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Concerning the physiological correlates of pain, the brain stem is considered to be one core
region that is activated by noxious input. In animal studies, different slopes of skin heating
(SSH) with noxious heat led to activation in different columns of the midbrain periaqueduc-
tal gray (PAG). The present study aimed at finding a method for differentiating structures
in PAG and other brain stem structures, which are associated with different qualities of
pain in humans according to the structures that were associated with different behavioral
significances to noxious thermal stimulation in animals. Brain activity was studied by func-
tional MRI in healthy subjects in response to steep and shallow SSH with noxious heat.
We found differential activation to different SSH in the PAG and the rostral ventromedial
medulla (RVM). In a second experiment, we demonstrate that the different SSH were
associated with different pain qualities. Our experiments provide evidence that brainstem
structures, i.e., the PAG and the RVM, become differentially activated by different SSH.
Therefore, different SSH can be utilized when brain stem structures are investigated and
when it is aimed to activate these structures differentially. Moreover, percepts of first pain
were elicited by shallow SSH whereas percepts of second pain were elicited by steep SSH.
The stronger activation of these brain stem structures to SSH, eliciting percepts of second
vs. first pain, might be of relevance for activating different coping strategies in response
to the noxious input with the two types of SSH.

Keywords:A-delta fiber, C-fiber, second pain, pain descriptors, PAG, RVM, periaqueductal grey, rostral ventromedial
medulla

INTRODUCTION
Nociceptive stimulation evokes activity in a number of brain
structures including the brain stem. Thereby differential noci-
ceptive stimulation in animals leads to differential activity in the
brain stem. Studies in rats indicate that brain stem structures
related to nociception like the periaqueductal gray (PAG) and
the nucleus Raphe magnus (NRM) in the rostral ventromedial
medulla (RVM), are activated differentially by different slopes of
skin heating (SSH) (Lumb et al., 2002; Lu et al., 2004; Parry et al.,
2008). So the dorsolateral PAG was shown to be preferentially acti-
vated in response to steep SSH while activation of the ventrolateral
PAG was observed preferentially to shallow SSH (Lumb et al., 2002;
Parry et al., 2008). Furthermore, Lu et al. (2004) revealed in rats
that activation of the NRM (and nocifensive effects) were different
for steep vs. shallow SSH.

Moreover, brain stem activity is directly associated with mod-
ulation of pain intensity. So, electrical stimulation of the PAG,
one of the brain stem areas usually activated by nociceptive input,
has been shown to produce analgesia (Basbaum and Fields, 1984).
In animals, distinct brain stem structures have been shown to
be associated with distinct behavioral and cardiovascular compo-
nents of nociceptive reaction. In humans, studies already revealed
the importance of brain stem structures for the modulation of
pain (Bromm and Treede, 1987b; Behbehani, 1995; Bandler et al.,
2000). Recently, placebo analgesia was directly associated with the
activity of PAG and RVM (Eippert et al., 2009). This might be of

clinical importance because a specific activation of the brain stem
could be associated with a reduction of pain perception. Such a
pain-modulation would be interesting especially for chronic pain
patients.

Taking into account the above-mentioned activations of PAG
and RVM in response to different SSH in animals, we aimed to
investigate brain stem activation to two different SSH in humans.
However, the paradigm used in animals is difficult to realize in
human due to at least two reasons: first, nociceptive stimulation
in animals was realized with temperatures up to 60°C for a longer
period of time. Such stimulation would cause serious injury in
humans (Lumb, 2002; Lu et al., 2004). Second, there were single
heat ramps with a delay of 8 min between two stimulations in
the animal experiments. This delay is too long even for a block
design in functional MRI (fMRI). To our knowledge, there are no
studies using different SSH in humans to investigate brain stem
activation. However, there are human studies using trains of ther-
mal stimuli with different frequencies (Price et al., 1977; Staud
et al., 2007). In these studies, trains of thermal stimuli with dif-
ferent intervals between noxious heat stimulations were applied.
Modulating frequency of heat stimulation, humans reported dif-
ferent pain percepts (Price et al., 1977; Price, 1988; Staud et al.,
2007) that might be assigned to two distinct conceptual entities,
i.e., “first pain” and “second pain.” The so called “first pain” can
be clearly localized, feels pricking, and occurs fast and first after
nociceptive stimulation (Bromm and Treede, 1987a; Magerl et al.,
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1999; Beissner et al., 2010). First pain is considered to inform the
individual about the location of an injury at and within the body
and about the sensory quality of the injury. The so called “second
pain” can less clearly be localized. Second pain is described as dull
or pressing and occurs later after nociceptive stimulation than first
pain (Price, 1988; Miltner, 1989; Magerl et al., 1999; Beissner et al.,
2010). The prolonged second pain is considered to pull the individ-
uals attention to the injury and to convey information to the brain
that provides the basis for pain-related affect, arousal, and behav-
ioral responses to limit further injury and to optimize recovery.
Concerning the two types of pain, it has been shown that second
pain is enhanced and first pain is suppressed when moderately
painful heat is presented with a frequency of greater than 0.3 Hz
(Price et al., 1977; Staud et al., 2007). When painful heat is pre-
sented with frequencies below 0.17 Hz, first pain is not suppressed
and no enhancement of second pain occurs (Price et al., 1977;
Staud et al., 2007). This is in line with Bromm’s and Treede’s sug-
gestion (Bromm and Treede, 1987a) that second pain is perceived
when first pain is reduced and vice versa.

In humans, different SSH have not been investigated to evoke
different activation in brain stem structures so far. With the first
(fMRI) experiment, we aimed at finding a method to test whether
noxious heat stimulations with different SSH does activate brain
stem structures differentially. According to animal studies, we
expect a differential activation of PAG and RVM to different SSH.
With the second experiment, we tested whether the different SSH
used in the fMRI environment are associated with different pain
qualities as stimulation with different SSH were associated with
different behavioral responses in animal studies (Lumb, 2002).

MATERIALS AND METHODS
We conducted two experiments, one inside and one outside the
fMRI scanner. Both experiments used the same thermal stimula-
tion with steep and shallow SSH. Subjects were informed about the
procedure and provided written informed consent. To familiarize
the participants with the experimental procedure and the stimulus
types, each subject received a brief demonstration of the thermal
stimulation prior to the experiment. Participants were otherwise
naive about the purpose of the experiments. No subject had any
history of neurological, psychiatric, or pain disorder. They were
free to withdraw from the experiment at any time. The proce-
dure was approved by the local ethics committee of the Friedrich
Schiller University of Jena.

DETERMINATION OF THE PAIN SENSITIVITY
Thermal stimuli were applied by a fMRI-compatible Peltier ther-
mode (Medoc Advanced Medical systems; Ramat Yishai, Israel).
The thermode had a surface area of 9 cm2. Subjects were instructed
to rate a series of thermal stimuli applied to the thenar eminence of
their left hand using a modified Ellermeier scale (Ellermeier et al.,
1991). This scale starts with 0 for “no pain” with an open scale
with verbal description 1–10=“just perceived,” 11–20=“clearly
perceived but not painful,” 21–30=“very slightly painful,” 31–
40=“slightly painful,” 41–50=“medium pain,” 51–60=“strong
pain,” 61–70=“very strong pain.” It was explained that pain
should be rated with values higher than 70 if pain becomes worse.
The original Ellermeier scale has good psychophysical properties

(Ellermeier et al., 1991). We included 20 additional steps at the
lower end to represent non-painful perceptions. Subjects were
instructed to make a judgment regarding the categories first and
subsequently rate the pain intensity within the range defined by
this category. The rating requested was just the discrete number of
rating that was monitored for further analysis.

To determine the pain sensitivity, thermode temperature was
increased to a maximal stimulation temperature of 44°C–49°C in
steps of 1°C. The procedure was as follows: a starting tempera-
ture of 34°C was established. Then, one full ramp with rise and
fall of 10°C (2.5°C/s) was applied providing a maximal temper-
ature of 44°C. Subject’s intensity rating was recorded. The next
starting temperature with a step of 1°C was established (up to
a maximum of 39°C), followed by the next ramp with similar
parameters (increase of 10°C with 2.5°C/s rise and fall). The pro-
cedure was finished at either 49°C maximal temperature or before
maximal temperature of 49°C when subjects reported a rating
of 51 or higher on the scale described above. This procedure
allows the fitting of a stimulus-response curve presenting sub-
jective ratings in dependence of the maximal temperature used
for stimulation. It also familiarized the subjects with the kind of
stimulation of the main experiments. For the succeeding main
experiments, a Thot was determined as the temperature where the
subject reported a value of 50 on our modified Ellermeier scale.
Thot of all participants varied between 46.5°C and 49°C. Another
maximal temperature of stimulation was used (Twarm= 40°C)
providing ratings in the range below 20 on our scale.

THERMAL STIMULATION
Trains of thermal stimuli with different SSH are used for the exper-
iments. This is an ecologically valid procedure to induce pain
percepts. Thermal stimuli were applied to the thenar eminence of
the right hand. Subject received two different types of heat pulse
trains (steep vs. shallow SSH) applied with two different temper-
ature levels (Thot vs. Twarm). Heat pulse trains were balanced to
control for order effects.

A design with four conditions was used, steep SSH with Twarm,
steep SSH with Thot, shallow SSH with Twarm, and shallow SSH
with Thot (Figure 1). The four conditions were presented in
stimulation blocks. Five stimulation blocks containing one of
each condition were presented throughout the whole experiment
(Figure 1). Within a stimulation block, a baseline of at least 20 s
(see below) was introduced between conditions (Figure 1). Each
condition consisted of five heating ramps of identical type. During
WARM conditions, temperature rose to 40°C (Twarm), whereas in
the HOT conditions temperatures rose to Thot. The baseline tem-
perature before stimulation was set to 10°C below Twarm/Thot and
rose to these target temperatures with two different slopes: steep
SSH runs had a slope of 7.5°C/s and shallow SSH runs had a slope
of 2.5°C/s (Figure 1). Thus, painful heat peaks of the steep SSH
stimuli were applied with a frequency of 0.3 Hz, whereas painful
heat peaks of the stimuli with shallow SSH were applied with a
frequency of 0.17 Hz in the HOT conditions. There was a baseline
interval between stimulation blocks of 30 s.

A 30 s time interval with a constant baseline temperature (10°C
below Twarm in the WARM and 10°C below Thot in the HOT con-
ditions) was introduced between the steep and the shallow SSH
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Ritter et al. Brain stem and noxious heat

FIGURE 1 | Experimental paradigm. The fMRI experiment (Experiment 1)
consisted of five stimulation blocks (SB). Each of the four stimulation conditions
was presented once during each SB. Painful heat peaks of the steep SSH

stimuli were applied with a frequency of 0.3 Hz whereas painful heat peaks of
the stimuli with shallow SSH were applied with a frequency of 0.17 Hz. During
Experiment 2, shallow and steep SSH were applied only for the hot temperature.

conditions of each temperature. The baseline temperature rose
over the course of 20 s from 10°C below Twarm to 10°C below Thot

for a change in stimulation from WARM to a succeeding HOT con-
dition, or decreased from 10°C below Thot to 10°C below Twarm

for a change in the stimulation from HOT to a succeeding WARM
condition, respectively (Figure 1). This temperature was kept for
another 20 s before the next heating ramps began. The sample was
split concerning the order of shallow and steep SSH heating to
control for order effects of conditions.

Experiment 1
Experiment 1 investigated the activation of the brainstem by
means of fMRI for the different SSHs.

Sixteen healthy, right-handed subjects (seven male, nine female,
19–28 years) volunteered in the fMRI experiment. Subjects were
paid C12 for completing the experiment. Prior to the experi-
ment, the stimulus-response function to thermal stimulation of
the subjects was examined as outlined above.

FUNCTIONAL IMAGE ACQUISITION
Scanning was performed with a 3T magnetic resonance scanner
(Tim Trio, Siemens Medical Systems, Erlangen, Germany). The
experiment started with a high-resolution T1-weighted scan of the
brain (192 slices, TE= 5 ms, FOV: 256 mm× 256 mm, resolution:
1 mm× 1 mm× 1 mm) for anatomical referencing and visualiza-
tion. A shimming procedure preceded the succeeding functional
MR scanning. The first four volumes were discarded in order to
improve field homogeneity. In the experimental fMRI run,650 vol-
umes were acquired using a T2∗ weighted echo-planar sequence
(TE= 75 ms, TR= 1.8 s; FOV= 192 mm× 192 mm). Each vol-
ume comprised 24 slices (2 mm thickness and 2 mm× 2 mm
in-plane resolution) (see Figure A1 in Appendix) which were
prescribed parallel to the brainstem. The FOV covered the a pri-
ori-defined region of interest which was centered around the PAG
and enclosed the upper brainstem and the midbrain (Figures 2B,
A1 in Appendix).

fMRI PREPROCESSING
Preprocessing and analysis of fMRI data was performed using
BrainVoyagerQX 2.1 (Brain Innovation, Maastricht, Netherlands).

Primarily, all volumes were realigned to the first volume in order
to minimize effects of head movements on data analysis. Fur-
ther data preprocessing comprised spatial (6 mm full-width half-
maximum isotropic Gaussian kernel) and temporal smoothing
(high pass filter: 15 cycles per run; low pass filter: 2.8 s; lin-
ear trend removal). The anatomical and functional images were
co-registered (Figure A2 in Appendix) and normalized to the
Talairach space (Talairach and Tournoux, 1988).

fMRI STATISTICAL ANALYSIS
Statistical analyses were performed by multiple linear regression of
the signal time course at each voxel. The expected blood oxygen-
level-dependent (BOLD) signal change for each of the four con-
ditions (predictors) was modeled by a canonical hemodynamic
response function. A random-effects General Linear Model was
used to identify associated brain activity in all acquired slices.
To minimize false-positive results (Straube et al., 2008) we tested
whether the detected clusters survived a correction for multiple
comparisons. We used the approach as implemented in Brain Voy-
ager (Goebel et al., 2006), which is based on a 3D extension of the
randomization procedure described by Forman et al. (1995). This
procedure is based on the estimate of the map’s spatial smoothness
and on an iterative procedure (Monte Carlo simulation) for esti-
mating cluster-level false-positive rates. After 1000 iterations, the
minimum cluster size threshold that yielded a cluster-level false-
positive rate of 5% was applied to the statistical maps. Clusters
reported here survived this control of multiple comparisons. For
subsequent visualization of activated brain regions, the location of
significantly activated regions was assessed by superimposing the
results from group analysis on an averaged brain.

As the intent of this study was to characterize the changes in
blood oxygen level dependent (BOLD) response to the painful
stimulation, we compared the two different SSHs in the HOT
conditions. The brain stem clusters found for this contrast con-
stitute the basis for the analysis of further effects. The coordinates
of the peak voxels were allocated to the anatomical structures
with the assistance of an atlas of the human brain stem (Paxi-
nos and Huang, 1995). For this comparison we also conducted
repeated measures t -tests for the peak voxel of each structure.
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Ritter et al. Brain stem and noxious heat

FIGURE 2 | (A) Increased activation of both HOT conditions compared to
baseline in the posterior cingulate cortex PCC (slice plane 1), amygdala
(slice plane 2), and PAG/NRD (slice plane 3). (B) Increased activation to
shallow SSH compared to baseline in superior part of the PAG (slice plane
1); Field of view (FOV) with coronal slices (C) Increased activation to steep

SSH compared to baseline in inferior part of the PAG, NRD (slice plane 1),
and RVM (slice plane 2). (D) Increased activation to steep SSH compared
to shallow SSH in PAG, NRD (slice plane 1), and RVM (slice plane 2).
Statistical parametric maps are overlaid on a T1 scan (neurological
convention, left= left).

Additionally, conditions we used repeated measures ANOVAs to
assess the differential effects of the four conditions.

Experiment 2
Experiment 2 was conducted to prove whether the different SSH
are able to elicit different pain percepts. This is an important ques-
tion with respect to the discussion concerning different types of
afferents possibly involved during this type of stimulation.

Prior to the experiment, the stimulus-response function of the
subjects was assessed analogously to Experiment 1. Stimuli with
different SSH were then applied similarly to Experiment 1 with
two exceptions: first, there was no WARM condition included.
Second, the HOT condition was presented 10 times (5 times with
steep and 5 times with shallow SSH). Directly after each HOT
condition, subjects were requested to indicate how the stimuli of
different SSHs were perceived. We used a (restricted) three-item
verbal descriptor list which has been shown that it can reliably
indicate whether the pain sensation evoked by the physical stimu-
lus is the result of predominantly Aδ (first pain) or C-fiber activity
(second pain) (Beissner et al., 2010). According to Beissner et al.
(2010),“pricking” is an indicator for the first pain, while“pressing”
or “dull” are indicators for the second pain. Thus, subjects were
requested to choose the appropriate perception(s) from this list of
three adjectives for the previous stimulation.

Twenty-three healthy right-handed subjects (3 male, 20 female,
19–28 years) volunteered in Experiment 2. Subjects were paid C5
for completing the experiment.

For the analysis of the data of Experiment 2, odds ratios
(OR) were calculated separately for each of the three descriptors

according to Beissner et al. (2010) as (A·D)/(B·C). The capital
letters have the following meaning:

A: number of selections of the given descriptor for stimulations
with steep SSH;

B: total number of stimulations with steep SSH minus A (i.e., the
number of selections of the given descriptor for stimulations
with steep SSH);

C: number of selection of the given descriptor for stimulations
with shallow SSH;

D: total number of stimulations with shallow SSH minus C (i.e.,
number of selection of the given descriptor for stimulations
with shallow SSH).

If “pricking” will be chosen more often for shallow SSH
(OR < 1), then we might conclude that this stimulation pref-
erentially activates Aδ-fibers. Accordingly, if “pressing” and/or
“dull” will be chosen more often for steep SSH (OR > 1), then
we might conclude that this stimulation preferentially activates
C-fibers. Ninety-five percent confidence intervals, calculated as
OR± 1.96·(1/A+ 1/B+ 1/C+ 1/D)0.5, were utilized to evaluate
the significance of the respective ORs.

RESULTS
EXPERIMENT 1
First, we tested whether brain stem regions show activation during
the noxious thermal stimulation compared to baseline. We found
activation to both SSH in the painful HOT conditions compared
to baseline in an inferior part of the PAG, probably including
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nucleus Raphe dorsalis (NRD) according to (Paxinos and Huang,
1995) [t (15)= 3.354, p < 0.005, x, y, z : 0,−29,−20] (Figure 2A,
No. 3). More specifically, stimulation with shallow SSHs (vs. base-
line) led to higher activation in a more superior part of the PAG
[t (15)= 3.24, p < 0.01, x, y, z : −3,−28,−6, Figure 2B], whereas
the stimulation with the steep SSHs yielded higher activation in the
PAG/NRD complex [t (15)= 3.77, p < 0.005, x, y, z : 1,−25,−19,
Figure 2C]. Furthermore, the steep SSHs in the Thot condition
showed activation in a brain stem cluster that probably represents
the RVM according to (Paxinos and Huang, 1995) [t (15)= 3.12,
p < 0.01, x, y, z : 3, −33,−43, Figure 2C]. More importantly, we
investigated whether these brain stem regions show differential
responses under the two painful experimental conditions (HOT ),
i.e., with steep vs. shallow SSHs. This contrast revealed significantly
stronger activation in the inferior part of the PAG [t (15)= 3.54,
p < 0.005, 16 voxel, x, y, z : 1, 31, 17], NRD [t (15)= 4.93, p < 0.001,
40 voxel, x, y, z : 2, 25, 18], and RVM [t (15)= 3.82, p < 0.005, 16
voxel, x, y, z : 2, 30, 42]. No significant differences were found for
the comparison between steep and shallow SSH in the WARM con-
ditions (PAG [t (15)= 0.18, p > 0.1], NRD [t (15)= 1.57, p > 0.1],
and RVM [t (15)= 0.53, p > 0.1]). The clusters of higher activa-
tion to steep vs. shallow SSHs are shown in Figure 2D; β-values of
BOLD responses are shown in Figure 3. In contrast to the higher
activation observed for steep SSHs, we did not find any statisti-
cally significant difference for the comparison shallow SSHs vs.
steep SSHs for Thot.

Repeated measures ANOVAs for main effects and interactions
of all other conditions were performed for β-values of peak voxels

FIGURE 3 | Schematic overview of the blood oxygen level dependent
(BOLD) responses in the periaqueductal gray (PAG), the nucleus Raphe
dorsalis (NRD), and the rostral ventromedial medulla (RVM) (steep vs.
shallow SSH forThot andTwarm conditions). The figure depicts means±SE
of parameter estimates for the peak voxel of the structures.

where significant effects were found for the contrast of interest,
i.e., steep vs. shallow SSH in the HOT condition. ANOVA revealed
a main effect of temperature for the NRD cluster with stronger
activation for Thot, a main effect of type of SSH in PAG with
stronger activation for steep SSH, and an interaction for tempera-
ture× SSH in the NRD (Table 1). The significant interaction term
for the NRD was investigated with a contrast analysis. There is
a higher activation for steep SSH vs. shallow SSH in the HOT
condition [t (15)= 4.932, p < 0.001], but no significant difference
in activation between steep and shallow SSH in the WARM con-
dition. Conversely, we found a higher activation for steep SSH
with Thot as compared to with Twarm [t (15)= 4,058, p= 0.001]
whereas no difference was found for the shallow SSH between
Thot and Twarm.

Second, we used our restricted field of view (remember that the
acquired slices concentrated on brainstem activation and did not
allow the mapping of the whole “neuromatrix of pain” (Treede
et al., 1999; Tracey and Mantyh, 2007; Iannetti and Mouraux,
2010; Schweinhardt and Bushnell, 2010)) to prove our experi-
mental manipulation. We found higher activations to both SSH
in the painful Thot conditions compared to baseline in the poste-
rior cingulate cortex [PCC, t (15)= 3.498, p < 0.005, 252 voxel, x,
y, z : 1, −19, 35; Figure 2A, No.1], in left amygdala [t (15)= 3.44,
p < 0.005, 312 voxel, x, y, z : 21,−10,−12; Figure 2A, No. 2], and in
the medial thalamus [t (15)= 3.19, p < 0.01, 40 voxel, x, y, z : −1,
−22, 1; Figure 2]. These results indicate that our paradigm with
different SSH is suitable to activate brain regions that have been
found to process noxious thermal stimuli in other studies (Peyron
et al., 2000).

EXPERIMENT 2
Odds ratios (and 95% confidence intervals) were calculated sepa-
rately for the three descriptors (Figure 4). Clearly, the descriptor
“pricking” which is associated with first pain was chosen signif-
icantly more often for the stimulation with the shallow SSH,
whereas the descriptor “dull” which is associated with second pain,
was chosen significantly more often for the stimulus with the steep
SSH. The descriptions for “pressing” did not reach a significant
discrimination between the different SSH (Figure 4).

DISCUSSION
Using different SSH, our primary finding is a stronger BOLD activ-
ity in response to trains of painful heat stimuli with steep SSH
as compared to trains of painful heat stimuli with shallow SSH.
Higher activation was found in the inferior part of the PAG, prob-
ably including the NRD according to (Paxinos and Huang, 1995),
and a cluster that probably represents the RVM according to (Pax-
inos and Huang, 1995). We did not find any stronger activation in
the brain stem for the contrast shallow vs. steep SSH. Thus, this

Table 1 | Main effects and interactions of parameter estimates for the factorsTemperature and SSH within the brain stem.

Talairach x, y, z Volume Temperature SSH Temperature×SSH

PAG 1, −31, −17 16 F (1, 15)=0.203, p > 0.1 F (1, 15)=5.607, p=0.032 F (1, 15)=2.977, p > 0.1

NRD −2, −25, −18 40 F (1, 15)=13.303, p=0.002 F (1, 15)=0.326, p > 0.1 F (1, 15)=10.631, p=0.005

RVM 2, −30, −42 16 F (1, 15)=3.17, p=0.095 F (1, 15)=0.522, p > 0.1 F (1, 15)=3.215, p=0.0903.
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FIGURE 4 | Odds ratios and 95% confidence intervals of the three
descriptors, sorted from left to right for increasing selectivity for
second pain and decreasing selectivity for first pain.

method is able to differentially activate structures in the human
brain stem. To our knowledge, this is the first time that differential
activation to peripheral noxious stimulation is demonstrated in
humans.

The stronger activation in the PAG/NRD complex and the
RVM observed to steep vs. shallow SSH is surprising with respect
to animal studies. In animal experiments, the shallow SSH, and
not the steep SSH yielded more activation. Several reasons might
account for this result. First, the maximal temperatures of stim-
ulation differed between the present experiment (49°C) and the
animal studies [e.g., 55°C (Lumb, 2002)]. It is well known that
the characteristics of nociceptors differ in their response behavior
for this temperature range (Behbehani, 1995). Second, the dif-
ferences might be due to our spatial resolution. The resolution
of brain scans with 2 mm× 2 mm× 2 mm in the present study
might not have been sufficiently high to detect activations in
different columns of the PAG. Third and probably most impor-
tant, single ramps with shallow SSH were employed in the animal
experiments. Such stimulation was shown to preferentially activate
C-fibers, whereas single steep SSH are able to preferentially excite
Aδ-fibers (Lumb, 2002; Lumb et al., 2002). In contrast to the ani-
mal experiments, a train of five succeeding heating ramps without
gaps was employed in our study. Thereby, the steep SSH resulted
in a frequency of heat peaks of 0.3 Hz. A stimulus frequency of
0.3 Hz is known to produce the phenomenon of temporal sum-
mation of second pain, i.e., TSSP (Price et al., 1977; Herrero
et al., 2000). TSSP is considered to result from C-fiber evoked
responses in dorsal horn neurons, termed“windup”(Herrero et al.,
2000; Sarlani and Greenspan, 2005). Thus, the involved fibers
activated by the steep SSH in animal studies are Aδ-fibers while
the activation with repeated steep SSH in our experiment might
preferentially involve C-fibers. Following this interpretation, the
activation of the brain stem by steep SSH of stimulus trains in our
study has to be compared to the single shallow SSH in the animal
experiments. Considering this, both experiments yielded similar
results.

The results of Experiment 2 are of crucial importance for
the latter consideration. It investigated the quality of pain per-
cepts that are elicited by different SSHs in humans. Indeed, we

found evidence that the steep SSH was associated with the percept
“dull” whereas the shallow SSH was associated with the percept
“pricking.”In accordance with Beissner et al. (2010), these descrip-
tors distinguish best between first pain and second pain. Thus,
steep SSH might be associated with a predominant activation of
C-fibers while the shallow SSH might be associated with a pre-
dominant activation of Aδ-fibers. This interpretation is in line
with other studies using trains of painful thermal stimuli that
were associated with different pain percepts (Price et al., 1977;
Staud et al., 2007). Characteristics of first pain were associated
with a frequency of 0.17 Hz between the painful heat peaks whereas
characteristics of second pain were associated with a frequency of
0.3 Hz between the painful heat peaks (Price et al., 1977; Staud
et al., 2007). However, it should be mentioned that heat is per-
ceived as painful in humans only at temperatures above 43°C
(Julius and Basbaum, 2001). Thus, just the top of each heating
ramp can be considered as a painful heat peak. In the present
study, the painful heat peaks of the steep SSH stimuli were applied
with a frequency of 0.3 Hz whereas heat peaks of the stimuli
with shallow SSH were applied with a frequency of 0.17 Hz so
that these ramps fulfill the frequency criterion for painful stim-
ulation. Taking together the two experiments, we suggest that
the different SSH probably activate different types of periph-
eral input resulting in different pain percepts (first vs. second
pain).

We found activation of the PAG and the RVM to stimulation
with noxious heat to both types of SSH. Several brain imag-
ing studies have observed activations in brainstem structures to
nociceptive stimulation (Apkarian et al., 2005; Tracey and Man-
tyh, 2007; Eippert et al., 2009; Schweinhardt and Bushnell, 2010).
Brainstem modulation of neuronal activity in the spinal cord has
been reported since more than a century ago (Bernard, 1858) and is
thought being involved in top-down control of pain. In particular,
the midline PAG integrates input from the spinal cord, cerebral
cortex, and numerous other brainstem nuclei (Apkarian et al.,
2005; Eippert et al., 2009). Its stimulation in humans was shown
to result in antinociception and analgesia (Hosobuchi et al., 1977).
In contrast, its lesion might result in chronic pain (Basbaum and
Fields, 1984). Our result of an increased activity in the inferior
part of the PAG in response to steep as compared to shallow SSH
might, therefore, be an important result. Based on the animal stud-
ies mentioned above, this higher activation might indicate that the
steep SSH stimulation, but not the shallow SSH stimulation might
trigger the nocifensive part of PAG. Moreover, the hypothesis that
this type of activation might result in an activation of nocifensive
reaction might be tested and, if true, possibly be used for chronic
pain patients.

We found a higher activation within the inferior part of the
PAG to stimulation with steep as compared to shallow SSH. This
result is in line with previous studies in animals. Animal studies
have found different activation patterns within distinct columns
of the PAG to preferential C- and Aδ-fiber stimulation (Lumb,
2002; Lumb et al., 2002; Parry et al., 2008). It has also been pro-
posed that the different columns of the PAG not only differ with
respect to the influence of the ongoing nociceptive information
processing as outlined above, but also mediate different coping
strategies (Lumb et al., 2002). Preferential Aδ-fiber stimulation is
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associated with activation of dorsolateral and lateral columns of
the PAG which in turn result in active coping strategies (Lumb
et al., 2002). The activation of these columns evokes sympathetic
excitation. Passive coping strategies are closely linked to the ven-
trolateral columns of the PAG activated by preferential C-fiber
stimulation. The activity of the ventrolateral PAG is associated
with sympathoinhibition (Lumb et al., 2002). Correspondingly,
the PAG mediates differential control of spinal nociception as
part of a defensive response or as withdrawal. It has been estab-
lished to carry out integrative functions for cardiovascular and
respiratory regulation, for sensory modulation, and for differ-
ent motor behaviors (Clement et al., 2000; Morgan and Car-
rive, 2001; Subramanian et al., 2008; Heinricher et al., 2009).
Reflecting these results on our data, the findings of this study
provide a hint that stimulation with steep SSH but not shal-
low SSH might engage nocifensive mechanisms as shallow SSH
do not seem to influence the PAG in the same way as steep
SSH.

Although our main focus in this study was the PAG, we found
activations in two neighboring and functionally related areas, i.e.,
in NRD and RVM. The NRD is embedded in the ventromedial
part of the PAG (Mantyh, 1982) and was shown to modulate
responses caused by noxious stimulation of the spinal dorsal horn
neurons by its descending projections (Yu et al., 1988). In addi-
tion, PAG and NRD project to the spinal cord indirectly via the
RVM, which is situated centrally around the pontomedullary junc-
tion. It includes the NRM and the adjacent reticular formation.
It is known to project diffusely to dorsal horn laminae, includ-
ing superficial layers and deep dorsal horn structures (Fields and
Heinricher, 1985). Similar to the PAG, the RVM has a dual role in
pain control: it is as well able to inhibit and to facilitate nocicep-
tive input and can thus be considered as the output of the midline
pain-modulation system. Profound analgesia can be produced by
stimulating the NRM which is due to a decrease in responsiveness
of spinothalamic dorsal horn neurons to input from peripheral
nociceptors (Besson and Chaouch, 1987). Alternatively, analge-
sia evoked by stimulation of the ventral sites of the PAG can be
blocked by lesion of the RVM (Behbehani and Fields, 1979; Prieto
et al., 1983). In the light of these data, activations found in the
present study might mirror the descending pathway to the dorsal
horn. These observations parallel the results of the present study
that stronger activation in RVM can be observed in response to
steep SSH.

We found stronger activation in response to steep SSH stim-
ulation both in parts of the brain stem as well as in some
other structures in the field of view, i.e., the PCC and the
amygdala. As argued above, we suggest that stimulation with
steep SSH might preferentially activate C-fiber input. In this
sense, the fMRI results of our study are in line with previous
studies that also found stronger activation to selective C-fiber
stimulation compared to Aδ-fiber stimulation. Stronger acti-
vations have been reported in structures associated with the
affective processing of nociceptive information (i.e., ACC (Qiu
et al., 2006); anterior insula (Weiss et al., 2008)). Similar to the
present study these authors (Qiu et al., 2006; Weiss et al., 2008)
also did not find any stronger activation to selective Aδ-fiber

stimulation when comparing it with selective C-fiber stimula-
tion. This might be another hint to the correctness of our sug-
gestion concerning preferential C-fiber activation by steep SSH
stimulation.

Several limitations of our study have to be considered that
might influence future research. First, the conditions steep and
shallow SSH were determined by the different slopes of heating.
Different slopes affect the frequency of the painful heat peaks that
are essential for the paradigm. There are two possibilities to pro-
ceed further, with the same number of stimuli within a condition
(i.e., 5× up and down) or the same duration within a condition,
but a different number of stimuli within a condition. We decided
to use the same number of stimuli to have the same number of
painful events within a condition. However, this leads to differ-
ent durations of stimulation between the two SSHs used. Future
studies might explore the effects of the two types of SSHs using
the same length but unequal number of painful events within a
condition.

Second, the energy transmitted to the skin depends on the fre-
quency and duration of stimulation within a condition. In our
study, the transmitted energy (area under the curve) was higher
in the shallow SSH condition. Future studies might utilize the
same amount of transmitted energy. However, different slopes of
heating will then request different durations of baseline between
ramps. These segments in turn might rise additional percepts in
difference to the heat stimulation that might influence the results.
However, it should be mentioned that heat pain receptors start
firing at about 43°C (Julius and Basbaum, 2001) so that it is quite
difficult to produce ramps that have the same amount of energy
in the painful range; moreover, it seems to be impossible to pro-
duce ramps with different SSH that have the same energy both in
the noxious as well as in the innocuous temperature range. Tak-
ing this consideration into account, the difference in transferred
energy above the temperature threshold of 43°C is smaller as com-
pared to differences in transferred energy for the whole heating
ramps.

Third (as mentioned earlier), the resolution of 2 mm× 2 mm×
2 mm might not be sufficient to detect further differentiation
within the brain stem,especially within the PAG. Possibly, scanning
with higher field strengths might identify a columnar organization
of the human PAG.

In summary, we found stronger activation in the inferior part
of the PAG and in the RVM in response to painful stimulation with
steep SSH. These observations provide first evidence for selective
activation of the midbrain structures PAG and RVM in the human
brainstem by different SSH. Therefore, this stimulation can be
used when human brainstem structures are in the focus of inter-
est during nociception. The specific activation of the midbrain
to steep SSH seems to be associated with the specific perception
of second pain and might possibly be related to passive coping
strategies.
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APPENDIX

FIGURE A1 | Coronal slices (one volume) of fMRI data overlaid on a anatomical scan (neurological convention left= left).

FIGURE A2 | Section (between green lines in mid – saggital view) of the functional mean BOLD – data coregistered to the anatomical scan
(neurological convention left= left).
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