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Brain Activation during Input from Mechanoinsensitive
versus Polymodal C-Nociceptors
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C-nociceptors mediating cutaneous pain in humans can be distinguished in mechano-heat-responsive units (CMH) and mechano-
insensitive units (CMi ). However, if sensitized in damaged tissue, CMi play an important role in inflammatory pain. CMi differ from CMH
by higher electrical thresholds and by mediating the axon reflex. Using these properties, we established two stimulation paradigms: (1)
transcutaneous stimulation (TCS) of low current density below the CMi threshold and (2) intracutaneous stimulation (ICS) of high
current density that excites CMi. This was proven by the quantification of the axon-reflex flare. Applying these stimulation paradigms
during functional magnetic resonance imaging, we investigated whether nociceptor stimulation that recruits CMi leads to different
cerebral activation than stimuli that do not recruit CMi. Brain activation by CMi was inferred by subtraction. Both stimuli recruited
multiple afferents other than CMi , and we expected a common network of regions involved in different aspects of pain perception and
motor nocifensive reactions in both stimuli. ICS that additionally recruited CMi should activate regions with low acuity that are involved
in pain memory and emotional attribution. Besides a common network of pain in both stimuli, TCS activated the supplementary motor
area, motor thalamic nuclei, the ipsilateral insula, and the medial cingulate cortex. These regions contribute to a pain processing loop that
coordinates the nocifensive motor reaction. CMi nociceptor activation did not cause relevant activation in this loop and does not seem to
play a role in withdrawal. The posterior cingulate cortex was selectively activated by ICS and is apparently important for the processing
of inflammatory pain.
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Introduction
It has been known since Erlanger and Gasser that nociceptors
comprise thin and slowly conducting nerve fibers (Gasser, 1935).
Most of them are unmyelinated C-fibers, and recently a subclass
with peculiar properties has been described in human skin
(Schmidt et al., 1995; Schmelz et al., 1997). These nociceptors are
unresponsive to mechanical stimulation, including pinprick as
long as the surrounding tissue is intact. They become mechano
responsive in the course of inflammation (Schmelz et al., 1994).
This behavior earned them the poetic label “sleeping nocicep-
tors” (Schaible and Schmidt, 1988). First described in the mon-
key (Meyer and Campbell, 1981; Garell et al., 1996), these cuta-
neous mechano-insensitive C-nociceptors (CMi) comprise
�30% of afferent C-units in human skin (Schmidt et al., 1995)
and are different from polymodal mechano-heat-sensitive
C-nociceptors (CMH) in many respects. CMi have larger recep-
tive fields (Schmidt et al., 2002) and higher heat thresholds
(Weidner et al., 1999). Some are particularly sensitive to hista-
mine and mediate itch sensation (Schmelz et al., 1997). CMi are

more sensitive to stimulation by inflammatory mediators than
CMH (Schmelz et al., 2000). Given these characteristics, it seems
likely that CMi are rather involved in hyperalgesia and inflamma-
tory pain than in acute nocifensive reactions (Schmidt et al.,
2000). Interestingly, thresholds for transcutaneous electrical
stimulation are significantly higher in CMi (Weidner et al., 1999;
Schmidt et al., 2002). Based on this knowledge, Schmelz et al.
(2000) demonstrated that an axon-reflex flare (Lynn et al., 1996)
is only elicited in human skin when the stimulus strength is high
enough to recruit CMi.

The clearly separated threshold distribution opens experi-
mental approaches to study the role of CMi. Electrical stimuli can
be chosen to excite receptor populations including or excluding
CMi. We will show here that the critical parameter is not voltage
but current density at the nociceptor terminals.

To gain insight into cerebral processing of CMi, we established
two stimulation paradigms: (1) transcutaneous stimulation
(TCS) of low current density below the CMi threshold and (2)
intracutaneous stimulation (ICS) of high current density that
excites CMi, evidenced by quantification of the axon-reflex flare.

Although the central mechanisms of hyperalgesia have been
studied previously (Mailhoefner et al., 2004; Mailhoefner and
Handwerker, 2005), CMi contribution to the emerging cerebral
activation pattern is unclear. We investigated activation patterns
of ICS (including CMi) versus TCS (excluding CMi) by func-
tional magnetic resonance imaging (fMRI). Subsequent subtrac-
tion provides indirect evidence of the cerebral correlates of CMi
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input. Zambreanu et al. (2005) recently suggested a role of the
brainstem, cerebellum, and other subcortical and limbic areas in
hyperalgesia. We focused on these areas.

According to CMi function, brain areas activated by ICS
should play a role in hyperalgesia and inflammatory pain. We
expected these to be regions with low acuity such as the cingulate
cortex and limbic areas involved in pain memory and emotional
attribution (Bromm, 2001; Vogt, 2005). Because both stimuli
excite “non-CMi” fibers (e.g., CMH and A�) in different quanti-
ties (TCS � ICS), TCS and ICS should activate regions with high
acuity for nocifensive reactions (e.g., motor integrative and cer-
ebellar areas).

Materials and Methods
General. Thirteen healthy subjects, age 20 –30 years, participated in each
the psychophysical/laser-Doppler experiments and in the fMRI study.
Nine of them were female. Four subjects, three females, participated in
both studies. Subjects gave their informed consent and were instructed
that they could withdraw from the experiment at any time. The study was
approved by the local ethics committee.

Before the experiment, subjects became familiar with the stimulation
procedure and with the experimental protocol. The studies were single
blind. Individual sensation and pain thresholds were determined before
every experimental session. To determine pain quality, we asked subjects
to describe the sensation in their own words. Thresholds were acquired
by gradually increasing the current and were analyzed for differences in
magnitude and variance between the different experiments and between
genders by F and t tests. Data on the female cycle were not collected.

Stimulus design and application. Electrical stimuli (width, 0.5 ms; fre-
quency, 1 Hz) were applied from a constant current source (Type DS7A,
serial D127A; Digitimer, Welwyn Garden City, UK) for 20 s periods. For
TCS, two epicutaneous ECG electrodes (17 mm; ARBO; Adshead Rat-
cliffe & Company, Derbyshire, UK) were attached 1.5 cm apart to the
dorsum of the foot. For ICS, two hypodermic needles (0.5 � 25 mm;
Microlance, number 18; Becton Dickinson, Mountain View, CA) were
inserted intracutaneously 1.5 mm apart and each to a depth of 2 mm.

Psychophysics and laser Doppler imaging. Intracutaneous needle elec-
trodes were inserted in the right (n � 6) or left (n � 5) dorsum of the foot.
Epicutaneous electrodes were attached to the opposite foot. A 30 min
period was allowed between needle insertion and stimulation to let the
flare by needle insertion completely fade. Subjects were instructed to rate
each stimulation on a 0 –10 numeric pain rating scale. TCS started with 5
mA. The current was increased stepwise (5, 10, 15, 20, 25, 30, 40, 50, 60,
and 70 mA) until the pain was rated 7 on a scale from 1 to 10 or until the
ceiling of 70 mA was reached. ICS started with 1 mA (1, 2, 4, 6, 8, 10, 13,
16, 20, and 24 mA). The cutoff was either a pain rating of 7 or the ceiling
24 mA. Subjects who reported pain levels �7 at the maximal stimulation
intensity were excluded from the study.

Blood flux measurements were performed using a Laser Doppler Im-
ager (Moor Instruments, Wilmington, DE) positioned over the dorsum
of the foot. The scanned field (size, 4.5 cm 2; scan time for each image,
30 s) completely covered the stimulation area. After recording a 30 s
baseline (first image), stimulation was applied during the first 20 s of the
second image. Subsequently, an additional seven 30 s images were ob-
tained. For each stimulus level, a series of nine pictures (4.5 min) was
recorded.

Laser Doppler imaging (LDI) software (LDI version 3.08; Moor In-
struments) was used for evaluation. The baseline was subtracted from all
poststimulus scans. The average flux increase was determined in a region
of interest (ROI) (see Fig. 2). For ICS, the ROI was chosen at a distance
from the needles to avoid the erythema caused by needle insertion. Flux
increase and flux variance in the two genders were analyzed by the F test
and t test to detect intersexual differences.

fMRI of the brain. Epicutaneous electrodes for TCS were attached to
the dorsum of the right foot. Intracutaneous needle electrodes for ICS
were positioned between the epicutaneous electrodes. Although the
stimulation area in TCS was larger, this positioning granted topograph-
ically identical stimulation sites. Stimulation strengths were determined

before each session to obtain a pain rating of 7. Each fMRI session con-
sisted of two separate trials for either TCS or ICS. In each trial, five 20 s
stimuli of the same type (either ICS or TCS) were applied. The baseline
time between stimuli was varied to avoid bias by pain anticipation
(Ploghaus et al., 1999). The fMRI session was started randomly with the
TCS trial in nine cases. To avoid task-related bias, we did not obtain a
simultaneous rating. Instead, the same protocol was applied in a separate
session without imaging to all subjects, and an on-line rating through the
five stimulation periods was recorded with a visual rating scale.

Imaging was performed using a 1.5 T Sonata MRI scanner (Siemens,
Erlangen, Germany). For each subject, a T1-weighted magnetization-
prepared rapid gradient echo data set was recorded with a high three-
dimensional resolution covering the entire brain (160 sagittal slices;
thickness, 1.5 mm; in-plane resolution, 0.98 � 0.98 mm 2; field of view,
250 � 250 mm 2; data matrix, 256 � 256). Functional data were collected
using a multislice echo planar imaging (EPI) technique. Each functional
data set consisted of 93 blocks, visualizing 16 slices (Fig. 1) [repetition
time, 114 ms; echo time, 62 ms; flip angle, 90°; scan time, 2.5 s per block
of 16 slices; slice thickness, 4 mm; field of view, 220 � 220 mm 2; data
matrix, 128 � 128] (Ringler et al., 2003). Stimulation was administered
during blocks 14 –20, 29 –35, 46 –52, 60 – 66, and 77– 83.

The field of view was chosen to completely cover the thalamus, brain-
stem, cerebellum, and the following cortical areas often described to be
involved in the pain network: supplementary motor area (SMA), second-
ary motor cortex (S2), medial and posterior insular cortices, and medial
and posterior cingulate cortices. As a consequence of this selection, how-
ever, S1, the anterior pole of the insula, and the perigenuate cingulate
cortex were outside of this block.

fMRI data were statistically analyzed with BrainVoyager software ver-
sion 4.8 (Brain Innovations, Maastricht, The Netherlands). Functional
and anatomical images of all subjects were superimposed and trans-
formed into Talairach space (Talairach and Tournoux, 1988). The three-
dimensional preprocessing of the functional data included head move-
ment assessment, slice scan time correction, high-frequency filtering,
and removal of linear trends. Changes in the blood oxygenation level
(BOLD) signal were statistically evaluated using a general linear model
(GLM) with the stimulus function as a predictor that corresponded to a

Figure 1. Positioning of the EPI slices for the collection of the functional data. The block
consisted of 16 slices, each with a thickness of 4 mm. The scan time was a repetition time of 2.5 s
per block.
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boxcar design. Data were low-pass filtered (cut-
off frequency, 0.2 Hz) to account for the hemo-
dynamic response delay (Boynton et al., 1996).
A minimal cluster size of 80 pixels was used as a
cutoff to eliminate very small or random acti-
vations. Clusters were assigned manually to an-
atomical loci by a professional viewer based on
a printed brain atlas (Kretschmann and Wein-
rich, 1992; Damasio, 1995). The t values ob-
tained from the GLM analysis were used to
compare activation patterns. p values �0.05
were regarded as significant. Findings were ver-
ified by processing the centric coordinates with
the Talairach Daemon Client internet software
(http://ric.uthscsa.edu/projects/talairachdaemon.
html). Group analyses, which included the data
of all subjects during either type of stimulus,
were performed separately on each of the two
trials. A third group analysis was performed for
contrast evaluation. It was done with the z-
transformed data of both trials, and the predic-
tors were stimulus onset and type of stimulus.
To characterize the most relevant activated re-
gions, two parameters reflecting the difference
between baseline and fMRI signal during the
stimuli were selected: BOLD contrast and t
value. For each brain ROI, the number of sub-
jects showing significant activation was listed.
Data of male versus female subjects were ana-
lyzed in a set of two Multi Studies to detect
gender differences.

Results
Pain perception
ICS-induced pain was uniformly de-
scribed as “stinging,” whereas TCS-
induced pain was perceived as “deep,”
“pounding,” or “dull.” Because these de-
scriptions were given in an unstructured
form, no statistics can be provided. How-
ever, no subject described ICS as deep, pounding, or dull or de-
scribed TCS as stinging. Four of 17 subjects felt TCS to be more
unpleasant, 5 subjects felt ICS to be more unpleasant, whereas 8
subjects found both types of stimulation likewise unpleasant.
Pain thresholds varied widely. During the LDI experiments, TCS
became painful at 18.9 mA, on average, (range, 11.1–29.1). Pain
ratings increased to 7 when the current was raised to 40.8 mA, on
average (range, 20.0 – 68.3). TCS thresholds during the fMRI ses-
sion were lower at 10.7 mA, on average (range, 4.0 –20.6), and the
current required to reach a rating of 7 was 30.3 mA, on average
(range, 15.0 – 44.1). For ICS, thresholds and rating 7 currents
were equal in both experiments. The mean pain threshold was 2.7
mA (range, 0.2– 6.0), and rating 7 was reached at 14.9 mA, on
average (range, 6.3– 49.3). There was no significant difference in
pain perception regarding quality, threshold variance (F test), or
threshold (t test) between the two genders. A simultaneous rating
over the five stimulation periods of the fMRI stimulation proto-
col showed a consistent rating of 7 during all five stimulation
periods and a complete cessation of pain during baseline periods.

LDI: local stimulation effects
In the LDI experiments, one subject had to be excluded because a
pain rating of 7 was not reached at the maximal stimulation in-
tensity of 24 mA for ICS. Two subjects were excluded for move-
ment artifacts. Consequently, the data from 10 subjects were an-
alyzed. No erythema was observed even at the highest TCS

stimulus levels (70 mA), and no subject showed TCS-induced
flux increases in LDI. Before ICS measurements were started, the
erythema caused by the insertion of the needles had completely
faded in all subjects. Baseline LDI measurements still showed an
increased flux and were subtracted. After ICS stimulation, a vis-
ible erythema developed again. This was especially pronounced at
higher stimulus intensities. The LDI flux values clearly rose after
the stimulus and reached a maximum �90 s after stimulation.
Maximal and integrated flux was positively correlated to stimu-
lation intensity for ICS (Fig. 2), resulting in a maximal difference
between ICS and TCS flux values at rating 7. Integrated and max-
imal flux after ICS was greater than after TCS in every single
subject (integrated flux after baseline subtraction at rating 7: ICS:
mean, 576.5; SE 58.0; TCS: mean, 274.4; SE, 10.1.) Integrated flux
(t test) and variance (F test) were not significantly different be-
tween the two genders.

Cerebral responses: BOLD effects
Two subjects were excluded because of movement artifacts, and
accordingly, the data from 11 subjects were analyzed. Table 1 lists
activations in the most relevant ROIs during ICS and TCS stim-
ulation. In addition, we found that motor, visual, and auditory
cortical areas were activated in single subjects. Because these ac-
tivations occurred only in single subjects, they were not included
in the tables. A group analysis using the predictor gender showed

Figure 2. Flare reactions in the skin of the dorsum of the foot. a, Baseline-subtracted LDIs from one representative subject for
ICS (top block of records) and TCS (bottom block of records). Recording of each scan started at the time in seconds indicated in the
white boxes. The ROI and electrode positions are depicted in the first image (baseline). A stimulus that lasted 20 s (ICS, 8 mA; TCS,
25 mA; rating 7) was applied during the second picture. Pictures 3–7are poststimulus scans. Altogether, a time frame of 210 s after
stimulation is covered. Flux values are encoded by the pixel color. The corresponding flux values are displayed in the scale on the
right. After ICS, a pronounced flux increase could be observed, whereas TCS did not provoke changes in the LDF signal. b, Mean flux
time courses of all subjects (n � 10) at rating 7 (squares) and rating 3 (triangles) for ICS (filled symbols) and TCS (open symbol).
SEs are displayed. The black box marks the stimulus application time. ICS provokes a significant increase of flux with a maximum
at 90 –120 s after the onset of stimulation. The increase is significantly larger at rating 7 than at rating 3. TCS does not provoke flux
increase at any level of stimulation. Thus, only flux at rating 7 is displayed. c, Map of the electrode positions for the LDI trial: needle
electrodes for ICS are exemplary displayed on the dorsum of the left foot, and surface electrodes for TCS exemplary displayed on the
dorsum of the right foot. Scanned fields are plotted in blue. These scanned fields correspond to the displayed area in a.
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no significant differences in activation between male and female
subjects.

Analysis of signal change over time revealed a second peak
after stimulus termination in most brain regions. Interestingly,
time courses displayed a symmetrical pattern within the ROI with
bilateral activation. Different stimuli, however, evoked distinct
reactions in the same ROI. Example time courses are plotted in
Figures 3–5.

Although most ROIs were bilaterally activated, there were
some remarkable exceptions. During ICS stimulation, only the
contralateral medial cingulate cortex (MCC) [Brodmann’s area

(BA) 24] and medial (BA 13) and posterior (BA 14, 15, 16) insular
cortex and brainstem were activated. TCS lead to an exclusive
contralateral activation in the posterior insular cortex (PIC) and
brainstem.

Most ROIs were responsive to both types of stimulation. Gen-
erally, TCS resulted in larger clusters, stronger changes in BOLD
contrast, and higher t values.

However, some areas were selectively or predominantly acti-
vated by one stimulus type. Table 2 lists the significant contrasts
of ICS and TCS including Talairach coordinates. In cases of dif-
ferently located activations by ICS and TCS, both clusters are
listed.

Most notably, the SMA (BA 6) was activated only by TCS,
whereas the posterior cingulate cortex (PCC) (BA 23, 29, 30, 31)
was only activated by ICS (Fig. 3). Contrast analysis emphasizes
the finding in the PCC and the left SMA. TCS activation in the
right SMA does not produce a significant contrast to ICS. Some
other areas, in particular the medial insular cortex (MIC) and
MCC, showed ipsilateral activation only during TCS (Fig. 4).
However, contrast analysis could only verify a significant domi-
nance of TCS in the MIC. Figure 3 shows selective activation in
the PCC by ICS and activation in the MCC.

Although Multi Studies analysis does not imply major differ-
ences in S2, left PIC, cerebellar vermis (vermis), and left cerebel-
lar hemisphere (Fig. 4, 5), contrast analysis reveals a significant
dominance of TCS in these regions (Table 2).

Even when both types of stimuli excited the same ROI, the
activated fields were not always identical, particularly in the thal-
amus (Fig. 4) and brainstem (Fig. 5). For these areas, contrast
analysis reveals significant clusters with slightly different coordi-
nates for both stimuli.

Discussion
This study differentiates parts of the cerebral network of pain that
are responsible for input from cutaneous afferents including or
excluding mechano-insensitive C-nociceptors. To separate CMi,
we used ICS to excite cutaneous nerve endings including CMi, as
evidenced by the axon-reflex flare (Fig. 2). In contrast, TCS re-
cruited no or only a negligible amount of CMi, as evidenced by

Table 1. Stimulus-dependent activation in the brain ROIs

TCS ICS

Region n Voxel BOLD t x y z n Voxel BOLD t x y z

SMA l 6 2489 0.24 6.68 �1 �4 49 7
SMA r 4 1462 0.17 6.54 4 �2 45 5
S2 l 9 4910 0.26 7.85 �54 �15 18 6 4629 0.15 3.90 �55 �13 16
S2 r 8 3124 0.24 8.52 55 �25 23 6 1937 0.14 6.02 59 �22 23
MIC l 8 4626 0.23 3.20 �41 �3 12 6 3930 0.07 6.42 �35 �10 9
MIC r 7 6671 0.85 4.43 38 2 14 9
PIC l 6 4902 0.16 8.97 �42 �27 20 5 2056 0.04 6.27 �37 �22 16
MCC l 10 5042 0.31 5.83 �5 0 37 10 1677 0.05 5.27 �6 �8 41
MCC r 10 1946 0.35 3.58 5 3 35 10
PCC l 2 5 217 0.13 4.40 0 �26 26
PCC r 2 5 225 0.06 4.60 4 �26 27
Inferior parietal lobe r 6 3655 0.30 7.86 54 �27 32 6 3496 0.24 7.01 53 �26 25
Inferior parietal lobe l 6 3438 0.24 8.00 �52 �29 29 7 1863 0.23 6.28 �53 �25 27
Thalamus l 6 1015 0.12 6.23 �14 �14 5 9 982 0.09 5.22 �10 �19 4
Thalamus r 6 323 0.08 6.34 6 �12 �3 5 643 0.08 5.17 5 �15 2
Brainstem l 5 618 0.16 6.53 �8 �16 �5 7 1071 0.09 5.28 �6 �28 �9
Cerebellar vermis 7 2070 0.28 8.13 0 �48 �9 7 2191 0.06 6.12 2 �44 �12
Cerebellum l 9 1784 0.39 6.00 �29 �59 �25 9 2157 0.23 5.89 �37 �54 �29
Cerebellum r 9 3018 0.23 8.39 17 �40 �24 10 2538 0.09 5.52 18 �38 �23
p � 0.001

ROIs are listed. Activations correlated with TCS and ICS are characterized by the number of subjects showing the activation (n), BOLD contrast, and t value (t). Coordinates in Talairach space are given (x, y, z). The sides that are not listed showed
no activation. l, Left; r, right.

Figure 3. Multi Studies of activations by both stimuli in a standardized Talairach brain.
Activation by ICS is plotted in red; activation by TCS is plotted in green. Common activation by
ICS and TCS is shown in yellow. This sagittal slice shows activation in the cingulate cortex,
thalamus, and cerebellar vermis. Only ICS activates the PCC, whereas TCS dominates in the MCC.
The mean relative changes of the BOLD signals in the MCC and PCC during the stimuli are plotted
on the left: the time courses over the five stimulation periods are averaged for all subjects. They
include 15 s before the 20 s stimulation period and 20 s after stimulation. TCS (green frame) and
ICS (red frame) activations are linked to the corresponding clusters. The BOLD signal of the left
hemisphere is plotted in black, and the BOLD signal of the right side is plotted in blue. Stimula-
tion periods are indicated by the gray bars on the x-axis.
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the absence of an axon reflex. These stimulation paradigms have
implications that deserve further comment. The voltage of TCS
had to be higher to achieve equal pain intensities. Therefore, TCS
induced a greater current spread and recruited more cutaneous

units including A�, CMH, and other afferents. Low-threshold
muscle afferents were probably not recruited because, at the dor-
sum of the foot, no superficial musculature is close by. In com-
parison, ICS with its high current density recruited the same type
of afferents plus CMi. This is known from studies on primary
afferents and evidenced by the axon reflex. Our group has studied

Table 2. Contrast evaluation of brain ROIs

Region

TCS ICS

x y z t p x y z t p

S2 l �52 �30 24 3.46 0.0005
S2 r 52 �28 16 2.78 0.0055
SMA l �2 �3 49 2.54 0.0112
MIC r 39 �6 14 2.31 0.0212
PIC l �35 �19 8 2.59 0.0096
PCC l �5 �28 29 �2.55 0.0109
PCC r 4 �25 29 �2.54 0.0112
Thalamus l �4 �4 3 2.73 0.0065 �4 �25 5 �2.50 0.0126
Thalamus r 2 �11 �5 2.30 0.0217 2 �19 5 �1.95 0.0498
Brainstem l �7 �26 �28 3.53 0.0004 �3 �30 �11 �2.35 0.0189
Brainstem r 7 �19 �25 2.80 0.0051
Cerebellar vermis �1 �48 �2 3.87 0.0001
Cerebellum l �30 �39 �28 3.12 0.0018 �47 �53 �30 �3.65 0.0003
Cerebellum r 20 �56 �26 3.17 0.0016
p � 0.05

ROIs with significant difference between TCS and ICS are listed. Activations are characterized by the corresponding t and p values. Talairach coordinates (x, y, z) denotes the center of gravity of the clusters. The sides that are not listed showed
no activation. The left part of the table lists those regions that had a significantly higher BOLD contrast during TCS compared with ICS. The right part of the table lists regions with the reverse effects. In case of multiple activations within the
same brain region but with different coordinates of TCS and ICS, both are listed. Note that the contrast was TCS versus ICS. Therefore, t values are negative when the BOLD changes were higher during ICS than during TCS. l, Left; r, right.

Figure 4. Multi Studies as in Figure 3. Activation by ICS and by TCS is in red and green, respectively,
and common activation is in yellow. BOLD signals of the left hemisphere are plotted on the right side
and are contralateral to the stimulus. a, This axial slice shows that insular activation by ICS is strictly
contralateral, whereas TCS activates the MIC in both hemispheres. S2 activation is found bilaterally
during both types of stimulation. b, This axial slice shows bilateral thalamus activation in both stimuli.
Thalamus activation by TCS activation is rostral to ICS activation. Activation over time is plotted for the
medial and PIC (a) and the thalamus (b). The time courses over the five stimulation periods are
averaged for all subjects. They include 15 s before the 20 s stimulation period and 20 s after stimula-
tion. TCS (green frame) and ICS (red frame) activations are linked to the corresponding clusters. The
BOLD signal of the left hemisphere is plotted in black, and the BOLD signal of the right side is plotted in
blue. Stimulation periods are indicated by the gray bars on the x-axis.

Figure 5. Multi Studies as in Figure 3. Activation by ICS and TCS is in red and green, respec-
tively, and common activation is in yellow. a, This axial slice shows activation in the contralat-
eral brainstem and the cerebellar vermis. b, This axial slice shows bilateral activation in the AC
during both types of stimulation. Activation over time in is plotted for brainstem (a) and cere-
bellum (b). The time courses over the five stimulation periods are averaged for all subjects. They
include 15 s before the 20 s stimulation period and 20 s after stimulation. TCS (green frame) and
ICS (red frame) activations are linked to the corresponding clusters. The BOLD signal of the left
hemisphere is plotted in black, and the BOLD signal of the right side is plotted in blue. Stimula-
tion periods are indicated by the gray bars on the x-axis.
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the afferent and efferent innervation of the lower leg and foot
with microneurography for years (Torebjörk et al., 1996).
Among hundreds of C-fibers recorded, no low-threshold
C-mechanoreceptors (Olausson et al., 2002) have been encoun-
tered in this region. They are probably characteristic for the hairy
skin in other parts of the limbs. C-cold units are rare compared
with nociceptors (Serra et al., 1999) and have electrical thresholds
that are lower or in the same range as CMH. Although A� units
were not as systematically studied as C-fibers, their electrical
thresholds were always lower than those of CMi and usually also
lower than those of CMH (our unpublished observations). It
cannot entirely be excluded that unknown types of A� units exist
and are recruited by ICS but not by TCS. Studies in the monkey
have shown that some A� units have both myelinated and unmy-
elinated terminal branches (Peng et al., 1999). However, the
thickest of these branches have the lowest electrical thresholds
and are recruited by TCS. Even if unknown fiber types exist, our
stimulus paradigms differentiate between a group of nociceptors
responsible for the axon reflex flare versus those that induce pain
but no axon reflex flare. When brain regions were preferentially
activated by TCS, it was certainly caused by the quantitatively
greater input. However, preferential activations by ICS must be
attributed to the qualitative (presumably CMi input) and not the
quantitative differences.

We differentiated three parts of the cerebral network of pain
responsible for the following: both painful stimuli (ICS plus
TCS), preferential input from CMH and A� (TCS), and input
from CMi (applying subtraction ICS minus TCS). Besides a com-
mon network in both stimuli, we found that mainly input from
TCS activates regions involved in nocifensive motor reactions,
whereas ICS activates PCC, suggesting a role in processing CMi

input.

Common cerebral network of pain
The common network comprises S2 (BA 43), insular cortex,
MCC, thalamus, brainstem, vermis, and anterior cerebellar
hemisphere (AC). These areas belong to the most consistently
activated regions in pain imaging studies along with S1, perigenu-
ate cingulate cortex, and anterior insula (Peyron et al., 2001;
Helmchen et al., 2003; Apkarian et al., 2005). These three regions,
however, were not included in our measurements. Our focus lay
on insula, cingulate, and thalamus in addition to subcortical areas
including the cerebellum and brainstem. Zambreanu et al. (2005)
recently pointed out their eminent role in pain perception.

We found contralateral brainstem activation during both
stimuli. Given the proximity to subthalamic nuclei and substan-
tia nigra, this activation might be a correlate of motor inhibition
because subjects had to depress nocifensive movements. It might
also reflect ascending pathways to the thalamus because TCS ac-
tivation is located rostral to ICS in the brainstem and thalamus.
However, an exact allocation to specific tracts or nuclei cannot be
made for anatomical variation.

Pain processing network activated by TCS
Motor thalamic nuclei, SMA, and ipsilateral MIC are selectively
activated and S2, MCC, vermis, and ipsilateral AC are predomi-
nantly activated by TCS. They apparently contribute to a pain
processing loop involved in the nocifensive motor response.

We found overlapping TCS and ICS activation in the poste-
rior ventral and lateral thalamic nuclei. These nuclei manage sen-
sory integration and project to S1, S2, and the parietal association
cortex. TCS additionally activated the anterior and lateral ventral

nuclei with integrative motor function and prominent projec-
tions to the primary motor cortex, premotor cortex, and SMA.

Both stimuli activated bilateral S2 that is involved in sensory
discrimination and integration. Contrast analysis revealed a sig-
nificant dominance of TCS that may be attributed to spatial en-
coding of the exact pain location to plan withdrawal.

The insula is known as a central station of pain processing,
important in visceral (Augustine et al., 1996), sympathetic (San-
droni et al., 1998), emotional (Morris, 2002; Kong et al., 2006),
memory (Treede et al. 2000), and discriminative (Coghill et al.,
1999; Peyron et al., 1999; Hua et al., 2005) aspects of pain percep-
tion. We found two foci of insular cortex activation: MIC and PIC
(Figs. 4, 5). Both stimuli evoked contralateral MIC and PIC acti-
vation. This might reflect the memory and emotional component
of pain or account for sympathetic activation. However, TCS
dominated in the contralateral PIC that accounts for discrimina-
tion (Brooks et al., 2005). Activation threshold differences be-
tween the ipsilateral and contralateral MIC suggest that pain
(Mailhofner et al., 2004; Peyron et al., 2004) or even pain inten-
sity (Coghill et al., 2001) is encoded in this region. Although
likewise painful, TCS evoked bilateral MIC activation, whereas
ICS was strictly contralateral. This suggests a role of MIC beyond
pain intensity encoding. Considering the functional differences
of both stimuli (acute vs inflammatory pain) and the different
cortical activation patterns, we suggest that MIC is involved in the
setup of withdrawal.

The MIC has multiple connections with areas involved in pain
perception (Jasmin et al., 2004). Besides S2 and the thalamus
(Craig et al., 1994), MIC directly interacts with MCC (BA 24)
(Friedman and Murray, 1986; Friedman et al., 1986). In concert
with the insular response, we found bilateral MCC activation in
TCS, whereas ICS only activated the contralateral hemisphere.
However, contrast analysis revealed no significant activation for
TCS over ICS. The MCC is involved in motor nocifensive and
autonomic reactions (Bromm, 2001), skeleto-motor orientation,
and fear avoidance (Vogt, 2005). Morecraft et al. (1992) found
BA 23c and 24c (MCC) projections to the SMA in the rhesus
monkey that suggest a functional circuit.

The SMA is only active during TCS. Previous studies have
shown SMA activation by noxious heat (Coghill et al., 1994;
Becerra et al., 1999; Chen et al., 2002) and capsaicin (Iadarola et
al., 1998). Coghill et al. (1994) suggested a role of the SMA in
movement planning and readiness to withdraw.

Helmchen et al. (2003) have postulated a specific role in pain
perception for regions in the anterior cerebellum and the vermis.
We found vermis activation in both stimuli. This is consistent
with previous pain imaging studies (Casey et al., 1994, 1996;
Becerra et al., 1999; Brooks et al., 2002) and probably caused by
direct spinocerebellar input (Ekerot et al., 1991; Iadarola et al.,
1998). Consistent with previous reports (Coghill et al., 2001; Bin-
gel et al., 2002), both stimuli evoked bilateral AC activation. Con-
trast analysis revealed significant dominance of TCS in the vermis
and ipsilateral AC, a possible correlate of motor integration (Saab
and Willis, 2003) and conditioning of nocifensive responses
(Ploghaus et al., 1999, 2000).

The interconnections of S2, MIC, motor thalamic nuclei,
MCC, and SMA combined with the coincidence of activation
during TCS and the dominance of TCS in the cerebellum suggest
that these regions comprise a pain processing loop. According to
the main functions of the contributing regions, this loop is in-
volved in the coordination of motor nocifensive behavior. Only
TCS evoked this activation pattern, elicited by recruitment of a
larger number of cutaneous afferents.
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Pain processing network activated by ICS
Interestingly, only ICS activated the PCC. We suggest that this is
as a result of the additional input from CMi. According to Vogt et
al. (2003), 84% of cingulate activation during noxious heat is
found in the MCC. This inconsistent activation of the PCC
(Becerra et al., 1999; Chen et al., 2002; Valet et al., 2004) by
thermal stimulation may be attributed to the higher heat thresh-
olds of CMi compared with CMH (Weidner et al., 1999). The
PCC seems to play an important role in the processing of CMi

input and thereby inflammation pain and hyperalgesia.
In conclusion, our stimulation paradigms excite different no-

ciceptor subclasses that are primarily processed in brain regions
well known to be involved in pain perception. However, there are
important differences between ICS and TCS. Regions involved in
nocifensive motor reactions are preferentially activated by TCS.
In contrast, only ICS activated PCC, generally thought to be in-
volved in pain memory and aversion (Bromm, 2001) and emo-
tional processes (Vogt, 2005). Our data suggest a role of PCC in
processing CMi input and provide insight into the cerebral inte-
gration of hyperalgesia and inflammatory pain.
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