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Temporal summation of nociceptive inputs in trigeminal networks can induce central sensitization and
maintain chronic pain. We combined functional magnetic resonance imaging and electrically evoked pain-
related potentials (PREP) in healthy human subjects to identify brain regions involved in temporal
summation of nociceptive inputs. We stimulated the skin innervated by the ophthalmic division of the
trigeminal nerve with trains of three, seven and eleven similar nociceptive pulses, while recording evoked
hemodynamic or electrical brain responses. We found that PREP amplitudes and pain ratings increased in
parallel with increasing train length. Strikingly, only hemodynamic responses in the posterior part of the
anterior cingulate cortex (pACC) scaled with individual pain ratings on a verbal rating scale (VRS) and
electrically evoked responses (i.e., PREP amplitudes for the three train lengths). These findings indicate that
PACC codes temporal summation of trigeminal nociception and in this regard may be important for the
development of central sensitization observed in chronic head and facial pain.

Pain-related evoked potentials

© 2009 Elsevier Inc. All rights reserved.

Introduction

Central sensitization of trigeminal nociceptive systems has been
suggested a key mechanism for the development of chronic pain
(Gracely et al., 1992; Staud et al., 2001). Increased excitability of spinal
and supraspinal neurons develops within minutes to hours after
sustained nociceptive afferent input. This parallels enhanced respon-
siveness to nociceptive and non-nociceptive stimuli and enlargement
of associated receptive fields (Coderre et al., 1993; Dougherty et al.,
1992; Rainville et al., 1997). Repetitive nociceptive stimulation leads to
increased firing rates of wide-dynamic range (WDR) neurons that
reaches a plateau after several stimuli (Price et al., 1994; Rainville et
al., 1997). This mechanism is commonly referred to as temporal
summation. Central sensitization is thought to be induced by temporal
summation that occurs in early phases of chronic pain which over
time induces intracellular signalling cascades and supports long-term
neuroplastic changes (Ji and Woolf, 2001). The minimal tonic
nociceptive input that is required to sustain these early stages of
central sensitization has been regarded as key mechanism in the
development and sustenance of chronic pain (Li et al., 1999; Staud et
al., 2004).
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We utilized an electrical stimulation of cutaneous nociceptive
fibers in healthy human subjects as described elsewhere (Kaube et al.,
2000). In brief, pain-related evoked potentials (PREP) elicited by a
concentric electrode allow quantitative measurements of trigeminal
nociceptive transmission which provide a highly sensitive indicator
for changes in trigeminal nociception caused by disease or pharma-
cological interventions (Ayzenberg et al., 2006; Katsarava et al., 2002;
Kaube et al., 2002; Obermann et al., 2007). Using this technique, we
established a repetitive stimulation protocol to induce temporal
summation in cranial and extra-cranial nociceptive systems (Giffin et
al., 2004; Katsarava et al., 2006). Here, we recorded electrical and
hemodynamic responses evoked by repetitive stimulation to identify
sources of temporal summation within the trigeminal nociceptive
system. This technique is very different from the classical heat pain
paradigm that exploits the manipulation of the inter-stimulus interval
(above vs. below 3 Hz) and is mediated by C-fiber induced spinal
activation.

The anterior cingulate cortex (ACC) represents a key candidate for
coding different aspects of nociceptive information. This has been
demonstrated in lesion studies (Bouckoms, 1989; Devinsky et al.,
1995; Foltz and White, 1968; Talbot et al., 1995) and by positron-
emission-tomography (PET) and functional magnetic resonance
imaging (fMRI) (Casey, 2000; Casey et al., 1994; Coghill et al., 1999;
Craig et al., 1996; Davis et al., 1997; Jones et al., 1991; Kwan et al., 2000;
Ploghaus et al.,, 1999; Porro et al., 1998; Rainville et al., 1997;
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Sawamoto et al., 2000; Talbot et al., 1991). Besides the well described
encoding of affective components (Craig et al., 1996; Rainville et al.,
1997; Sawamoto et al., 2000), attentional processing (Gitelman et al.,
1999; Peyron et al., 1999) and working memory (Petit et al., 1998),
associated with painful stimuli, recent imaging experiments identified
different subregions within ACC responsible for coding non-painful
and painful stimulation (Buchel et al., 2002).

Combining verbal rating scale (VRS), blood-oxygen-level-depen-
dent (BOLD) fMRI, and electrically evoked pain-related potentials
(PREP) we expected to identify possible subregions within ACC
reflecting a supraspinal aspect of temporal summation.

Materials and methods
Subjects

Eleven healthy volunteers (8 men) with a mean age of 23.3+
2.0 years (range: 19-26 years) were recruited from the University of
Duisburg-Essen. All participants gave their written informed consent
according to the Declaration of Helsinki. The study protocol was
approved by the local ethics committee. Exclusion criteria were
headache or other paroxysmal or chronic pain condition, other
somatic or psychiatric disease, family history of headache or other
pain condition in first relatives. All subjects were investigated a
second time in a control experiment as described below, serving as
their own controls.

Study design

In all subjects we applied three, seven and eleven train pulses of
constant current intensity to the skin innervated by the ophthalmic
division of the trigeminal nerve, which corresponded to mild (verbal
rating scale, = VRS 3), moderate (=~VRS 5) and severe (=~ VRS 7) pain
respectively, to investigate the effect of temporal summation in
trigeminal nociceptive processing.

Subjects were studied twice: In the first session we measured pain-
related evoked potentials (PREP), in the second session subjects
underwent functional magnetic resonance imaging (fMRI) during
nociceptive stimulation (i.e.,, same stimulation parameters as for
PREP). The stimulation setup was identical in both sessions: First a
train of 11 pulses was applied with increase of current intensity in
steps of 0.2 mA to achieve pain perception of VRS 7. The current
intensity remained unchanged thereafter. Individual pain ratings on a
verbal rating scale (VRS; 0=no pain to 10 =worst possible pain)
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were obtained for stimulation trains of 7 and 3 pulses, applying the
previously determined fixed stimulus intensity in mA. The stimuli,
regardless of the number of train-pulses applied, were experienced by
the participant as one sharp, stinging pain with a decrease in pain
intensity as the number of pulses of the stimulation train decreased.
The applied stimuli matched the individual mean pain ratings (VRS
~mild pain; VRS 5~ mild to moderate pain; VRS 7~ moderate to
severe pain) obtained from each subject. Seven blocks of train-pulse-
stimulation, consisting of 3 (i.e., VRS 3), 7 (i.e., VRS 5), or 11 pulses
(i.e., VRS 7) per train with identical stimulus intensity in mA
(monopolar square wave, duration: 0.5 ms, pulse interval: 5 ms,
interstimulus interval: 3.16 s including a jitter of 4+0.02 s) were
applied in pseudo-randomized order starting with any of the three
pulse trains, followed by any other. Duration of one stimulation block
was 22.4 s (=7 scans) followed by a non-stimulation rest interval of
41.6 s (=13 scans) (Fig.1). The stimulation sequence was the same for
PREP and fMRI sessions. Sensory and pain thresholds were determined
before each session with single pulse stimulation in ascending
stimulus intensity until the person reported to feel the stimulation
and then little further until it turned to a sharp, pin-prick like pain.
All eleven subjects participated in a control experiment. Here we
applied single nociceptive pulses to the same location of the
trigeminal nerve, but now with increasing stimulation intensities
that again correspond to the three pain levels (VRS 3, VRS 5, and VRS
7). In other words, in this experiment, subjects experienced the same
pain intensity as for the pulse trains but now receiving only one
stimulus with varying stimulation intensities in mA instead of varying
pulse trains with constant stimulation intensities.

Stimulation

For electrical stimulation we used a custom built planar concentric
electrode (CE), consisting of a central metal cathode (D: 0.5 mm), an
isolation insert (D: 5 mm) and an external anode ring (D: 6 mm)
providing a stimulation area of 19.6 mm? (Fig. 1). By virtue of its
concentric design and small anode-cathode distance, this surface
stimulating electrode produces high current density at low current
intensities leading to predominant stimulation of nociceptive A&-
fibers with only little (approx. 10%) contamination of AR-fiber
transmission (Kaube et al., 2000, 1999). Skin stimulation was
performed over the ophthalmic nerve division of the trigeminal
nerve with three parallel connected electrodes placed 10 mm above
the right supraorbital nerve with a 10 mm distance between each
electrode (Fig. 1). The method of applying multiple pulse trains in

Stimulation paradigm for BOLD-Signal and pain-related evoked potentials
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Fig. 1. Experimental setup and stimulation paradigm for blood-oxygen-level-dependent (BOLD) signal and pain-related evoked potential (PREP) conduction inducing an increase in
perceived pain intensity by train pulse stimulation using an asymmetric block design. Concentric electrode design and proportion.
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neural stimulation has been shown to optimize evoked recordings
from peripheral and central motor and sensory nerves by temporal
summation (Giffin et al., 2004; Inghilleri et al., 1990; Reitter and
Johannsen, 1982; Taylor et al., 1993). Multiple pulse stimulation
increases the magnitude and persistence of evoked potential
responses without losing nociceptive specificity.

Recording of pain related evoked potentials (PREP)

Seven blocks, each consisting of seven sweeps with train pulses of
either 3 (i.e,, VRS 3), 7 (i.e., VRS 5), or 11 pulses (i.e., VRS 7), were
applied to elicit PREP. Recording electrodes were placed at C,
referenced to linked earlobes according to the international 10-20
system (Fig. 1). Recording: bandwidth 1 Hz to 1 kHz, sampling rate
2.5 kHz, sweep length 300 ms (1401plus, Signal, Cambridge Electronic
Design, UK).

Signal analysis was performed by an investigator blinded to the
study design. The first sweep was rejected to avoid contamination by
startle responses. The remaining 6 sweeps were averaged. NP peak-to-
peak amplitudes were analyzed on the averaged file (Fig. 2). Mean
values of stimulation blocks for each subject and subsequent mean
values for each group were calculated. PC-based offline analysis was
performed with custom written software (Matlab 6.5, The Math-
Works, Natick, MA, USA).

Image acquisition, processing and statistical analysis

We used a Siemens Sonata 1.5 Tesla scanner (Siemens, Erlangen,
Germany) with a standard circularly polarized volume head coil. For
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Fig. 2. Example recordings of typical pain-related evoked potentials (PREP). There is a
pronounced increase in amplitudes (UV) with increasing pain-intensity experienced by
the subject due to increasing temporal summation effect.

functional imaging two sessions with 420 T,* weighted echo planar
imaging (EPI) scans per session were acquired (TE=55 ms,
TR=3200 ms, flip angle =90°, acquisition time for the entire test
period was 22.4 min for each session). Each scan consisted of 34
transaxial slices (slice thickness=3 mm, interslice gap=0.3 mm,
matrix 64 x 64, field of view 384 mm, voxel size 3.4x3.4x 3.4 mm).
Twenty-one blocks consisting of 20 scans each (13 rest scans, 7
activation scans) were presented in pseudo random order in each
session. Preparation and pain-intensity adjustment were performed
outside the scanner as described above. Subjects were asked to rate
the experienced pain intensity after the end of each block on a verbal
rating scale (VRS). An HF filter was interconnected between the
stimulator outside the scanner and stimulation electrodes inside the
scanner to reduce electrode artefacts. An additional anatomical T;-
weighted 3D scan was obtained from each subject using a magnetiza-
tion prepared rapid acquisition gradient echo (MP-RAGE) sequence
(TR/TE/TI=2400 ms/4.38 ms/1200 ms, flip angle=8° field of
view = 256 mm, 160 slices, voxel size 1x1x1 mm?).

Functional sequences were analyzed using statistical parametric
mapping software (SPM5; http://www.filion.ucl.ac.uk/) based on
the general linear model. Pre-processing of data included realignment
of scans to the first scan of the series (neglecting three scans to
account for relaxation effects) and stereotactic normalization (Friston
et al, 1995) into the standard EPI template from the Montreal
Neurological Institute (MNI) (Evans et al., 1994). For correct assign-
ment of anatomical location within the Talairach space (Talairach and
Tournoux, 1988) we used a transformation algorithm provided by
Brett et al. (2002). To account for interindividual variability, images
were spatially smoothed with an isotropic Gaussian kernel of 8 mm
full width at half maximum (FWHM).

For individual subject analysis (first-level), a general linear model
was specified using multiple regression analysis (Friston et al., 1995).
As described above, we applied a simple block design with alternating
scans of rest and activation (13 rest scans, 7 activation scans). Thus, for
each subject, the statistical first-level model consisted of 4 regressors:
VRS 3, VRS 5, VRS 7 and rest. We assessed pain-related hemodynamic
responses by contrasting each pain condition with rest condition. The
resulting t-statistics (i.e., comparison between stimulation vs. rest
blocks) constitute of activation maps for each pain condition (i.e., VRS
3, VRS 5, VRS 7).

At group level (second level), random-effects model was used to
test for within group effects using a full factorial design. Activation
maps from first-level analysis (i.e., VRS 3, VRS 5, VRS 7) were entered
into a second-level analysis. Pain related responses were whole brain
corrected with family-wise error (FWE) correction. Level of signifi-
cance was set at p<0.05. First, we tested for the main effect of
stimulation (see Fig. 3A). Then we computed the 1st Eigenvariate
across all voxels within a sphere of 8 mm radius, centered on the peak
coordinate of brain regions that survived p<0.05 (FWE-corrected).
The 1st Eigenvariate is the principal component or, in other words, the
typical subject response for each pain level over voxels within the
chosen sphere (Abler et al., 2007; Cardoner et al., 2007). Note that this
data is unbiased or free from any a-priori assumptions. We used this
data to test for a linear parametric increase response function that
reflects the provided stimuli and the experienced pain-intensity using
SPSS 14.0 (SPSS Inc. Chicago, IL, USA). For this we performed a simple
regression analysis using Pearson parametric correlation of VRS, PREP
and fMRI data. To reconfirm the established regions of activation we
performed a time by condition interaction on the second-level with an
ANOVA using the factor train pulse stimulation and the factor single
pulse stimulation with the three different pain intensities (VRS 3, VRS
5, VRS 7) as regressors. The following contrasts were used to define
the actual stimulation level by condition interaction: 123 —1 —2 —3
and —1 —2 —3 1 2 3 respectively. Due to our strong a priori
hypothesis we were able to perform a small-volume correction (SVC)
using an eight mm sphere corresponding to the volume used to
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Table 1
Pain-related evoked potential (PREP) results using train pulse stimulation
PREP VRS 3 VRS 5 VRS 7
PPA [uV] PPA [uV] PPA [uV]
Subject 1 301 50.7 60.4
Subject 2 29.1 41.7 45.2
Subject 3 62.6 76.5 99.1
Subject 4 348 36.5 59.1
Subject 5 52.2 55.7 59.1
Subject 6 36.5 435 50.4
Subject 7 29.6 40.0 43.5
Subject 8 26.1 62.6 87.0
Subject 9 322 514 70.1
Subject 10 43.5 67.8 80.0
Subject 11 348 43.5 73.0
Mean 374 51.8 66.1

PPA = peak-to-peak amplitude; VRS = verbal rating scale.

calculate the 1st Eigenvariate. The T;-weighted structural volume was
co-registered to the functional scans by normalizing it to a T;-weigthed
template in the same space as the T,* EPI template used to normalize
the functional data set. Behavioural and electrophysiological data were
analyzed using a multifactorial analysis of variance (MANOVA) for
repeated measures and post-hoc test Bonferoni correction.

Results
Pain ratings and perception data

Mean sensory threshold was 0.7 +SEM 0.3 mA (range: 0.4-
1.4 mA), mean pain threshold was 1.24+SEM 0.3 mA (range: 0.6-
1.8 mA) and mean moderate to severe pain (VRS 7) was reached at 3.6
+SEM 1.1 mA (range: 2.1-5.8 mA) using 11 train pulse stimulation.
We found a significant difference between individual pain ratings for
the three pulse train lengths (3 pulse train=mean VRS 3 3.2 4+ SEM
0.2 (range: 2-4); 7 pulse train =mean VRS 5 5.1 + 0.1 (range: 4.5-6);
11 pulse train =VRS 7 7.0 & SEM 0.0; MANOVA for repeated measures:
F=103.15, df=2, p<0.001). Post-hoc pair-wise comparisons showed
differences comparing VRS 3 vs. VRS 5 (p=0.003); VRS 5 vs. VRS 7
(p=0.001); VRS 3 vs. VRS 7 (p<0.001). The average pain ratings over
each block increased corresponding to increasing train pulses and
correlated with train length for all 11 subjects (mean r=0.75 4+ SEM
0.2) in the first experiment (i.e., PREP). Fig. 2 plots the relationship
between individual pain ratings and pulse train length in regard to
PREP amplitudes (i.e. 3, 7 and 11 nociceptive stimuli; see also Fig. 3C).

In the control experiment, where we applied single pulses with
increasing stimulation intensities (i.e. instead of changing train
length, see Methods for further details) to increase perceived pain,
mean sensory threshold was 0.7 - SEM 0.6 mA (range: 0.4-1.6 mA),
mean pain threshold was 144+ SEM 0.6 mA (range: 0.8-2.6 mA).
Mean mild pain (VRS 3) was reached at 3.2 +- SEM 0.7 mA (range: 2.4-
4.0 mA), moderate pain (VRS 5) was reached at 4.75.1 - SEM 0.9 mA
(range: 4.0-6.0), while mean severe pain (VRS 7) was reached at 6.8
4+ SEM 1.4 mA (range: 4.4-8.4 mA). We found a significant difference
between individual pain ratings for the three stimulation intensities
(MANOVA for repeated measures: F=19.5, df=2, p=0.008). Post-
hoc pair-wise comparisons showed differences comparing VRS 3 vs.
VRS 5 (p=0.006); VRS 5 vs. VRS 7 (p=0.004); VRS 3 vs. VRS 7
(p=10.002). Pain ratings correlated with stimulus intensities for all
subjects (mean r=0.79+ SEM 0.6).

We found no difference in sensory threshold (p =0.398) and pain
threshold (p=0.291) between the two experiments.

Pain-related evoked potential data

Individual PREP results are summarized in Table 1. Peak-to-peak
amplitudes (PPA) increased systematically with increasing train
length of nociceptive pulses induced by the temporal summation
effect (Fig. 2). PPA for the pulse train of three (37.4 £ SD 11.2 nV, range:
26.1-62.6 uV), seven (51.84+SD 13.3 pV, range: 36.5-76.5 uV), and
eleven (66.14SD 17.6 pV, range: 43.5-99.1 V) differed significantly
(MANOVA for repeated measures F=17.5, df=9.0, p=0.001, Fig. 2).
Post-hoc pair-wise comparisons showed differences comparing three
train pulse vs. seven train pulse (p=0.001); seven train pulse vs.
eleven train pulse (p =0.002); three train pulse vs. eleven train pulse
(p=0.001). The PREP PPA positively correlated with pain ratings; for
VRS 7/PPA 11 pulse train (r=0.81; p<0.001), VRS 5/PPA 7 pulse train
(r=0.72; p<0.001), VRS 3/PPA 3 pulse train (r=0.72; p=0.001).

In the control experiment (i.e., single pulses with varying
stimulation intensities) PREP PPA increased with increasing pain-
intensities (Table 2): PPA amplitude for mild pain (VRS 3) was 37.1
+SD 10.3 uV (range: 28.5-60.4 V), for moderate pain (VRS 5) 52.1
4 SD 13.6 uV (range: 32.1-80.3 uV), and for severe pain (VRS 7) 60.6
4+ SD 14.9 pV (range: 40.9-90.3 V). Stimulation intensities for the
three pain levels differed (MANOVA for repeated measures: F=22.6,
df=1.0, p=0.007). Post-hoc pair-wise comparisons showed differ-
ences comparing stimulation intensity VRS 3 vs. VRS 5 (p =0.003);
stimulation intensity VRS 5 vs. VRS 7 (p=0.005); stimulation
intensity VRS 3 vs. VRS 7 (p = 0.006). PREP PPA amplitudes correlated
to reported VRS ratings; for VRS 7/PPA 11 pulse train (r=0.76;
p=0.003), VRS 5/PPA 7 pulse train (r=0.73; p=10.008), VRS 3/PPA 3
pulse train (r=0.78; p=0.002). We found no difference in PREP PPA
(p=0.254) between the two experiments.

Imaging data

The painful nature of both stimulation paradigms was confirmed
by the response of brain regions previously associated with trigeminal
pain processing (Becerra et al., 1999; Borsook et al., 2004) (Table 3).
We however aimed to identify the brain region coding temporal
summation of trigeminal nociceptive stimuli. Using the same
stimulation protocol for electrophysiological and fMRI measures, we
searched for hemodynamic responses that correlated with electro-
physiological responses (i.e., PREP) and pain ratings (i.e., VRS; Fig. 3).

When looking at the main effect of stimulation (Fig. 3A) we found a
significant increase of hemodynamic responses with increasing pain
(i.e., 1st Eigenvariate; MANVOA for repeated measures: F=56.5, df=2,
p<0.001) from the posterior part of the ACC (pACC) (x=0, y=10,
z=30) only. Post-hoc pair-wise comparisons showed differences
comparing 11 trains vs. 7 trains (p=0.001); 7 trains vs. 3 trains
(p=0.002); 3 trains vs. 11 trains (p<0.001). The linear increase of
hemodynamic changes in pACC correlated significantly with linear
increases of individual pain ratings (VRS 7: r=0.72; p<0.001; VRS 5:
r=0.76; p<0.001; VRS 3: r=0.79; p<0.001) and peak-to-peak
amplitudes (PPA 11 pulses: r=0.56; p=0.011; PPA 7 pulses: r=0.62;
p=20.009; PPA 3 pulses: r=0.68; p=0.008; Fig. 3D). Hemodynamic
changes in the posterior cingulate cortex (PCC) (x=—2, y=—30,
z=31), theinsula (x=42,y =0,z= —7) and the somatosensory cortex
(SII) (x=46, y=—58, z=57) also increased with pain, but did not

Fig. 3. (A) Main effects of painful trigeminal stimulation (effects of interest; p<0.05; family wise error (FEW) whole brain corrected) for varying pulse trains (with constant
stimulation intensities, see left panel) and single pulses (with varying stimulation intensities, see right panel). Eight millimeter radius volumes of interest (VOI) were defined and the
1st Eigenvariate was analyzed in relation to increasing pain-intensity within the posterior part of the anterior cingulate cortex (pACC) with local maximum of activation at x=0,
y=10, z=30. Dotted line indicates a vertical through the anterior commissure (VAC). (B) Increase in pain was achieved by increasing train pulse stimulation inducing a temporal
summation effect (left panel) and genuine increase in stimulus intensity in mA using single pulse stimulation as control experiment (right panel). (C) Pain-related evoked potentials
(PREP) showed a similar, linear increase with increasing pain intensity in both experiments on a verbal rating scale (VRS; 0= no pain, 10 = worst possible pain). (D) Pain related
evoked potentials (PREP) peak-to-peak amplitude (PPA) correlated with hemodynamic (BOLD) response only for train pulse stimulation but not for single pulses.
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Table 2
Pain-related evoked potential (PREP) results with single pulse stimulation and
increasing current intensity mA (control experiment)

Table 4
Stimulation level by condition interaction comparing train pulse and single pulse
stimulation

PREP VRS 3 VRS 5 VRS 7
PPA V] PPA V] PPA V]
Subject 1 292 521 611
Subject 2 285 394 429
Subject 3 60.4 80.3 90.3
Subject 4 304 496 57.8
Subject 5 411 50.5 521
Subject 6 50.5 68.3 78.4
Subject 7 30.8 321 409
Subject 8 304 431 50.9
Subject 9 303 481 65.2
Subject 10 405 621 71.0
Subject 11 361 473 55.7
Mean 371 521 60.6

PPA = peak-to-peak amplitude; VRS = verbal rating scale; mA = milliampere.

reach the level of significance. We used the nomenclature by Kwan et al.
(2000) to describe subregions in the cingulate cortex.

In the control experiment, where we applied single nociceptive
pulses, pACC did not show this linear increase as for pulse-trains
(MANOVA for repeated measures: F=0.534, df= 2, p=0.457) and did
not correlate to VRS ratings (VRS 7: r=0.28; p=0.287; VRS 5: r=0.15;
p=0.612; VRS 3: r=0.24; p=0.382) or PREP (PPA 11 pulses: r=0.32;
p=0.598; PPA 7 pulses: r=0.32; p=0.267; PPA 3 pulses: r=0.10;
p=0.774; Fig. 3B). The peak activation within the pACC was located
slightly more dorsal and caudal compared to that seen for pulse-trains
(x=4, y=6, z=29). The control experiment revealed similar hemo-
dynamic activations in the PCC, insula and SII as observed in the main
experiment, but again failed the level of significance.

In the stimulation level by condition interaction comparing train
pulse and single pulse activation peak activation was located within
the pACC (x=0, y=10, z=30) (Table 4), the brainstem (x=9, y=
—22, z=—23), and the hippocampus (x=24, y=—18, z=—7)
contralateral to the site of stimulation (Fig. 4).

Discussion

We investigated trigeminal pain processing following increasing
painful stimulation using a) train pulse stimulation (temporal
summation) with constant current intensity, and b) single pulse
stimulation with increasing stimulus intensity in mA. We measured:
a) subjective pain perception using verbal rating scale (VRS), b) pain-

Table 3
Pain-related hemodynamic responses (fMRI activation) using train pulse stimulation
(left Z-values) and single pulse stimulation (right Z-values)

Pain-related hemodynamic response

Anatomical region  x y z Z-value train Z-value single
pulse stimulation  pulse stimulation
Posterior ACC* 0 10 30 712° 6.07
Posterior -2 =30 31 7.00 6.50
cingulate cortex
Insula 42 0 —7 Inf. 8.24
SII 46 —58 57 733 5.75
SI 48 —37 53  6.78 6.80
Ventral thalamus 8 —16 13 743 5.84
Dorsolateral 52 22 33 6.04 5.85
prefrontal cortex
Frontal lobe 4 16 49 758 5.93
Putamen 20 4 13 679 5.69
Cerebellum —36 —68 —25 6.62 5.64
Midbrain/Pons 6 —26 —17 6.95 6.13

All p<0.05, whole brain corrected using family-wise error correction (FWE); x, y, z
(mm).
2 Related to temporal summation effects.

Stimulation level by condition interaction  x y z Z-value  psyc

Posterior ACC 0 10 30 493 0.018
Midbrain/pons 9 —22 —23 435 0.044
Hippocampus (CA) 24 —18 —7 4.02 0.047

p<0.001 uncorrected; SVC= small-volume correction (8 mm sphere).

related evoked potentials (PREP), and c) hemodynamic response of
pain associated structures.

The two experimental setups, with train pulse and single pulse
stimulation, both resulted in a similar increase of subjective pain
perception, to a parallel augmentation of PREP, and comparable BOLD
response within the pain matrix. Main differences between the two
experiments were observed in the ACC. When train pulse stimulation
was used, the pACC showed a linear increase in BOLD signal following
increased pain perception similar to the recorded PREP. When the
increase in pain perception was induced by increasing the stimulus
intensity in mA, stimulation did not result in a comparable linear
BOLD activation pattern within the pACC. Other supraspinal regions
such as the PCC, insula, and somatosensory cortex (SII) showed similar
responses in both experimental settings and therefore are not likely to
be attributed to the central processing of temporal summation. They
probably reflect the increase in pain-intensity but do not modulate
temporal summation.

Our data is in line with previous reports of ACC encoding of pain
and its location within the brain fits current knowledge of similar
functioning regions in pain processing. Previous research provided
conclusive evidence for a distinction between brain activity involved
in the encoding of pain dimensions such as sensation and feeling of
pain, and brain activity involved in evaluative and other components
that are not directly related to the subjective experience of pain itself
such as recognition of stimulus intensity, classification of the type of
pain, representing pain dimensions by a word or a number, etc. (Kong
et al.,, 2006; Staud et al., 2007). The ACC was the focus of several
studies suggesting that it not only takes part in the affective encoding
of pain (Rainville et al., 1997; Sawamoto et al., 2000), but is also
involved in primary sensory encoding such as stimulus intensity-
related responses (Becerra et al., 1999; Buchel et al., 2002; Davis et al.,
1997; Kwan et al., 2000; Sikes et al., 2008). This is further supported
by anatomic studies that demonstrated projections to the ACC from
thalamic midline and intralaminar nuclei (Marini et al., 1996; Musil
and Olson, 1988; Robertson and Kaitz, 1981; Vogt et al., 1987), as well
as the ventral part of the ventrobasal complex (Yasui et al., 1988).
These regions receive input from the spinothalamic tract and have
been shown to contain nociceptive neurons (Albe-Fessard et al., 1985;
Craig et al., 1994). These nociceptive neurons have been located in the
PACC (Hutchison et al., 1999; Sikes and Vogt, 1992). Thus, the ACC
seems to have specific spatial patterns of activation within its
substructures and surrounding medial wall regions. Distinct areas
within the ACC have been attributed to specific tasks with respect to
its complexity and modality (Buchel et al., 2002; Kwan et al., 2000;
Paus et al, 1998; Picard and Strick, 1996; Sikes et al., 2008). The
posterior part of the ACC which encompasses Brodman area 23 and
posterior area 24 seems to be particularly involved in the sensory-
integrative aspect of pain processing, while the anterior portion of the
ACC is mainly encoding the attentional aspect of pain (Davis et al.,
1997; Hutchison et al, 1999; Sikes and Vogt, 1992). Buchel et al.
(2002) differentiated stimulus-related and pain-related activation
within the ACC. They located pain-related responses mainly to the
dorsal ACC slightly anterior to the anterior commissure (x =3, y =6,
z=48). Porro et al. (1998) reported pain-related fMRI responses in
a similar region (x =7, y =6, z=34). The response of our experiment
was located close to this area but was shifted slightly rostral and
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Fig. 4. Time by condition interaction comparing train pulse and single pulse stimulation (p<0.001 uncorrected). A small-volume correction (SVC) with eight mm sphere was used in
parallel to the calculation of 1st Eigenvariate. Peak activation was found in the pACC, brainstem and hippocampus.

ventral within the pACC (x=0, y=10, z=230). Stimulus intensity
related activation was reported to be located more dorsal (x=—3,
y=3, z=51) within the ACC (Buchel et al., 2002) and close to the
activation we recorded in our control experiment (x=4, y=6,
z=29). The response function we obtained from the control group in
this region resembles that reported by Buchel et al. (2002) for
stimulus intensity related responses. This locates central representa-
tion of temporal summation in between stimulus intensity and pain
intensity processing, which makes sense regarding its proposed
physiologic function. Feeling pain more severe, when it is applied
constantly or in fast series makes this sensory input much more
important regarding the integrity of the organism, than one single
mild to moderate pain stimulus could. The close spatial relationship
to areas encoding for emotional and attentional aspects of pain
further support the important role pACC might play in development
and sustenance of chronic pain conditions. Staud et al. (2007)
confirmed the ACC as pain-modulating region when pain is induced
by temporal summation. Similar to our experiment they modulated
the perceived pain intensity by increasing the number of applied
stimuli, but used heat pulse trains that mainly evoked C-fibers and
stimulated the plantar surface of the foot. Their main activation
within the ACC was located more rostral compared to ours, but
comparison is only visual as they do not provide exact coordinates
and do not use the nomenclature introduced by Kwan et al. (2000).
The differences in location could have the following explanations: 1. it
could be hypothesized that a somatotopic organisation within the
ACC exists, which could explain the difference between face and foot
stimulation; 2. Ao- and C-fiber related transmission may also have
different central representations within the ACC.

Using a stimulation level by condition interaction we were able to
reconfirm the role of the pACC in temporal summation, but also
identified two different regions that did not show up in our
descriptive analysis on electrophysiological basis, i.e. the brainstem
(midbrain/pons) and the hippocampus contralateral to the site of
stimulation. The brainstem is thought to be extremely relevant in the
modulation of pain. Activation of brainstem nuclei within the pain
descending pathways were found both during anticipation and during
actual painful stimulation (Fairhurst et al., 2007; Keltner et al., 2006).
Detailed investigation of the human brainstem is complicated by
several technical fMRI limitations including poor spatial resolution,
local field inhomogeneity-induced signal loss, image distortion and
arterial pulsation (Tracey and lanneti, 2006). Our results suggest the
caudal midbrain and pons nuclei to play a role in central sensitization.
Due to the limited statistical power, these results have to be
interpreted with caution and will need further validation in future
experiments. The same applies for the found activation in the
hippocampus. It makes perfect sense for the hippocampus to be
included in processing repetitive painful stimulation, but whether this
structure plays an active part in pain processing in this regard requires
further investigation.

Some limitations to these findings have to be addressed. The
comparison with electrophysiological data made it necessary to pool
data and to compare it on group level, as PREP show a considerably
large inter- and intraindividual variability in amplitude specification.
This is also the reason we refrained from using an event-related fMRI
design. The fine spatial and temporal resolution of individual subject
analysis in fMRI recordings was therefore partially lost. While the
location of BOLD activation was consistent with previous research, the
undetermined interindividual differences in activation limit our
description to a broader area within the pACC and also limit the
explanatory power of the indicated stimulus response function. Due to
this limitation we cannot exclude the involvement of other, yet
undetermined supraspinal regions in the central processing of
temporal summation. Moreover, the differences seen in PREP
amplitudes and VRS ratings may have been influenced by sleep
deprivation, divided attention, coffee, cigarette smoking, etc. which
were not controlled.

Our temporal summation paradigm is evoked electrically and
activates mainly Ad-fibers within the above mentioned limits. A6-
fibers are depolarized directly by electrical stimulation and skin
nociceptors are bypassed. The stimulation leads to perception of a
localized, sharp, pin-prick like pain which after several applied pulse
trains results in minor hyperalgesia lasting between seconds and few
minutes. The conduction velocity measured using PREP was 15-20 m/
s corresponding to that of Ad-fibers (Katsarava et al., 2006). As Ad-
fibers show rapid attenuation on repetitive pain input (Price et al.,
1971) this indicates that the evoked sensitization is probably due to
central mechanisms. Electrical stimulation enables us to increase the
painful stimulation not only by an increase of current and thus
stimulus intensity, but also by applying multiple pulse stimuli
inducing temporal summation. The C-fiber related dull, burning
second pain that is described by many authors as typical model for
‘wind-up’ (Staud et al., 2007; Vierck et al., 1997) is not equivalent to
our stimulation technique, and underlying physiological effects might
be different. Activation of myelinated nociceptors that generate first
pain sensations appear to produce more inhibition than does direct
stimulation of low-threshold myelinated afferents (Chung et al.,
1984). Bypassing these receptors possibly avoids some of the anti-
nociceptive early regulative mechanisms that could be activated by
thermode or laser stimulation.

In conclusion, we were able to locate central representation of
temporal summation in trigeminal pain processing to the pACC. This
region may play an important role in the development of chronic pain
disorders.
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