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Behavioral studies have demonstrated that descending pain modulation can be spatially specific, as is evident in placebo analgesia, which
can be limited to the location at which pain relief is expected. This suggests that higher-order cortical structures of the descending pain
modulatory system carry spatial information about the site of stimulation. Here, we used functional magnetic resonance imaging and
multivariate pattern analysis in 15 healthy human volunteers to test whether spatial information of painful stimuli is represented in areas
of the descending pain modulatory system. We show that the site of nociceptive stimulation (arm or leg) can be successfully decoded from
local patterns of brain activity during the anticipation and receipt of painful stimulation in the rostral anterior cingulate cortex, the
dorsolateral prefrontal cortices, and the contralateral parietal operculum. These results demonstrate that information regarding the site
of nociceptive stimulation is represented in these brain regions. Attempts to predict arm and leg stimulation from the periaqueductal
gray, control regions (e.g., white matter) or the control time interval in the intertrial phase did not allow for classifications above chance
level. This finding represents an important conceptual advance in the understanding of endogenous pain control mechanisms by bridg-
ing the gap between previous behavioral and neuroimaging studies, suggesting a spatial specificity of endogenous pain control.

Introduction
The descending pain modulatory system is dedicated to mod-
ulating pain selectively by either inhibiting or facilitating no-
ciceptive processing (Millan, 2002; Fields et al., 2006). It
comprises cortical areas such as the rostral anterior cingulate
cortex (rACC), the dorsolateral prefrontal cortex (dlPFC),
and subcortical regions such as the periaqueductal gray (PAG)
and is connected to the dorsal horn of the spinal cord, where it
can modulate nociceptive information processing at an early
stage (Eippert et al., 2009). Endogenous opioids are a key
neurotransmitter in this system (Fields et al., 2006). There is
ample evidence from clinical and experimental studies that the
descending pain modulatory system accounts for interindi-
vidual and contextual variations of the pain experience and
the susceptibility to chronic pain (Tracey and Mantyh, 2007).
A prime example of contextual pain modulation is placebo
analgesia, which has been shown to depend on individual
functional and structural properties of this network.

Behavioral studies have demonstrated that descending pain
modulation can be spatially specific. Placebo analgesia, for

example, only occurs at the location at which pain relief is
expected (Montgomery and Kirsch, 1996). It has been sug-
gested that this localized effect is subserved by a site-specific
action of endogenous opioids (Benedetti et al., 1999). Spinal
functional magnetic resonance imaging (fMRI) has revealed a
very focal modulation within the spinal dorsal horn corre-
sponding to the site of placebo analgesia (Eippert et al., 2009),
which is consistent with the somatotopic organization of the
spinal cord, as shown recently in humans using fMRI tech-
niques (Nash et al., 2013). Given that both behavioral and
top-down modulatory effects in the spinal cord of descending
pain modulatory control can be spatially specific, it is reason-
able to assume that spatial information about pain (and its
modulation) is represented in higher-order cortical structures
of the descending pain modulatory system.

To date, a somatotopic representation for nociceptive infor-
mation in structures of the descending pain modulatory system
has not been reported in functional imaging studies of pain and
its modulation in humans. This might partly be due to a lack of
sensitivity of mass-univariate approaches computing voxelwise
statistics that have been used in most studies of pain, especially if
spatial information about pain is not represented in adjacent
voxels (as in the classical somatotopy found in motor and so-
matosensory areas; Penfield and Boldrey, 1937).

The emerging field of multivariate approaches such as multi-
voxel pattern analysis (MVPA) might help in overcoming these
limitations by detecting information that is represented in a dis-
tributed fashion to discriminate cognitive or sensory states
(Haynes and Rees, 2006; Norman et al., 2006). Here, we used
MVPA in combination with a robust heat pain paradigm applied
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to the arm and leg of healthy volunteers to test whether somato-
topic information of painful stimuli is represented in areas of the
descending pain modulatory system.

Materials and Methods
Subjects. Fifteen right-handed healthy volunteers (3 females; mean age
24.6 years, range 19 –32 years) took part in the study. All subjects had
normal heat pain thresholds at the sites of stimulation (Rolke et al., 2006)
and had no known history of neurological or psychiatric diseases, includ-
ing recurrent or chronic pain. The study was conducted in accordance
with the Declaration of Helsinki and was approved by the local ethics
committee. All participants gave written informed consent to participate
and were free to withdraw from the study at any time.

Experimental paradigm. The experiment comprised an introductory
session and an imaging session performed on the same day.

Introductory session. During the introductory session, participants
were familiarized with the heat pain stimuli and the rating procedure and
individual temperature levels used during the experiment were deter-
mined. First, the individual heat pain thresholds at the two sites of stim-
ulus application (i.e., left inner forearm and lateral calf) were determined
using the Method of Limits (Fruhstorfer et al., 1976). Thresholds were
obtained using ramped stimuli (1°C/s increase in temperature, starting at
a baseline of 35°C and with an upper limit of 50°C to avoid tissue dam-
age). Subjects indicated their first painful sensation by pressing a button.
To familiarize the participant with the rating on the Visual Analog Scale
(VAS end points: 0 � no pain, 100 � unbearable pain), which was
presented on the computer screen in front of the participants, 5 12 s
stimuli with a temperature �0.5°C above the individual pain threshold
were applied to the volar forearm. Subsequently, a calibration procedure
was performed to identify the temperature level at which the stimulation
was rated as VAS 60. To this end, subjects were presented with stimuli of
varying temperature levels around their individual pain threshold
(range: �1°C � pain threshold � �3.5°C, in increments of 0.5°C; stim-
ulus duration: 12 s; each temperature was applied twice) and rated the
intensity of each stimulus on the VAS. A linear regression analysis was
used to calculate the temperature that corresponded to VAS 60. Painful

stimuli were delivered using two MR-
compatible thermal devices (TSA-II and Path-
way (ATS part); Medoc), which were identical
with respect to their relevant features (e.g.,
contact area 3 � 3 cm, identical capabilities
regarding temperature rise and fall times, etc.).
The software package Presentation was used
for stimulus delivery and logging of button
presses (version 14.9, build 07.19.11; Neurobe-
havioral Systems).

Imaging session. After positioning the vol-
unteer in the MR scanner, a short recalibra-
tion of the stimulation intensities with four
stimuli on each limb was performed to check

whether the temperature levels determined at the calibration session
evoked a pain sensation of VAS 60. The target temperature was ad-
justed if necessary. During the actual experiment, a total of 80 pain
stimuli (40 on each limb) were applied. Painful stimuli were pre-
sented in blocks of five consecutive trials applied to the same stimu-
lation site. To allow for the investigation of anticipatory responses in
addition to stimulus-related responses, a visual cue informed the
participants about the site (i.e., arm/leg) at which the next stimulus
would be applied. Imaging was performed in two equal consecutive
sessions (40 painful stimuli were applied during each session) to ac-
count for possible slow signal drifts of the MR scanner and fatigue of
the volunteers.

Each trial consisted of the following phases: anticipation (triangle, 6 �
2 s), pain (triangle still visible, 12 s), pause (triangle still visible, 5 � 2 s),
rating (VAS, �5 s), and intertrial interval (ITI; white crosshair, 15 � 5 s),
resulting in a total duration of 43 s (Fig. 1). A gray triangle pointing
upward signaled a subsequently applied stimulation of the arm. A down-
ward pointing triangle signaled the stimulation of the leg. Subjects were
instructed to press a button at the beginning of each anticipation phase to
ensure that their attention was directed to the upcoming stimulation.
The triangle was shown throughout the whole trial until the display
switched to the VAS for the intensity rating of the preceding stimulus.
The stimulation order (i.e., stimulation applied to the arm or leg) was
pseudorandomized to ensure that stimulation site changed after five con-
secutive trials.

Data acquisition. Imaging was performed using a 3T MR scanner
(TimTrio; Siemens) and a 32-channel head coil. The functional images
were acquired with a T2* weighted gradient-echo echo-planar-imaging
sequence (TR � 1970 ms, TE � 26 ms, 2 � 2 � 2 mm voxel size, parallel
imaging, 33 slices, 25% gap, FOV 208 mm, descending) covering an area
between at least the brainstem and the secondary somatosensory cortices,
which were determined on scout scans before scanning the actual exper-
iment. Subsequently, a structural T1-weighted magnetization-prepared
rapid acquisition gradient echo sequence was performed (slice thickness,
1 mm; TR, 2.30 s; TE, 2.98 ms; flip angle, 9°; FOV, 256 � 256 mm) that
covered the whole brain. Note that the two experimental conditions were
equally represented in both imaging sessions.

Image processing. All analyses were performed in the individual ana-
tomical space. The functional images were preprocessed using SPM8
(www.fil.ion.ucl.ac.uk/spm/). The first six images were discarded to al-
low for T1 saturation. The remaining images were corrected for slice
acquisition timing, then realigned to the first volume and unwarped to
account for interactions of head motion with inhomogeneities of the
magnetic field. Finally, all images were smoothed with a 4 mm Gaussian
kernel to improve the signal-to-noise-ratio for decoding (Op de Beeck,
2010; Schwarzkopf et al., 2011). The structural images were segmented
and bias corrected using SPM8’s segment function to obtain the param-
eters for the inverse normalization of the region of interest (ROI) masks
and a gray matter (GM) image that was used to restrict the masks to gray
matter voxels. The segmented GM image was thresholded at 50 (percent-
age of robust range) and binarized.

Analysis was restricted to ROIs that included core regions of the de-
scending pain modulatory control system observed during placebo anal-
gesia, the PAG, dlPFC, and rACC. The parietal operculum served as a
“positive” control with a known somatotopic representation of nocicep-

Figure 1. Experimental paradigm. Trial structure during imaging. Triangles pointing either upward or downward signal the
next painful stimulus. The cue remains visible until the VAS is presented. After completion of the rating, a variable ITI follows,
during which time a white crosshair is shown until the next cue appears.

Figure 2. ROIs shown on an individual brain. A, Areas involved in nociception: PAG, rACC,
dlPFC, parietal operculum. B, Control regions: angular gyrus, aCR.
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tive information for the studied body parts (Bingel et al., 2004). “Nega-
tive” control regions where no somatotopic representation was expected
comprised the anterior corona radiata (bilateral) and the right angular
gyrus. All ROIs were derived from the Harvard-Oxford Atlas, which is
part of the FMRIB software library (FSL; http://www.fmrib.ox.ac.
uk/fsl/), using fslroi and fslmaths command line tools to threshold and
binarise images. The rACC, dlPFC, and PAG masks were constructed
according to Stein et al. (2012); in addition, the rACC mask was cut at y �
30 mm at the genu of the corpus callosum, which approximately marks a
cytoarchitectonically defined border between affective and cognitive di-
visions of the ACC (Bush et al., 2000). All masks were transformed into
the individual anatomical space using the normalize function of SPM8
and the parameters obtained from segmenting the individual T1-
weighted structural image. The resulting mask images were multiplied
with the thresholded, binarized, and segmented high-resolution GM im-
age. Finally, the masks were coregistered with the mean EPI image and
resliced (Fig. 2).

Pattern classification. Pattern classification was performed using the
Princeton MVPA toolbox (http://code.google.com/p/princeton-mvpa-
toolbox/) and a linear support vector machine (LIBSVM; Chang and Lin,
2011) with optimized soft margin parameter c. This optimization was
done by applying a nested cross-validation scheme, which means that
during cross-validation, an additional level of cross-validation was ap-
plied to the training dataset to determine the optimal parameter for c.
That nested cross-validation approach enabled us to refrain from using
the test data to optimize the regularization parameter c and thus circum-
vented the problem of circular analysis (Brodersen et al., 2012).

Pattern classification was separately applied to data from three differ-
ent time periods: the anticipation period, stimulation period, and the ITI.

Time courses were extracted from the preprocessed images (see Image
processing, above) and stored in a 2D matrix (nVoxels � nTRs), discard-
ing 3D information for the sake of memory efficiency and facilitation of
data processing. The data were high-pass filtered (cutoff: 128 s),
z-transformed, and the regressors that determined the onsets of the trials
were shifted by 3 TRs to account for hemodynamic delay (Kamitani and
Tong, 2006). TRs were averaged across each of the time periods (e.g., 6
TRs for the stimulation period) except the ITI, for which the first TR was
discarded to prevent a “carry-over” of the stimulation period. Trials were
then averaged according to block length (five trials) to improve the
signal-to-noise ratio of the BOLD signal estimates entering the classifier,
yielding eight samples per category. Finally, a leave-one-out cross-
validation scheme was applied. Data were divided into training and test
sets, training the classifier on 15 subsets and testing on the one withheld.
This test was repeated 16 times, with each different block serving as a test
subset once (Pereira et al., 2009). This resulted in a classification accuracy
ranging between 0 and 100% that quantified how accurately the classifier
was able to distinguish between stimulation of the arm and leg. These
procedures were performed separately for each ROI and each control
region per subject. Finally, a mean accuracy was computed for the whole
group and the accuracies of these regions were tested against chance level
(i.e., 50%) using one-tailed t tests. Bonferroni correction was applied for
multiple comparisons, so that p-values � 0.003 were considered signifi-
cant. Moreover, we also conducted a repeated-measures ANOVA on the
classification accuracies with factors time period (three levels: anticipa-
tion, stimulation, and ITI) and ROI (eight levels: rACC, PAG, both dlP-
FCs, parietal operculum, both aCRs, and right angular gyrus). Post hoc
tests were performed when legitimate. All behavioral data and accuracy
data were analyzed using SPSS 13.

Figure 3. Results. A, Classification accuracies in ROIs (rACC, PAG, left and right dlPFCs, parietal operculum) and control ROIs (aCR and right angular gyrus) during painful stimulation. B,
Classification accuracies in ROIs and control ROIs during anticipation of the painful stimulus. C, Classification accuracies in ROIs and control ROIs during the ITI. Error bars indicate the SEM. *p-value �
0.003 accounting for multiple comparisons using Bonferroni correction. D, Reconstructed activity patterns of three representative volunteers based on the methodology of Haufe et al. (2014).
Strength of class-related information. The hot color scheme depicts a stronger relationship with stimulation of the arm, whereas the winter color scheme depicts a stronger relationship with
stimulation of the leg (in arbitrary units).
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Accounting for ROI size. To account for any potential bias induced by
the different sizes of our ROIs, we corrected our classification estimation
for ROI size using a bootstrapping approach as used in Haushofer et al.
(2008). We matched the size of each ROI (rACC, dlPFC, PAG, and pari-
etal operculum) to the size of our smallest gray matter control ROI in the
angular gyrus ROI by randomly selecting 92 (�28 SD) voxels out of our
ROIs for classification. This selection process was repeated 1000 times
and results of these bootstrap samples were averaged to determine the
mean classification accuracy unbiased by ROI size. All remaining analysis
steps were the same as described Pattern classification, above. This ap-
proach assured that the higher classification accuracies found in our
ROIs were not confounded by their sizes.

Reconstruction of patterns. We applied the approach suggested by
Haufe et al. (2014) to reconstruct the activity patterns. In short, we ap-
plied the following algorithm:

A � cov	X
*W*cov	S
�1

where A is the reconstructed pattern, W is the weight vector, cov( X) is the
n-by-p covariance matrix of the data (with n voxels and p samples), and
cov( S) is the source covariance, defined as W T*X. Please note that the
reconstructed patterns depend on the (limited) data and the classifier
used and may be different for other classifiers or different parameter
values (Fig. 3D).

Results
Behavioral data
The mean heat pain threshold (�SD) was 44.36 � 2.82°C on
the arm and 45.14 � 3.09°C on the leg, which is within in the
normal range for healthy volunteers of this age range (Rolke et
al., 2006). A paired two-tailed t test revealed no significant
difference (t(14) � �1.074, n.s.). The mean temperature
(�SD) used to induce a VAS of 60 was 46.43 � 1.02°C on the
arm and 46.69 � 1.3°C on the leg, with no significant differ-
ence between stimulation sites (t(14) � �0.873, n.s.; paired
two-tailed t test). The mean pain ratings (�SD) were 52.85 �
11.14 for painful stimulation of the arm and 48.65 � 13.51 for
the leg. A paired two-tailed t test comparing ratings for arm
and leg yielded no significant result (t(14) � 0.994, n.s.). The
number of button presses and reaction times did not differ
significantly between conditions.

Univariate analysis of imaging data
A classical univariate GLM analysis testing for differences be-
tween the two conditions (contrasts: arm � leg and leg � arm)
did not reveal any significant differences in our ROIs at a thresh-
old of p � 0.001 (uncorrected for multiple comparisons).

Classification accuracies
Because this is a two-class problem (arm vs leg), the chance
level is 50% and perfect classification would have been 100%.
During painful stimulation, we achieved significant classifica-
tion accuracies in the rACC, both dlPFCs, and the contralat-
eral parietal operculum. Classification accuracy in the PAG
did not exceed chance level (Fig. 3A, Table 1). In the control
regions (left and right anterior corona radiata, right angular
gyrus), classification accuracies were not significantly differ-
ent from chance level, demonstrating the specificity of our
results to the regions involved in pain modulation. The boot-
strapping analysis for the stimulation phase accounting for
ROI size confirmed these results and revealed significant clas-
sification accuracies in the rACC, both dlPFCs, and the
contralateral parietal operculum (Table 1). Analysis of the
anticipation phase yielded significant classification accuracies
in all ROIs (Fig. 3B, Table 1). In contrast, analyses of the

control regions (left and right anterior corona radiata, right
angular gyrus) yielded no classification accuracies that were
significantly different from chance level. Further, in the ITI,
the classification performance did not exceed chance level in
the ROIs or control regions (Fig. 3C).

The ANOVA yielded both significant main effects (time pe-
riod: F(2,28) � 51.054, p � 0.001; ROI: F(7,98) � 35.022, p � 0.001)
and a significant time � ROI interaction (F(14,196) � 4.789, p �
0.001). Post hoc tests revealed the following results. Classification
accuracies in the rACC, bilateral dlPFCs, and parietal operculum
were significantly higher compared with each of the control re-
gions during the anticipation and stimulation period. Classifica-
tion accuracies in the rACC and bilateral dlPFCs were
significantly higher during anticipation and stimulation com-
pared with the ITI. There were no differences in classification
accuracies for rACC or dlPFC between anticipation and stimula-
tion or between the rACC and both dlPFCs, either in the stimu-
lation or in the anticipation phase (p � 0.00018, Bonferroni
corrected for multiple comparisons).

Discussion
The descending pain modulatory system is a crucial determinant
of acute and chronic pain states and is known to exert localized
effects. Here, we investigated whether spatial information of no-
ciceptive stimuli is represented in the rACC, the dlPFC, and the
PAG as key areas of this system. We show that the site of nocicep-
tive stimulation (arm or leg) can be successfully decoded from

Table 1. Classification accuracies and statistics in ROIs and control regions during
painful stimulation, anticipation, and ITI

ROI Accuracy (�SD) df t p

Painful stimulation
rACC 88 � 9% 14 17.5 �0.001*
PAG 59 � 22% 14 1.6 0.07
Left dlPFC 79 � 13% 14 8.5 �0.001*
Right dlPFC 83 � 12% 14 10.2 �0.001*
Parietal operculum 91 � 9% 14 18.7 �0.001*
Left aCR 46 � 17% 14 �0.9 0.82
Right aCR 49 � 25% 14 �0.1 0.55
Right angular gyrus 65 � 19% 14 3.0 0.004

Painful stimulation (bootstrapping)
rACC 78 � 12% 14 8.6 �0.001*
PAG 54 � 24% 14 0.7 0.25
Left dlPFC 67 � 15% 14 4.3 �0.001*
Right dlPFC 70 � 20% 14 3.9 �0.001*
Parietal operculum 84 � 13% 14 10.0 �0.001*

Anticipation
rACC 90 � 7% 14 21.0 �0.001*
PAG 63 � 14% 14 3.8 �0.001*
Left dlPFC 74 � 17% 14 5.7 �0.001*
Right dlPFC 79 � 12% 14 9.1 �0.001*
Parietal operculum 84 � 8% 14 17.0 �0.001*
Left aCR 45 � 18% 14 �1.0 0.83
Right aCR 45 � 13% 14 �1.5 0.92
Right angular gyrus 44 � 22% 14 �1.0 0.84

ITI
rACC 44 � 18% 14 �1.3 0.89
PAG 51 � 15% 14 0.2 0.42
Left dlPFC 45 � 19% 14 �1.0 0.82
Right dlPFC 51 � 16% 14 0.2 0.42
Parietal operculum 55 � 16% 14 1.2 0.12
Left aCR 43 � 23% 14 �1.2 0.88
Right aCR 37 � 21% 14 �2.5 0.99
Right angular gyrus 42 � 23% 14 �1.4 0.91

*Significant p-value � 0.003 (accounting for multiple comparisons using Bonferroni correction).

Ritter et al. • Somatotopy in the Descending Pain System J. Neurosci., March 26, 2014 • 34(13):4634 – 4639 • 4637



brain activity in rACC and dlPFC during the anticipation and
stimulation period. This indicates that spatial information re-
garding the site of nociceptive stimulation is represented in these
brain regions. As expected, we also classified activity in the con-
tralateral parietal operculum that was used as a control region
because of its known somatotopic representation of nociceptive
information (Bingel et al., 2004; Brooks et al., 2005). The PAG, in
contrast, did not allow for classifications above chance level. Im-
portantly, no significant effects were found for decoding from
white matter (anterior corona radiata left and right) or the right
angular gyrus as a gray matter control area. Furthermore, at-
tempts to distinguish between arm and leg stimulation from ac-
tivity during the ITI yielded no significant effects.

Although the rACC and dlPFC are involved in a variety of
cognitive-affective processes, both neuroimaging (for review, see
Wiech et al., 2008; Tracey and Dickenson, 2012) and functional
lesion studies (Krummenacher et al., 2010) indicate the dlPFC
and the rACC as key cortical brain areas that initiate and subse-
quently mediate top-down modulatory pain control mecha-
nisms. The latter have been shown to modulate spinal nociceptive
processing and pain perception in a spatially specific manner.
Our findings indicate that information about the site of nocicep-
tive stimulation is represented in these higher cortical areas of
top-down pain control, as expected from their functional role in
top-down pain control. Intriguingly, spatial information regard-
ing painful stimulation can already be classified from the antici-
pation period, which is in line with engagement of the descending
pain modulatory system already in the anticipation phase of up-
coming painful stimulation (Bingel and Tracey, 2008).

To our knowledge, only one fMRI study has previously exam-
ined somatotopic effects in the cingulate cortex and found differ-
ential activity after both nonpainful and painful electrical
stimulation of either the median or tibial nerve (Arienzo et al.,
2006), but in areas of the cingulate cortex dorsal to those com-
monly observed during pain modulation. Our study is the first to
demonstrate such a somatotopic effect in key regions of the de-
scending pain modulatory system. Although the PAG is an im-
portant downstream control area of the descending pain
modulatory system (Bingel and Tracey, 2008; Heinricher et al.,
2009) and animal data have previously suggested at least a coarse
somatotopic representation of body quadrants (Soper and Mel-
zack, 1982; Kasman and Rosenfeld, 1986), it did not allow for
classification in our study. This is likely to be explained by the
particularly small size, shape, and location around the aqueduct
of the PAG that renders normalization procedures difficult and
reduces the sensitivity of MVPA approaches.

The somatotopic representation of nociceptive informa-
tion observed in our study represents an important conceptual
advance because it may explain both the behavioral effects of
spatially directed placebo analgesia and the corresponding
spatially specific spinal fMRI effects reported previously
(Montgomery and Kirsch, 1996; Benedetti et al., 1999; Eippert
et al., 2009). The successful decoding of spatial information in
our study raises the question about the topography of this
information. Given the negative results of univariate neuro-
imaging approaches, it seems unlikely that spatial information
is represented in a classical somatotopical fashion with adja-
cent areas of the body being mapped to adjacent areas of the
brain (Foerster, 1931; Penfield and Boldrey, 1937). Instead, as
shown in Figure 3, the topographical representation seems to
be highly variable across participants and “fractured” rather
than contiguous within individuals.

Link to chronic pain conditions
Our finding that spatial information of nociceptive information
and the resulting pain experience is mirrored in areas of the de-
scending pain modulatory system might open a new avenue in
understanding the development of chronic pain conditions. Al-
though pain tends to spread with increasing chronification, many
chronic pain conditions in which no actual tissue damage is pres-
ent are predominantly located in distinct body parts, such as
chronic low back pain, chronic headache disorders, or chronic
pelvic pain. Given that top-down factors such as descending pain
control are an important determinant for the susceptibility and
maintenance of chronic pain, a site-specific failure of descending
pain control in combination with other contextual factors might
explain the evolution of topologically specific pain disorders.

Conclusion
In sum, our study reveals that spatial information of nociceptive
stimulation is represented in cortical key areas of the descending
pain modulatory system. Future research will have to further
investigate corticosubcortical and spinal interactions in a soma-
totopically specific manner and elucidate the relevance of this
observation for the development of chronic pain states.
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Landwehrmeyer GB, Magerl W, Maihöfner C, Rolko C, Schaub C, Sche-
rens A, Sprenger T, Valet M, Wasserka B (2006) Quantitative sensory
testing in the German Research Network on Neuropathic Pain (DFNS):
standardized protocol and reference values. Pain 123:231–243. CrossRef
Medline

Schwarzkopf DS, Sterzer P, Rees G (2011) Decoding of coherent but not
incoherent motion signals in early dorsal visual cortex. Neuroimage 56:
688 – 698. CrossRef Medline

Soper WY, Melzack R (1982) Stimulation-produced analgesia: evidence for
somatotopic organization in the midbrain. Brain Res 251:301–311.
CrossRef Medline

Stein N, Sprenger C, Scholz J, Wiech K, Bingel U (2012) White matter in-
tegrity of the descending pain modulatory system is associated with inter-
individual differences in placebo analgesia. Pain 153:2210 –2217.
CrossRef Medline

Tracey I, Dickenson A (2012) SnapShot: Pain perception. Cell 148:1308 –
1308.e2. CrossRef Medline

Tracey I, Mantyh PW (2007) The cerebral signature for pain perception and
its modulation. Neuron 55:377–391. CrossRef Medline

Wiech K, Ploner M, Tracey I (2008) Neurocognitive aspects of pain percep-
tion. Trends Cogn Sci 12:306 –313. CrossRef Medline

Ritter et al. • Somatotopy in the Descending Pain System J. Neurosci., March 26, 2014 • 34(13):4634 – 4639 • 4639

http://dx.doi.org/10.1016/j.brainresrev.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19146877
http://dx.doi.org/10.1016/j.cub.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16753563
http://dx.doi.org/10.1016/0006-8993(86)90025-9
http://www.ncbi.nlm.nih.gov/pubmed/3768692
http://dx.doi.org/10.1016/j.pain.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/19875233
http://dx.doi.org/10.1016/S0301-0082(02)00009-6
http://www.ncbi.nlm.nih.gov/pubmed/12034378
http://dx.doi.org/10.1111/j.1467-9280.1996.tb00352.x
http://dx.doi.org/10.1016/j.pain.2012.11.008
http://www.ncbi.nlm.nih.gov/pubmed/23618495
http://dx.doi.org/10.1016/j.tics.2006.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16899397
http://dx.doi.org/10.1016/j.neuroimage.2009.02.047
http://www.ncbi.nlm.nih.gov/pubmed/19285144
http://dx.doi.org/10.1093/brain/60.4.389
http://dx.doi.org/10.1016/j.neuroimage.2008.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19070668
http://dx.doi.org/10.1016/j.pain.2006.01.041
http://www.ncbi.nlm.nih.gov/pubmed/16697110
http://dx.doi.org/10.1016/j.neuroimage.2010.04.011
http://www.ncbi.nlm.nih.gov/pubmed/20385243
http://dx.doi.org/10.1016/0006-8993(82)90747-8
http://www.ncbi.nlm.nih.gov/pubmed/6754004
http://dx.doi.org/10.1016/j.pain.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22959599
http://dx.doi.org/10.1016/j.cell.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22424237
http://dx.doi.org/10.1016/j.neuron.2007.07.012
http://www.ncbi.nlm.nih.gov/pubmed/17678852
http://dx.doi.org/10.1016/j.tics.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18606561

	Representation of Spatial Information in Key Areas of the Descending Pain Modulatory System
	Introduction
	Materials and Methods
	Results
	Behavioral data
	Univariate analysis of imaging data
	Classification accuracies
	Discussion
	Link to chronic pain conditions

	Conclusion
	References

