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Abstract
Following injury and inflammation, pain to light stroking (dynamic mechanical allodynia) might
develop at the damaged site (primary area) or in adjacent normal tissue (secondary area).

Using fMRI we mapped changes in the spinal trigeminal nucleus (spV), and supraspinal brainstem
nuclei following heat/capsaicin-induced primary and secondary dynamic mechanical allodynia in
the human trigeminal system. The role of these structures in dynamic mechanical allodynia has not
been clarified yet in humans. During the control session we applied the same mechanical stimuli to
the same untreated trigeminal area.

Primary and secondary mechanical allodynia showed equal levels of perceived pain intensity, and
compared to control mechanical stimulation exhibited similar responses in the ipsilateral spV and
contralateral ventrolateral periaqueductal gray (vlPAG). Activity in the spV was significantly
higher during both conditions versus the control mechanical stimulation, indicating that central
sensitization of second-order neurons is similar for primary and secondary mechanical allodynia.
The vlPAG showed decreased activity that inversely correlated with pain ratings during primary
allodynia, i.e. the more deactivated the vlPAG the higher the pain intensity (p<0.05, Pearson’s
correlation).

Primary and secondary dynamic mechanical allodynia were also characterized by significant
differences involving distinct supraspinal structures mainly involved in pain modulation and
including the rostroventromedial medulla, pons reticular formation, dorsolateral PAG, all more
active during primary versus secondary allodynia, and the medial reticular formation of the caudal
medulla that was more active during secondary versus primary allodynia. These results indicate
the pain modulatory system is involved to a different extent during primary versus secondary
mechanical allodynia.
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Introduction
Allodynia (pain to innocuous stimuli) typically follows inflammation and injury to
extraneural or neural tissue. Under these conditions peripheral nociceptors become
sensitized and spinal second-order neurons can increase their excitability (central
sensitization) (Woolf and King, 1990). The perception of allodynia is selective to the
sensory modality tested (thermal, mechanical), and to the area examined (primary,
secondary). Allodynia to gentle stroking (dynamic mechanical allodynia) develops both at
the site of damage (primary area) and in adjacent normal tissue (secondary area)
(Koltzenburg, et al., 1992, Ali, et al., 1996), and represents one of the most distressing
symptoms of neuropathic pain.

Although it is generally thought that the mechanisms of primary and secondary allodynia
are, respectively, peripheral and central, some authors have hypothesized the existence of
central mechanisms in the development of dynamic mechanical allodynia in the primary
area (Woolf and King, 1990, Simone, et al., 1991, Koltzenburg, et al., 1992). They also
speculated that similar spinal mechanisms might operate in this form of allodynia regardless
of being in the primary or secondary area (Koltzenburg, et al., 1992).

Animal data suggest that a significant contribution to the development and maintenance of
mechanical allodynia comes from the descending pain modulatory system including the
periaqueductal gray (PAG), rostroventromedial medulla (RVM) and adjacent reticular
formation (Porreca, et al., 1999, Urban and Gebhart, 1999, Vanegas and Schaible, 2004),
through either inhibitory or excitatory influences. The role of these structures, however, is
not without controversies: descending inhibition and facilitation can be simultaneously
triggered and the predominance of o ne effect over the other seems different depending on
the area tested (primary, secondary) (Vanegas and Schaible, 2004).

While the cortical correlates of dynamic mechanical allodynia have been disclosed in
humans by previous neuroimaging studies (Iadarola, et al., 1998, Witting, et al., 2001,
Maihofner, et al., 2004, Schweinhardt, et al., 2006), in vivo mapping of changes in the spinal
second-order neurons and supraspinal brainstem nuclei during primary and secondary
dynamic mechanical allodynia is lacking due to the technical difficulties involved in the
imaging of these areas. fMRI studies of the brainstem during pain have only recently started
to emerge (DaSilva, et al., 2002, Dunckley, et al., 2005, Zambreanu, et al., 2005), and we
have demonstrated that triggering fMRI acquisition phase locked to a particular time point
of the subject’s cardiac cycle (cardiac-gated fMRI) significantly increases the detection rate
of fMRI activation in the brainstem (Zhang, et al., 2006).

Using cardiac-gated fMRI, we mapped activity in the spinal trigeminal nucleus (spV) and
pain modulatory structures in the brainstem and above following heat/capsaicin-induced
dynamic mechanical allodynia in the human trigeminal system (Petersen and Rowbotham,
1999). First we assessed whether and which plastic neuronal changes of nociceptive
transmission occur in spinal and supraspinal brainstem sites during primary and secondary
mechanical allodynia. Secondly, we compared brainstem responses to mechanical stimuli to
the secondary area with those following the same stimuli to the primary area, possibly
disclosing differences in central processing between the two conditions.

Mainero et al. Page 2

Neuroimage. Author manuscript; available in PMC 2010 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These findings could have important implications as the heat/capsaicin model shares typical
characteristics with clinical neuropathic pain, and the area of secondary mechanical
allodynia induced by this model reflect, at least in part, the mechanisms that might
contribute to allodynia in neuropathic pain disorders.

Materials and Methods
Subjects

Twelve healthy male subjects (11 right-handed; mean ± SD age of 26.6 ±6.2 years)
participated in the study. The left-handed subject was not excluded because we did not
detect any difference in the laterality of his fMRI results compared to the other subjects.

None of the subjects was suffering from any form of acute or chronic pain, or was taking
drugs able to interfere with itch or pain sensations and flare responses (i.e. analgesics,
antihistamines, calcium or sodium channel blockers) or benzodiazepines, antidepressants,
and opioids. All subjects were instructed not to consume caffeine beginning the night before
the experiment.

Informed consent form was obtained from all subjects prior study entry, and the study
procedures were approved by the Institutional Review Board of our Institution.

Experimental allodynia
Dynamic mechanical allodynia was induced to the right ophthalmic division (V1) of
trigeminal nerve using the heat/capsaicin sensitization model (Petersen and Rowbotham,
1999). In each subject we first marked the treatment site on the right V1 (1.6 cm2). The
premarked skin was then heated for 5 minutes at 45°C using a 1.6 cm2 Peltier thermode
(Medoc, Haifa Israel) after which 0.1% of capsaicin cream (Capzasin-HP, Chattem, Inc,
USA) was applied over the same area for other 30 minutes. The area of capsaicin application
was covered with a Tegaderm tape to avoid spreading of the cream outside the premarked
borders. Subjects rated the perceived intensity to the initial contact stimulation (45°C) using
a Numerical Rating Scale (NRS) ranging from 0 (no pain) to 10 (highest pain imaginable).
The same scale was applied to rate the pain elicited by the topical capsaicin application
every 10 minutes. After capsaicin removal, the borders of the area of secondary dynamic
mechanical allodynia were delineated by stimulating with a brush along four linear paths
parallel and vertical to the midline of the face from distant points toward the application site,
until the subject reported unpleasant sensations. These borders were then marked on the
skin, and the area of allodynia was then calculated (D/2 × d/2 × π; where D and d represent
the horizontal and vertical diameters of the area).

fMRI study
fMRI data were acquired on a 3T system (Siemens Trio, Erlangen, Germany) using an eight-
channel head array coil. Each subject lay supine in the scanner with eyes closed. All subjects
were randomly assigned to one of two counterbalanced groups to undergo two fMRI
sessions, separated by an interval of at least a week, one during innocuous brush to the right
V1 immediately after heat/capsaicin-induced allodynia (heat/capsaicin session), and one
during the same stimuli to the untreated right V1 (control session). The order of the two
sessions was randomized. The study design is illustrated in Fig. 1.

To eliminate the effect of pulsatile brainstem motion, we synchronized fMRI acquisition to a
particular phase of the subject’s cardiac cycle (Guimaraes, et al., 1998). The ECGR-wave
was used to trigger the fMRI measurement, and the exact triggering time could be read from
the internal clock of the scanner. Therefore the intervals between two consecutive
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measurements could be calculated and T1 differences based on variations in the R-R interval
corrected for.

During each fMRI study, 17 sagittal slices (3×3×3 mm3, gap 20%) were acquired
sequentially (right to left) every three heartbeats (TR~3 s) with a gradient EPI sequence (TE
30 ms; flip angle 90°; in-plane matrix 64×64; FOV 192×192 mm2). The acquisition window
was 1000 ms and there was an adjustable delay (~2000 ms) to ensure that the next trigger
came after two other heartbeats. There was no delay between the trigger signal and the
image acquisition. Seventeen sagittal slices allowed a full coverage of the brainstem and
thalamus. Parallel acceleration technique (iPAT) with GRAPPA (generalized auto-
calibrating partially parallel acquisition) reconstruction was used with an acceleration factor
of 2. T1-weighted EPI images (TR 14 s; TE 39 ms; in-plane matrix 64×64; FOV 200×200
mm2) in the same slice prescription but covering the whole brain (41 slices) were also
acquired for the purpose of image co-registration. High resolution isotropic T1-weighted
anatomical scans (TR 2530 ms; TE 3.4 ms; in-plane matrix 256×256; 1×1×1 mm3) were
also acquired for superimposition of fMRI activation maps.

Sensory stimulation
Mechanical stimulation was delivered using a soft natural bristle brush (1.0 cm diameter)
pivoting at its mid-point on a stabilized base and forming a lever. The brush was
manipulated from outside the scanner by means of two cables attached on each side of the
lever. The assembly transduced the alternating horizontal forces applied to the cables by the
operator outside the scanner into a lateral force on the forehead of the subject inside the
scanner (measured force 0.3 N/cm2).

Innocuous brush stimuli were applied to the premarked areas of interest (normal skin;
primary and secondary areas of dynamic mechanical allodynia) on the right V1 with a
frequency of 2 Hz. Brush stimuli were applied four times each for 30 s, alternating four
intervals of rest lasting 30 s. During the heat/capsaicin session brush stimuli were applied to
either the primary or secondary area in a random order.

Immediately following each fMRI scan, subjects rated the perceived intensity of the
received mechanical stimuli on a 0 (no pain) to 10 (highest pain imaginable). The pain
ratings were compared with one-way ANOVA with post Bonferroni test between the
untreated, primary, and secondary area. A post-scan interview was performed to confirm
that there was no ongoing baseline pain during the scanning.

Data analysis
Analysis of fMRI images to identify regions with significant stimulus-correlated changes in
BOLD (blood oxygen level dependent) signal was performed in a multi-stage process using
the package AFNI (Cox, 1996) and in-house programs. The EPI data were first motion-
corrected. Since heart rate typically fluctuates, the interimage time with cardiac gating also
fluctuates from image to image. T1 correction was then necessary to correct changes in
signal intensity due to different residual longitudinal magnetization following variability in
TR. This correction was performed using the method proposed by Guimaraes et al
(Guimaraes, et al., 1998), according to which T1 in each voxel was fitted using different
intervals between measurements and the corresponding measured signal; signal intensity
was then corrected to the averaged TR.

The T1-corrected data were then spatially smoothed using a Gaussian kernel of 4 mm full-
width at half-maximum, low- and high-pass filtered (1/120 Hz). Statistical analysis was
performed using a two-stage approach. First, stimulus input for statistical analysis was
convolved with gamma function, incorporating the hemodynamic delay, to estimate the
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hemodynamic response function. This function was then over-sampled with 0.1 s interval
and down-sampled again irregularly to reflect the different TRs between the measurements.
Regression analysis was performed with 3dDeconvolve in AFNI to calculate regression
coefficients and corresponding t statistics.

For group analysis, individual statistical maps and anatomical data were transformed into
Talairach space, and functional data were resampled to 3×3×3 mm3. We then used a mixed
(fixed- and random-effect) model. Regression coefficients of the same stimuli but in
different conditions (brush to normal skin, primary and secondary area) were compared with
two-way ANOVA with different conditions as a fixed factor and subjects as a random
factor. Four output contrasts were generated: 1) brush to the untreated skin versus rest
(control mechanical stimulation), 2) brush to the primary and 3) secondary area versus
control mechanical stimulation 4) brush to the secondary area versus the primary area.

For group maps we used a p value of 0.05 corrected for multiple comparisons according to
the Monte Carlo simulation method, a minimum cluster size of three voxels (81 mm3), and a
T value > 2.05.

All high resolution anatomical scans were transformed into Talairach space and averaged;
each individual transformed anatomical image was then anatomically compared to the
averaged one by visual inspection to confirm the absence of gross variation in the alignment
of the lower brainstem (pons and medulla). Brainstem outlines of all subjects are shown in
Fig. 2.

Group activation maps were overlaid on a representative Talairach transformed anatomical
image, and the maximum t values and x, y, z coordinates of significantly activated areas
were reported (Talairach and Tournoux, 1988). To exclude partial volume effects, clusters
significantly activated at group analysis were also checked on the individual fMRI data.

Localization of brainstem activation
We used a landmark-based topographical approach previously described (DaSilva, et al.,
2002) to identify the location of the activation clusters in the lower brainstem (medulla and
pons). According to this method the brainstem can be parcellated into s ix parcellation units
(PUs) in the midbrain, four PUs in the pons, and four in the medulla. This method has been
successfully adopted to identify somatotopic activation within the spinal trigeminal nucleus
(spV) during noxious heat. The spV is located in the dorsolateral portion of the brainstem,
and extend from the upper cervical cord/caudal medulla to the rostral pons (Young and
Perryman, 1984). In our study, because we only stimulated V1 we did not attempt to
characterize the somatotopic subdivisions of the spV.

Tactile modalities from healthy skin of the face are encoded by low-threshold
mechanosensitive Aβ afferents with large myelinated axons that synapse directly in the
principal sensory nucleus (PSN). To identify this nucleus in the ipsilateral dorsal pons, we
encompassed two slices above, two slices below, and the slice in which trigeminal roots
traverse. The parcellation method in the pons was used to distinguish the anterior PUs that
correspond to the basal pons and contain the pontocerebellar fibres and descending
corticospinal tract from the posterior PUs that contain the remaining structures and fourth
ventricle and that correspond to the pontine tegmentum.

Identification of activation clusters in the midbrain was based on the Talairach atlas and on
other anatomical landmarks including the superior and inferior colliculi, the cerebral
aqueduct, the pontomesencephalic junction, the posterior commissure and the midline. The
parcellation method in the midbrain was used to distinguish the most anterior part that
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contains crus cerebri and substantia nigra, from the middle PU (midbrain tegmentum), and
posterior PU (midbrain tectum). Sketches and micrographs adapted from the atlas of
Duvernoy (1995) were also used to help identify the location of activation clusters
(Duvernoy, 1995).

Results
Psychophysics

All subjects except one reported moderate pain to either contact heat (45°C) or capsaicin
application. This subject was therefore classified as “non responder” and excluded from
group analyses. The mean ± SE perceived pain intensity to the initial contact heat (45°C)
stimulation was 4.6 ± 0.5. The mean ± SE pain averaged during the 30 minutes of topical
capsaicin application was 5.2 ± 0.7, and it positively correlated (p = 0.02, by Pearson’s
correlation) with the area of dynamic mechanical allodynia (mean ± SE: 10.9 ± 1.7 cm2

including the primary area) induced by heat/capsaicin application.

All subjects rated brush stimulation to the untreated skin as 0. During the heat/capsaicin
fMRI session, subjects reported a change in the quality of the sensation to brush stimuli to
either the primary or adjacent area defined as “unpleasant”. Overall the pain ratings (mean ±
SE) were significantly higher during mechanical simulation of either primary (1.6 ± 0.4) or
secondary area (1.3 ± 0.4) compared to the normal skin (p<0.01). We did not find significant
differences in pain ratings to mechanical stimulation between the primary and secondary
area.

fMRI
Control mechanical stimulation—Group analysis of innocuous brush stimulation to the
untreated skin on the right V1 showed significant activation in the contralateral caudate and
cingulate cortex (CC, BA 24), in the ipsilateral putamen and anterior insula. This pattern of
activation during light brush to healthy subjects has been described previously (Davis, et al.,
1998, Iadarola, et al., 1998). At a lo wer level of significance (uncorrected p< 0.01,
Talairach x, y, z coordinates: 5, −23, −29) we found activation in the ipsilateral dorsal pons
in an area corresponding to the principal sensory nucleus (PSN) where, under normal
conditions, low-threshold mechanosensitive Aβ afferents encoding tactile modalities from
healthy skin of the face synapse.

Brush to either the primary or secondary area versus control mechanical stimulation

The comparison analysis of activation maps during mechanical stimulation to the primary
area and during control mechanical stimulation showed that brush to the primary area
induced an increased activity in the ipsilateral caudal dorsal medulla/upper cervical cord in
an area anatomically corresponding to the spV, in the rostral medulla in an area consistent
with the location of the RVM, in the dorsal reticular formation of the pons and in the
contralateral dorsolateral (dl) PAG (Table 1, Fig. 3A). Activation in the pons was consistent
with the location of the locus coerules (LC) and parabrachial nucleus (PBN).

Like primary mechanical allodynia, secondary mechanical allodynia was also associated
with a greater activity in the ipsilateral caudal dorsal medulla/upper cervical cord compared
to the mechanical control stimulation. Decreased activity in the contralateral ventrolateral
(vl) PAG was also detected (Table 1, Fig. 3B). At a lesser level of significance (uncorrected
p<0.001) we found activation of a small cluster of the dorsomedial pons, consistent with the
location of the pons reticular formation.
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Other supra-brainstem foci of increased activity during either primary or secondary
mechanical allodynia compared to the mechanical control stimulation are shown in Table 1.

Brush to the secondary area versus brush to the primary area—The comparison
of brush to the area of secondary dynamic mechanical allodynia versus the same stimulus to
the area of primary mechanical allodynia yielded significant differences in different
brainstem and higher regions despite similar levels of perceived pain intensity (Table 2, Fig.
4).

In the brainstem, primary dynamic mechanical allodynia showed more activity in the RVM,
in a region of the contralateral PRF (where LC and PBN are located), and in the bilateral
dlPAG (all in blue in Fig. 4. In contrast, brush to the secondary area versus the primary area
determined a significantly higher fMRI activity in the medial part of the caudal medulla
consistent with the reticular formation.

Two brainstem regions were eliminated by this analysis: the ipsilateral spV and the
contralateral vlPAG. The finding in the spV was not surprising as both primary and
secondary dynamic mechanical allodynia showed increased activity in this brainstem region
compared to the control mechanical stimulation. More surprising was the result in the
vlPAG. However, by examining the fMRI maps of primary mechanical allodynia in the
vlPAG, we also found that there was a tendency towards a subthreshold decreased
(negative) activity as observed during secondary mechanical allodynia.

To investigate the relationship between fMRI activity in these brainstem areas eliminated by
removing the pain intensity component and pain ratings, we outlined on the high-resolution
T1-weighted structural scans regions of interest (ROI) centered on the spV and vlPAG. The
definition of those ROIs was performed with the help of a detailed atlas of the brainstem
(Duvernoy, 1995). The ROIs were then transformed into Talairach space and these
transformed masks were applied to each subject’s activations, also in Talairach space, to
determine the mean signal change. This method allowed us to take into account any subtle
variation in the anatomy between subjects. The correlation between the mean signal change
in each ROI and pain ratings during either primary or secondary mechanical allodynia was
assessed using Pearson Correlation. We found a significant negative correlation between the
mean signal change in the vlPAG and pain ratings during mechanical stimulation of the
primary area (p<0.05, Pearson’s correlation coefficient = −0.6, Fig. 5).

We also compared the mean signal change in the ROIs of spV and vlPAG during primary
mechanical allodynia versus secondary mechanical allodynia, and we did not find any
significant difference (p< 0.14 by Student’s paired t test, two-tailed). However, we found
significant increase in the mean signal change in the spV when we compared primary or
secondary allodynia versus control mechanical stimulation (p<0.0001 and p<0.04
respectively by ANOVA with post Bonferroni test). These ROI-based results in the spV and
vlPAG were consistent with our voxel-based group analysis results.

Discussion
Using cardiac gated fMRI we mapped in vivo changes in brainstem nuclei during primary
and secondary dynamic mechanical allodynia in the human trigeminal pathway.

The intensity of the perceived pain was similar across primary and secondary skin areas. The
subtraction of the fMRI changes during primary mechanical allodynia to those during
secondary allodynia allowed us to disclose differences in brainstem central processing
between the two conditions not related to the perceived pain intensity.
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Primary and secondary dynamic mechanical allodynia versus control mechanical
stimulation

Spinal level (spV)—Following heat/capsaicin application to the right V1 dynamic
mechanical allodynia occurred at the site of injury, and in adjacent normal skin; in both
cases it was associated with increased fMRI activity in the spV, suggesting central
sensitization of second-order neurons.

It has been demonstrated that dynamic mechanical allodynia in either the primary or
secondary area is not mediated by nociceptors but by input of low thresholds Aβ afferents
that normally signal light touch, not pain (Lindblom and Verrillo, 1979, Koltzenburg, et al.,
1992, Torebjork, et al., 1992, Ochoa and Yarnitsky, 1993, Ossipov, et al., 1999). In normal
conditions, Aβ fibers conveying tactile stimuli from the forehead synapse in the PSN in the
pons. Because excitability increases of spinal second-order neurons have been repeatedly
observed in animals following tissue injury, inflammation or chemical irritants (McMahon
and Wall, 1984, Cook, et al., 1987, Woolf and King, 1990, Simone, et al., 1991), it has been
proposed that prolonged or intense C-nociceptor activation leads to changes in central
processing such that nociceptive dorsal horn neurons (i.e. spV in our study) show enhanced
responses to Aβ low threshold mechanoreceptors (central sensitization) (Simone, et al.,
1989, Woolf and King, 1990, Woolf, et al., 1994).

We provide the first objective evidence of this phenomenon in humans by mapping during
dynamic mechanical allodynia in vivo plastic changes in the spV that likely reflect central
sensitization of second-order neurons. Furthermore both the voxel-based and the ROI-based
group analyses showed that similar changes in the spV occurred during brush stimulation in
either the primary or secondary area‥

Supraspinal brainstem level (RVM, PRF, PAG)—The areas of primary and secondary
dynamic mechanical allodynia show partly common partly different patterns of activation in
supraspinal brainstem structures compared to the control mechanical stimulation. In both
conditions we found increased activity in the dorsal PRF that corresponded anatomically
with the location of the LC and PBN, and adjacent dorsal reticular nuclei during primary
dynamic mechanical allodynia, while it involved only a small part of the medial dorsal PRF
during secondary dynamic mechanical allodynia‥ The pontine activation we found,
especially in the PBN and in LC, could be the result of two distinct mechanisms that not
necessarily are in contrast with each other but could rather operate at the same time: 1)
processing of ascending nociceptive information; 2) descending pain modulation. The PBN
is well known to participate in ascending nociception through the spinoparabrachial
pathways (Hunt and Mantyh, 2001) as well in pain modulation through a spino-bulbo-spinal
pathway (Suzuki, et al., 2004a). Descending projections from the LC provide an important
source of pain suppression at spinal level (DeSalles, et al., 1985), but there is also evidence
that LC innervation could be associated with an ascending noradrenergic system acting upon
a thalamus-prefrontal cortex pain-modulation mechanism (Condes-Lara, 1998, Voisin, et al.,
2005).

Primary mechanical allodynia also showed increased activity in the RVM, not observed
during secondary allodynia. The RVM forms the main relay site of descending influences
back to the spinal neurons, and animal studies have established a role for this structure in the
development of mechanical allodynia although the RVM may show opposite effects across
primary and secondary allodynic areas (Vanegas and Schaible, 2004).

Primary and secondary dynamic mechanical allodynia showed further changes to brush
stimuli in two distinct regions of the PAG. Brush to the primary area versus the untreated
skin determined an increased activity in the contralateral dlPAG. Conversely, during
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secondary mechanical allodynia versus control mechanical stimulation we found a decreased
activity of the contralateral rostral vlPAG. An ROI analysis of the mean BOLD signal
change in the vlPAG showed, however, that, similarly to the secondary area, there was a
tendency towards a subthreshold decreased (negative) activity also during mechanical
stimulation of the primary area. The PAG is heterogeneous in terms of its cytoarchitectonic
and neurochemical organization(Behbehani, 1995). The dlPAG and the vlPAG seem to have
opposing roles depending on whether an animal is facing an imminent threat or a distant
one: overall the dlPAG facilitates rapid autonomic and “Go” behavior such a flight or
aggression (Beckett, et al., 1992, Beckett and Marsden, 1997, Jacob, et al., 2002), while
microstimulation of the vlPAG results in sympathetic inhibition and passive behavior (Bago
and Dean, 2001, Odeh, et al., 2003). In this context the increased activation of the dlPAG
during primary and not secondary mechanical allodynia could reflect an increased response
towards the presence of an imminent threat represented by the area of actual damage
(primary area).

Higher order structures—Our results of activations in higher order structures are
consistent with previous studies during dynamic mechanical allodynia in humans (Iadarola,
et al., 1998, Petrovic, et al., 1999, Witting, et al., 2001, Maihofner, et al., 2003,
Schweinhardt, et al., 2006). The primary and secondary somatosensory cortices were not
covered due to the partial brain acquisition.

We document increased activity in the cerebellum during both primary and secondary
allodynia. Cerebellar activations have been frequently described during painful stimuli, and
have been often attributed to the intention to perform motor responses or withdrawal
(Iadarola, et al., 1998). However, there is evidence that the cerebellum might also modulate
nociception through its connections with the medullary dorsal reticular nucleus (Saab and
Willis, 2003)

We also document an increased activity in the amygdala during both primary and secondary
dynamic mechanical allodynia. The amygdala, together with the prefrontal and anterior
cingulate cortex, is involved in pain modulation through a PAG link to the brainstem
(Fields, 2000). This connects our findings to the well characterized aversive dimension of
allodynic pain.

Differences between the primary and secondary area s of dynamic mechanical allodynia
The areas of primary and secondary dynamic mechanical allodynia yielded several
significant differences when compared to each other. These differences were not related to
the perceived pain intensity, as pain ratings did not significantly differ between the two
conditions.

The spV and vlPAG were the only two brainstem areas eliminated by the subtraction
analysis. This might be due to the similarities in central sensitization in the spV between
primary and secondary mechanical allodynia, and to the removal of the pain intensity
component for the vlPAG. We found that the mean signal change in this region of the PAG
inversely correlated with pain scores during stimulation of the primary area, i.e. the more
deactivated in the vlPAG the higher the intensity of the perceived pain. Electrical
stimulation of the vlPAG produces analgesia in both animals and humans, and can reduce
mechanical and cold allodynia in animal models of neuropathic pain (Pertovaara, et al.,
1997, Lee, et al., 2000). It has been shown that activation in the PAG may increase during a
distraction condition, and the total increase in activation is predictive of changes in
perceived pain intensity (Tracey, et al., 2002). In our study, the reduced activity in the
vlPAG following heat/capsaicin sensitization could reflect decreased descending inhibition
of pain, at least for the primary area.
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Overall secondary mechanical allodynia compared to primary allodynia was characterized
by differences at the supraspinal level. These changes consisted in increased activity during
secondary versus primary allodynia in a cluster localized in the reticular formation of the
medial part of the caudal medulla, and in greater fMRI activity during primary versus
secondary allodynia in other supraspinal brainstem regions of the pain matrix including the
RVM, the lateral part of the contralateral PRF (where the locus coruleus is located), the
bilateral PAG, but in the dorsolateral part.

The RVM, PRF and dlPAG have a well established role in pain processing and modulation
through a spino-bulbo-spinal loop that can either facilitate or inhibit nociceptive input at the
level of the dorsal horn (Suzuki, et al., 2004b). The reticular formation in the medial caudal
medulla receives afferents from different midbrain nuclei including the PAG, and is likely
involved in pain modulation (Chung, et al., 1983). These results suggest that the pain
modulatory structures of the brainstem in are involved to a different extent during primary
versus secondary dynamic mechanical allodynia.

Although BOLD fMRI does not allow the neurochemical effects of the observed changes to
be elucidated (Arthurs and Boniface, 2002), it is possible that our results reflect components
of inhibitory and facilitatory activity within the pain modulatory system in the brainstem.
Animal studies have shown that nociception simultaneously triggers descending facilitation
and inhibition, and that the predominance of one effect over the other differs depending on
several factors including the area examined (primary, secondary), the experimental model
used to induce allodynia, and the time of testing (Vanegas and Schaible, 2004). The
differences we found between primary and secondary mechanical allodynia cannot be
simply due to a “time” or “expectation” effect as we administered mechanical stimuli to the
two areas in a random order.

Unlike the vlPAG, the supraspinal areas differently activated between secondary and
primary mechanical allodynia, however, were not directly related to the intensity of the
perceived pain. Pain, on the other hand, is not simply a sensory experience, but integrates
affective, cognitive, and neurovegetative components. Top-down influences from different
cortical regions (prefrontal cortex, cingulate, insula) have also been proved to play a Peyron,
et al., 2000, Porro, 2003). Interestingly in our study, differences between the primary and
secondary areas also involved regions above the brainstem including the medial thalamus,
anterior and posterior cingulate, prefrontal cortex and the cerebellum. The primary focus of
our investigation was, however, the brainstem, and due to the cardiac gated acquisition
method our data on the cortical areas are limited. Future studies using cognitive/attentional
tasks, as well different levels of pain stimulation could help clarifying the nature and the
direction of this complex interaction between spinal-supraspinal-cortical sites. Additionally
the use of more sophisticated behavioral measures, including affective ratings and degree of
unpleasantness could help to better clarify differences in the perception of dynamic
mechanical allodynia between primary and secondary areas, and possibly relate them to the
imaging differences observed.

In conclusion, we provide a unique documentation of the in vivo changes in the human
brainstem nuclei following experimentally-induced dynamic mechanical allodynia in the
trigeminal system. We mapped changes indicative of central sensitization at the level of the
second-order neurons (spV), demonstrating that they are similar for both primary and
secondary mechanical allodynia. Key brainstem areas (reticular formation of medulla, RVM,
PAG, PRF) involved in pain processing and modulation may play, at least in part, a different
role across the damaged area and adjacent normal skin. This is in accordance with the
emerging concept of pain modulation as a dynamic process that integrates nociceptive
processing with multiple excitatory and inhibitory actions to adapt to the various pain
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determinants. Finally we demonstrated that the rostral vlPAG is related to the intensity of
the perceived allodynic pain in humans.
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Figure 1. Experimental design
Twelve healthy subjects were randomly assigned to one of two counterbalanced groups to
undergo two fMRI sessions, separated by an interval of at least a week, one during
innocuous brush to the right ophthalmic division (V1) of the trigeminal nerve immediately
after heat/capsaicin-induced allodynia (heat/capsaicin session), and one during the same
stimuli to the untreated right V1 (control session). The order of the two sessions was
randomized. During the heat/capsaicin session, we first marked in each subject the treatment
site on the right V1 (1.6 cm2). The premarked skin was then heated for 5 minutes at 45°C
using a 1.6 cm2 Peltier thermode (Medoc, Haifa Israel) after which 0.1% of capsaicin cream
(Capzasin-HP, Chattem, Inc, USA) was applied over the same area for other 30 minutes.
After capsaicin removal, the borders of the area of secondary allodynia were delineated with
a brush. Then, during fMRI innocuous mechanical stimuli were administered to the
premarked sites of interest (primary area, PA; secondary area, SA) on the right V1. In the
control session, the same stimuli were administered to the normal skin of the same
cutaneous area.
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Figure 2. Brainstem anatomical outlines o f study subjects
Sagittal view of brainstem anatomical outlines of all study subjects. Individual outlines are
displayed in different colors. To quantify the accuracy of brainstem co-registration, we
defined in the mid-sagittal plane the angle between the line connecting the anterior and
posterior commissure and the line connecting the posterior commissure and the obex in the
medulla. The angles of all subjects ranged from 112.17 to 115.68 degrees (114.02±1.19,
mean±SD), which corresponds to the SD of 1–1.5 mm at the obex.
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Figure 3. Brainstem differences of brush to either the primary or secondary area versus the
normal skin
Group statistical comparison t maps (radiological convention; p<0.05, corrected), overlaid
on high resolution anatomical images in Talairach space, showing in 11 healthy subjects
significant differences in the brainstem during brush to either (A) the primary or (B)
secondary area following heat/capsaicin application to the right ophthalmic division of the
trigeminal nerve versus brush to the untreated skin of the same cutaneous territory. Sketches
and micrographs adapted from the atlas of Duvernoy (1995) were used to help identify the
location of activation clusters.
(spV = spinal trigeminal nucleus; PRF = pons reticular formation; RVM =
rostroventromedial medulla; dlPAG = dorsolateral PAG; vlPAG = ventrolateral PAG).
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Figure 4. Brainstem differences of brush to the secondary area versus brush to the primary area
Group statistical comparison t maps (radiological convention; p<0.05, corrected), overlaid
on high resolution anatomical images in Talairach space, showing in 11 healthy subjects
significant differences in the brainstem during brush to either secondary area versus brush to
the primary following heat/capsaicin application to the right ophthalmic division of the
trigeminal nerve versus brush to the untreated skin of the same cutaneous territory. In blue
are represented the clusters more activated during primary versus secondary dynamic
mechanical allodynia, the opposite is true for the activation in the caudal medulla shown in
yellow/red.
(MRF = medulla reticular formation; PRF = pons reticular formation; dlPAG = dorsolateral
PAG; Med Thal = medial thalamus; IC = inferior colliculus).
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Figure 5. Correlation between the mean signal change in the contralateral ventrolateral
periaqueductal gray and pain intensity ratings during primary mechanical allodynia
Correlation analysis showing a significant inverse correlation (p<0.05, Pearson’s correlation
coefficient = −0.6) between the mean signal change in the contralateral ventrolateral
periaqueductal gray and pain intensity ratings during primary dynamic mechanical
allodynia, i.e. the more deactivated the vlPAG the higher the pain intensity.
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Table 1

Significant differences between brush to either the primary or secondary area following heat/capsaicin
application to the right ophthalmic division (V1) of the trigeminal nerve and the same stimulus to the same
untreated skin area in 11 healthy subjects.

Area
Brush to the primary area vs
brush to the untreated skin

(right V1)

Brush to the secondary area vs
brush to the untreated skin

(right V1)

Talairach
x, y, z

T Talairach
x, y, z

T

Ipsi Dorsal Medu (spV) 1, −41, −58 4.16 0, −42, −57 2.70

Ventral Medulla (RVM) 3, −25, −40 2.57

Pons Reticular Formation 0, 26, −23 4.2 −1, −28, −24 2.00*

Ctrl PAG −4, −34, −13 2.50 −4, −25, −4 −2.90**

Ipsi Amygdala 12, −5, −21 2.49

Ctrl Amygdala −28, −8, −9 2.31

Ipsi Lateral Thal 17, −11, 4 4.02

Ctrl Lateral Thal −13, −13, 15 2.61

Ctrl Medial Thal −4, −1 2, 7 3.07

Ipsi Caudate 19, 13, 9 2.75

Ipsi Insula 28, 14, 5 2.96

Ipsi Ant Cingulate 1, −12, 28 3.79 3, 27, 32 2.63

(BA 32/23)

Ctrl Ant Cingulate −8, 13, 37 2.91

(BA 32) −1, −11, 29 2.41

Ipsi SMA (BA 6) 5, −11, 57 2.92 5, −10, 57 2.53

Ctrl SMA (BA 6) −6, −16, 61 3.32

Ipsi LPS (BA 7/5) 20, −45, 65 3.39 20, −45, 65 2.70

15, −38, 65 2.61

Ctrl LPS (BA 7/5) −13, −40, 61 2.55 −21, −46, 65 2.36

Vermis 9, −49, −9 2.48 −6, −65, −24 2.41

T = maximum t

*
p<0.01, uncorrected

**
minimum t (decreased activation); Ipsi = ipsilateral; Ctrl = contralateral; spV = spinal trigeminal nucleus; RVM = rostroventromedial medulla;

PAG = periaqueductal gray; Thal = thalamus; LPS = superior parietal lobule; SMA = supplementary motor area; Ant = anterior; Post = posterior;
Sup = superior.
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Table 2

Significant differences in the brainstem and thalamus between secondary and primary dynamic mechanical
allodynia to the right ophthalmic division (V1) of the trigeminal nerve of 11 healthy subjects.

Area Brush to the secondary area
vs brush to the primary area

(right V1)

Talairach
x, y, z

T

Medulla Reticular Formation 0, −30, −49 2.60

Ventral Medulla (RVM) 0, −25, −37 −2.22*

Pons Reticular Formation −1, −24, −21 −2.51*

Ipsi dlPAG/IC 5, −32, −12 −2.94*

Ctrl dlPAG −4, −32, −15 −2.23*

Ipsi Medial Thal 5, −10, 5 −2.28*

Ctrl Ant Cingulate (BA 24) −8, 31, 9 −2.83*

Ctrl Post Cingulate (BA 23/30) −5, −53, 20 −5.24*

Ctrl Sup Frontal Gyrus (BA 9) −4, 53, 32 −2.31*

Ctrl Sup Frontal Gyrus (BA 8) −13, 26, 54 −4.35*

Ipsi Cerebellum 1, −41, −18 −3.03*

Ctrl Cerebellum −34, −57, −49 −3.27*

T = maximum t

*
minimum t (deactivation); Ipsi = ipsilateral; Ctrl = contralateral; spV = spinal trigeminal nucleus; RVM = rostroventromedial medulla; dlPAG =

dorsolateral periaqueductal gray; IC = inferior colliculus; Thal = thalamus; Ant = anterior; Post = posterior; Sup = superior.
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