 2002). Activation of these areas is
correlated with decreased pain ratings during attention demand-
ing tasks (Bantick et al., 2002; Valet et al., 2004). Across different
species, numerous prefrontal areas (Hardy and Leichnetz, 1981;
Floyd et al., 2000) and ACC (Floyd et al., 2000) have been found
to project to the periaqueductal gray (PAG). In humans, the PAG
is activated during cognitive and attentional tasks and, together
with other brainstem regions (Heinricher et al., 1997), is able to
modulate nociceptive processing (Tracey et al., 2002). Diffusion
tensor imaging data indicates that the PAG connects to DLPFC
via thalamus (Hadjipavlou et al., 2006) and imaging studies have
confirmed physiological interactions between ACC and PAG
(Valet et al., 2004). Moreover, direct anatomical connections
from ACC to the spinal cord have been found (Dum and Strick,
1996). Together, these findings suggest that cingulofrontal re-
gions may exert top-down cognitive and attentional control of
spinal pain modulation (Valet et al., 2004).

Corticocortical modulation

Part of the sensory modulation found in the present investigation
may also be attributed to corticocortical interactions. For exam-
ple, training and learning can produce changes in the functional
topography of SI (Elbert et al., 1995) and attention may also
modulate SI activity (Noppeney et al., 1999). During cognitive
tasks involving prefrontal areas, topographic representation
shifts in ST may promote a greater segregation between two body
regions (Schaefer et al., 2005). This short-term plasticity may be
regulated by a prefrontal-cortical sensory gating system that uses
facilitation and suppression to perform dynamic modulation of
sensory processing (Staines et al., 2002).

Final considerations

Attention can alter inputs at upstream sites by selecting/filtering
the crucial information to be processed downstream. Brain areas
involved in attention can differentially preset the nervous system
to perform a given spatial attentional task. When subjects direct
or divide their attention, they optimize the integration/segrega-
tion of nociceptive information across responsive neuronal pop-
ulations. The identification of this dynamic spatial tuning of no-
ciceptive processes represents a new conceptual insight into the
functional significance of endogenous pain inhibitory and facili-
tatory mechanisms.
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