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Abstract: Trigeminal neuralgia (TN) is a pain state characterized by intermittent unilateral pain attacks in
one or several facial areas innervated by the trigeminal nerve. The somatosensory cortex is heavily involved
in the perception of sensory features of pain, but it is also the primary target for thalamic input of nonpain-
ful somatosensory information. Thus, pain and somatosensory processing are accomplished in overlapping
cortical structures raising the question whether pain states are associated with alteration of somatosensory
function itself. To test this hypothesis, we used functional magnetic resonance imaging to assess activation
of primary (SI) and secondary (SII) somatosensory cortices upon nonpainful tactile stimulation of lips and
fingers in 18 patients with TN and 10 patients with TN relieved from pain after successful neurosurgical
intervention in comparison with 13 healthy subjects. We found that SI and SII activations in patients did nei-
ther depend on the affected side of TN nor differ between operated and nonoperated patients. However, SI
and SII activations, but not thalamic activations, were significantly reduced in patients as compared to con-
trols. These differences were most prominent for finger stimulation, an area not associated with TN. For lip
stimulation SI and SII activations were reduced in patients with TN on the contra- but not on the ipsilateral
side to the stimulus. These findings suggest a general reduction of SI and SII processing in patients with
TN, indicating a long-term modulation of somatosensory function and pointing to an attempt of cortical ad-
aptation to potentially painful stimuli. Hum Brain Mapp 30:3495–3508, 2009. VC 2009Wiley-Liss, Inc.
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INTRODUCTION

Trigeminal neuralgia (TN) is a pain state characterized
by severe, mostly unilateral intermittent lancinating pain

in one or several territories innervated by the trigeminal
nerve. Pain attacks can be triggered by normally innocu-
ous stimulation of the affected area, such as touch, shav-
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ing, or washing. TN occurs in 60% of the cases on the
right side, affects mostly patients older than 50 years,
females twice as often as males and is usually not associ-
ated with neurological deficits [Katusic et al., 1991; Zakr-
zewska and Lopez, 2005]. In most cases, TN is caused by a
vascular compression of the trigeminal nerve near its root-
entry-zone at the brain stem [Kress et al., 2005; Lovely and
Jannetta, 1997; McLaughlin et al., 1999; Rasche et al., 2006;
Tronnier et al., 2001; Zorman and Wilson, 1984]. Although
initial treatment is always based on anticonvulsants
[Tenser, 1998; Wiffen et al., 2000; Zakrzewska and Lopez,
2005], neurosurgery can be an option in selected patients
irresponsive to medical therapy. Microvascular decom-
pression using Jannetta technique, interposing a prosthesis
between the trigeminal nerve and the irritating vessel, has
proved to be particularly effective in the treatment of TN
with success rates of long-term pain relief up to 80%
[Barker et al., 1996; Jannetta, 1985; Lovely and Jannetta,
1997; Tenser, 1998; Tronnier et al., 2001; Tyler-Kabara et
al., 2002; Zorman and Wilson, 1984].

A number of functional imaging studies have dealt with
the topic of cortical pain processing in human subjects and
identified a variety of cortical regions encompassed in the
so called ‘‘pain matrix’’ [Apkarian et al., 2005; Davis, 2000;
Derbyshire, 2000; Ingvar, 1999; Jones et al., 2002; Schnitzler
and Ploner, 2000; Tracey, 2005; Treede et al., 1999]. While
bilateral SII activation was consistently found during the
application of painful stimuli [Brooks et al., 2002; Bushnell
et al., 1999; Coghill et al., 1999; Ferretti et al., 2003; Talbot
et al., 1991], the implication of SI is more controversial
[Borsook et al., 2004; Bromm, 2001; Bushnell et al., 1999;
Peyron et al., 2000]. It is, however, currently believed that
somatosensory cortices are responsible for the perception
of sensory features of pain [Apkarian et al., 2005; Bushnell
et al., 1999; Tracey, 2005] and involved in emotional
aspects of pain perception via a cortico-limbic somatosen-
sory pathway [Gracely et al., 2004; Porro et al., 2002; Price,
2000; Sawamoto et al., 2000]. Although information from
touch and pain receptors is relayed in the spinal cord and
brain stem over distinct pathways, there is convergence of
inputs in the thalamus and overlapping processing and
integration of tactile and painful information at the level
of somatosensory cortex [Basbaum and Jessell, 2000]. This
implies that pain perception might not only be associated
with altered processing within the ‘‘pain matrix’’ [Derby-
shire, 2000], but also with modulation of somatosensory
function itself.

In our previous study, we used functional magnetic res-
onance imaging (fMRI) to address functional connectivity
of the somatosensory cortex in healthy subjects, providing
a methodological and interpretational tool for the investi-
gation of somatosensory BOLD-signals under pathological
conditions [Blatow et al., 2007]. Here, we examined tactile
somatosensory function in patients with TN and patients
relieved from pain by successful surgical treatment in
comparison with healthy subjects. We used fMRI with uni-
lateral tactile stimulation of lips and fingers, to probe one

sensory area that is involved in trigeminal pain (lips) and
another that is not (fingers) and asked the following ques-
tions: (i) Is fMRI with tactile stimulation feasible in
patients with TN? (ii) Does unilateral tactile stimulation in
patients with TN elicit different somatosensory activations
depending on the affected body side? (iii) Are somatosen-
sory activations in patients with TN different before and
after successful pain relief? (iv) Are there fundamental
changes in somatosensory processing in patients with TN
compared to healthy subjects?

MATERIALS AND METHODS

Study Population

In total, 28 right-handed patients and 13 volunteers
(aged 25–70 years, 5 men, 8 women) participated in the
study after written informed consent to the study protocol,
which was approved by the Heidelberg Medical Faculty
ethics committee and in line with the Declaration of
Human Rights, Helsinki, 2002. Handedness was assessed
using a modified version of the Annett questionnaire
[Annett, 1970]. Data from the control group was used in
part for a previous publication [Blatow et al., 2007].

First patient group (before neurosurgery)

Eighteen patients (aged 48–73 years, 4 men, 14 women)
were selected for the first group, of which 11 had TN on
the right side and 7 had TN on the left side. TN was due
to neurovascular compression as revealed on high-resolu-
tion structural MRI. Pain location affected the maxillary
(V2) and mandibular (V3) branch of the trigeminal nerve
in 9 patients, only V2 in 8 and only V3 in 1 patient.
Patients for the first group were only selected if they ful-
filled the criteria for neurosurgical intervention, e.g., they
had a pain history of several years and suffered from reg-
ular pain attacks refractory to their medication. None of
the patients had a sensory deficit of the affected face area
as measured by clinical neurological examination. Medica-
tion of patients is summarized in Table I.

Second patient group (after neurosurgery)

Ten patients (aged 44–76 years, 4 men, 6 women) were
selected for the second group, all with a history of TN on
the right side, relieved from pain for at least 4 months
(range between 4 and 12 months) by successful surgical
treatment (microvascular decompression using Jannetta
technique). None of the patients had a postoperatively
acquired sensory deficit of the face. Seven patients
received no medication and 3 patients received minimal
medication (Table I). Of the 11 patients with right side TN
from the first group only 6 were considered for the post-
operative group because of either residual pain after sur-
gery (n ¼ 2), subthreshold activation in fMRI (n ¼ 1) or

r Blatow et al. r

r 3496 r



nonattendance at the follow-up fMRI for unknown reasons
(n ¼ 2).

Functional and Morphological MRI

To keep experimental conditions as similar as possible
for patients and controls, all subjects were prepared for
the experiments in the same way, provided with earplugs
and instructed to gaze at a fixation point during the meas-
urements, which were performed at approximately the
same time of the day for all patients and controls. A visual
analog scale was used before every fMRI measurement to
make sure that patients were not having a pain attack in
the moment of the experiment. Only patients with VAS ¼
0 were measured. Subjects were positioned in a clinical 1.5
Tesla MR-imager (Siemens Magnetom Symphony) using a
conventional birdcage head-coil. Movement artifacts were
reduced by relaxed positioning of the extremities and fix-
ing the head with preformed foam cushions. Data sets
contaminated with movement artifacts lager than 1 mm
(translation) or 1 degree (rotation) were excluded from
evaluation. After the measurement patients were specifi-
cally questioned about the occurrence of painful sensations
during the stimulation, which, however, none of the

patients reported. Standardized block-designed BOLD-
fMRI was performed with fully automated nonpainful
pneumatically-driven unilateral tactile stimulation (dura-
tion ¼ 50 ms, frequency ¼ 4 Hz, air pressure ¼ 3 bar, con-
tact force ¼ 100 mN/cm2) of fingers (digits 1 and 2
simultaneously) and lips (upper and lower) using high-re-
sistance pneumatic tubes (length 3.5 m, diameter 2 mm)
and finger clips/face mask with a flexible membrane (BTI,
San Diego, CA). Stimulations were applied for each body
side and location separately (see Fig. 1). During somato-
topic mapping, each volunteer had a total of four different
standardized block-designed whole brain BOLD-fMRI
measurements (somatosensory stimulations: fingers left,
fingers right, lips left, lips right) using a single-shot,
blipped gradient echo Echo-Planar-Imaging sequence (GE-
EPI, TR ¼ 3,000 ms, TE ¼ 80 ms, FOV ¼ 256 � 256 mm2,
matrix ¼ 128 � 128 voxels, flip angle ¼ 90�, 22 contiguous
axial images, slice thickness 5 mm, gap 1 mm). Each single
measurement consisted of one offset, six baseline, and five
stimulation intervals (duration 30 s each) resulting in a
scanning time of 360 s. Individual T1-weighted structural
3D-MRI data sets (RF-spoiled FLASH sequence, TR ¼ 30
ms, TE ¼ 4.4 ms, 144 sagittal slices, slice thickness 1 mm)
were acquired to superimpose functional on structural
images [Blatow et al., 2007; Stippich et al., 2004, 2005].

Standardized Analysis of fMRI Data

BrainVoyagerV
R

QX (Version 1.4; BrainInnovation, Maas-
tricht, Netherlands) was used for standardized processing
and analysis of structural as well as functional MRI-data
that included motion correction, spatial and temporal

Figure 1.

Pneumatic stimulation device for fMRI. Fully automated nonpain-

ful pneumatically-driven tactile stimulation using high resistance

pneumatic tubes and finger clips/face mask with a flexible mem-

brane was applied for each body side and location separately.

[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

TABLE I. Patient medication

Medication Dosage (mg/d)

Patients with TN
1 Amitriptyline 50
2 Carbamazepine 300
3 Carbamazepine 200
4 Amitriptyline 50
5 Gabapentin 1,000
6 Carbamazepine 800
7 Gabapentin, Phenytoin 1,500, 300
8 Gabapentin, Phenytoin 800, 200
9 Gabapentin 900

10 Gabapentin 1,800
11 Amitriptyline 50
12 Carbamazepine, Valproic acid 1,200, 2,000
13 Carbamazepine, Amitriptyline 300, 25
14 Carbamazepine, Amitriptyline 800, 50
15 Carbamazepine 800
16 Carbamazepine 1,200
17 Carbamazepine 600
18 Gabapentin 500
Patients post-OP
1 Carbamazepine 100
2 Carbamazepine 100
3 Carbamazepine 200
4 None
5 None
6 None
7 None
8 None
9 None

10 None
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smoothing and a voxel-wise calculation of BOLD-activa-
tion using linear cross-correlations. Data processing was
fully standardized and automated except for the manual
overlay of functional on structural MR-images and for the
individual definition of reference points required for spa-
tial normalization. All structural and functional datasets
were transformed to Talairach-space [Talairach and Tour-
noux, 1988] and evaluated on an individual basis. Six dif-
ferent regions of interest (ROIs) were defined for each
experiment, namely the primary somatosensory areas of
finger or lip representations, respectively, located in the
postcentral gyrus of both hemispheres, the corresponding
secondary somatosensory areas located caudally in the pa-
rietal operculum and the thalamus in both hemispheres. In
each ROI, the exact anatomical correlates of functional acti-
vations were assessed on transverse, sagittal, and coronal
sections. The Euclidean coordinates of the center of gravity
(COG) of each BOLD-cluster were determined along with
the corresponding BOLD-signal characteristics (correlation
of the measured BOLD-signal to the applied hemodynamic
reference function (hrf) ¼ r; relative BOLD-signal change
¼ DS (%)). To precisely analyze each individual functional
dataset a standardized evaluation routine was used apply-
ing a dynamic statistical threshold [Blatow et al., 2007;
Stippich et al., 2004, 2005, 2007]: a cluster size of �36 mm3

was used as the standard for data evaluation to achieve a
precise determination of the anatomical correlates of the
different functional activations by also eliminating very
small clusters in the activation maps. At first, a very high
statistical threshold value for the correlation (r) between
the measured BOLD-signals and the hrf was selected so
that no functional activation was displayed (empty map).
This threshold was then continually reduced. As a result,
the activation with the highest correlation to the hrf that
exceeded the cluster size of 36 mm3 was displayed first.
By further reduction of the threshold, activations in other
functional areas with lower correlations between the meas-
ured BOLD-signals and the hrf appeared progressively.
This procedure was continued until activations were iden-
tified in all ROIs. A threshold of r ¼ 0.25 with P < 0.05
(Bonferoni corrected) was established as lower limit to
ensure that BOLD-signals were clearly distinguishable
from background noise. If no BOLD-signal was displayed
in a ROI within the lower limit, this was evaluated as ‘‘no
activation.’’ Likewise, BOLD-signals with a relative change
of DS > 4% were not included in the evaluation because
such high-level somatosensory activation is likely to originate
from draining veins rather than from capillaries. All BOLD-
signals were evaluated and statistically compared on an indi-
vidual basis; however, for Figures 3–5 group-level fMRI
maps were used for display to visualize group effects.

Statistical Analysis

Descriptive analysis (calculation of the mean and the
standard deviation) was made for correlations of BOLD-

signals to the applied hemodynamic reference function (r),
relative BOLD-signal changes (DS), and Euclidean coordi-
nates of COGs (x, y, z). All calculations were made for
each region of interest in individual subjects. Statistical
analysis was performed on r-values. DS-values usually
showed the same trend as r-values, but displayed a stron-
ger variability. In our experience correlations of BOLD-sig-
nals to the applied hemodynamic reference function (r-
values) are a more suitable parameter for the quality of
fMRI activations than relative BOLD-signal changes (DS-
values) in particular for quantitative comparison, because
r-values are less variable between subjects and more reli-
able in consecutive measurements in the same subject. In
addition using a dynamic statistical threshold for data
analysis, r-values allow a more precise determination of
COGs of BOLD-activations [Blatow et al., 2007; Stippich
et al., 2004, 2005, 2007]. For the assessment of the statistical
significance of differences, data were first analyzed for
normal distribution using the Lilliefors Test. In 14% of
data sets normal distribution could not be confirmed, pre-
sumably due to the small sample size. To account for this
and for variable sample size, nonparametrical Wilcoxon
Rank-Sum Test was used for all comparisons. To test for
correlation of r-values with age regression analysis was
performed using the Pearson’s correlation coefficient R
plotting z(r) against age with z(r) ¼ (r � rmean)/SD. The
coefficient of determination R2 ¼ 0.01 indicated no correla-
tion of r-values with age. Statistical calculations were done
in MATLAB 6.5 (MathWorks, Natick, MA).

RESULTS

Detection of SI, SII, and Thalamic Activations in

Patients With TN and Healthy Control Subjects

Unilateral tactile stimulation of lips and fingers elicited
BOLD-activations of contra- and ipsilateral SI and SII cor-
tex in the somatotopically corresponding representations
of the postcentral gyrus in patients with TN and healthy
control subjects. In each subject significant BOLD-activa-
tions were clearly distinguishable between SI and SII
regions (see Fig. 2). In the case of lip stimulation SII activa-
tions were located 10–15 mm caudally of SI activations; for
finger stimulation SII activations were located 20–25 mm
caudally of SI activations. During lip stimulation occur-
rence probability of contralateral somatosensory activation
was 100% for SI and 88% for SII in controls, 97% for SI
and 92% for SII in patients with TN, and 100% for SI and
85% for SII in TN post-OP patients. In addition, we
observed ipsilateral somatosensory activation in 100% for
SI and 81% for SII in controls, 78% for SI and 94% for SII
in patients with TN, and 50% for SI and 100% for SII in
TN post-OP patients (Table II). Thalamic activity was
recorded to monitor input function to the somatosensory
cortex in all three groups (Fig. 2; Table II). During finger
stimulation occurrence probability of contralateral SI and
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SII activation was 96% for SI and 100% for SII in controls,
89% for SI and 92% for SII in patients with TN, and 100%
for SI and 85% for SII in TN post-OP patients. Ipsilateral

SI and SII activation could be measured in 69% for SI and
96% for SII in controls, 42% for SI and 83% for SII in
patients with TN, and 30% for SI and 90% for SII in TN

Figure 2.

Representative fMRI of SI, SII, and thalamic activations during fin-

ger and lip stimulations in individual subjects. Unilateral stimula-

tion of left or right fingers (A) or lips (B) elicited BOLD-

activations in SI and SII areas and thalamus in controls (left

panel), patients with TN (middle panel) and patients with TN af-

ter neurosurgical intervention (right panel). Representative

examples are chosen for left or right stimulations in transversal

or coronal views, yellow arrowheads point to activations contra-

lateral to the stimulus. For display of individual data colors

depicting the r-statistic with uncorrected P-values for the entire

activation map were chosen to facilitate comparison with r-val-

ues presented in this study. Each cluster fulfilled criteria of signif-

icance with a lower threshold of r > 0.25 and P < 0.05

(Bonferoni corrected; see methods section).
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post-OP patients (Table II). Correlations of the measured
BOLD-signals to the applied hemodynamic reference func-
tion (r), relative BOLD-signal changes (DS), and Euclidean
coordinates of COGs were measured for individual signifi-
cant activations and are summarized in Table III. These
results suggest that nonpainful sensory paradigms can be
successfully and reliably applied in patients with TN
yielding comparable qualitative somatosensory BOLD-acti-
vation patterns and success rates as in healthy control
subjects.

Somatosensory Activations in Patients With TN

Show No Differences Depending on Stimulation

of the Affected or Unaffected Body Side

Because TN is in most cases a strictly unilateral phe-
nomenon, our first hypothesis was that unilateral tactile
stimulation may have lateralized effects on somatosensory
activation depending on whether the stimulus was applied
to the affected or unaffected body side. If there was a lat-
eralized effect, it might be more pronounced for stimula-
tion of the lips, being an area involved in trigeminal pain.
To test this hypothesis we compared correlations of the
measured BOLD-signals to the applied hemodynamic ref-
erence function (r-values) in patients with TN between
right and left stimulation sides. As an internal control
patients with TN on the right side and on the left side
were treated independently. Wilcoxon Rank-Sum test was
used for all comparisons, the resulting P-values were
evaluated with a level of significance at a ¼ 5% (i.e. 5%
of all P-values had to be smaller than 0.05 to assume a
difference). The analysis revealed no significant P-values
in both TN right and left patient groups for both lip and
finger stimulation (see Fig. 3). Thus, fMRI could not
detect a lateralized effect on activation in SI and SII
depending on the affected body side, neither for lip nor
for finger stimulation. Therefore, for further analysis
patients with TN on the right and left side were eval-
uated together.

Somatosensory Activations in Patients With

TN Show No Differences Before

and After Neurosurgical Treatment and

Prolonged Pain Relief

For the second patient group of this study, patients who
had undergone microvascular decompression using Jan-
netta technique and were free of pain and medication for
at least 4 months were selected. This allowed us to ask the
question whether successful treatment of pain had an
influence on somatosensory activation in patients with TN.
To address this issue, we compared r-values of BOLD-acti-
vations between patients with TN from the first group
(with ongoing pain) with those from the second group
(free of pain). No significant differences were found com-
paring the two groups (see Fig. 4), indicating that there
was no measurable effect of medication or neurosurgical
treatment on somatosensory activation in these patients.

Somatosensory Activations Are Significantly

Reduced in Patients With TN as Compared to

Healthy Subjects

The next question was whether somatosensory process-
ing was generally different in patients with TN as com-
pared to healthy control subjects. Because no significant
differences of activations were found within and between
the patient groups, we chose to examine all patients to-
gether versus the control group. However, we also ana-
lyzed the groups individually and obtained similar results.
Comparing r-values of BOLD-activations between patients
with TN and controls revealed a significant reduction of
both SI and SII activations in patients with TN (see Fig. 5).
These differences were most obvious for finger stimula-
tion: SI activations contralateral to the stimulus had signifi-
cantly lower r-values in patients with TN (r ¼ 0.55 � 0.17)
as compared to controls (r ¼ 0.72 � 0.11; P < 0.00001);
likewise contralateral SII activations had significantly
lower r-values in patients with TN (r ¼ 0.46 � 0.12) as
compared to controls (r ¼ 0.58 � 0.13; P ¼ 0.00002). Also

TABLE II. Occurrence probabilities of SI, SII, and thalamic activations

Subjects Stimulation

Representation

SI (c) SII (c) Thalamus (c) SI (i) SII (i) Thalamus (i)

Controls (n ¼ 13) Lips 100 88 81 100 81 65
Fingers 96 100 92 69 96 65

Patients with TN (n ¼ 18) Lips 97 92 72 78 94 64
Fingers 89 92 61 42 83 47

Patients post-OP (n ¼ 10) Lips 100 85 70 50 100 50
Fingers 100 85 85 30 90 60

Occurrence probabilities (in %) of contra- (c) and ipsilateral (i) SI and SII and thalamic activations elicited by each different sensory par-
adigm in control subjects, patients with TN (right and left side) and patients with TN after neurosurgical intervention (post-OP).
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ipsilateral activations had significantly lower r-values in
patients with TN, although the differences were less
marked: for ipsilateral SI (patient, r ¼ 0.34 � 0.08; control,
r ¼ 0.49 � 0.17; P ¼ 0.003) and for ipsilateral SII (patient, r
¼ 0.41 � 0.11; control, r ¼ 0.47 � 0.12; P ¼ 0.03). Thalamic
activation, however, was comparable between patients and
controls (Fig. 6A).

For lip stimulation, patients with TN had lower r-values
in contralateral SI (r ¼ 0.55 � 0.14) and SII (r ¼ 0.46 �
0.10) activations than healthy subjects (SI: r ¼ 0.63 � 0.10;
P ¼ 0.007; SII: r ¼ 0.50 � 0.09; P < 0.05), but no significant
differences were found between ipsilateral SI and SII or

thalamic activations in patients with TN versus controls
(Fig. 6B). These results show a general reduction of SI and
SII activation in patients with TN upon unilateral tactile
stimulation. This reduction does not seem to be present at
the level of the thalamus.

DISCUSSION

The main findings of this study can be summarized as
follows: (i) nonpainful tactile stimulation of lips and fin-
gers in patients with TN yielded qualitatively comparable

TABLE III. BOLD-signal characteristics and Euclidean coordinates of SI, SII, and thalamic activations

Subjects Stimulation Activation n r DS x y z

Controls (n ¼ 13) Lips SI (c) 26 0.63 � 0.10 1.05 � 0.46 54 � 3 �15 � 7 37 � 5
SII (c) 23 0.50 � 0.09 0.73 � 0.51 52 � 7 �21 � 9 21 � 6

Thalamus (c) 21 0.40 � 0.09 0.52 � 0.30 15 � 6 �19 � 7 7 � 5
SI (i) 26 0.50 � 0.09 0.83 � 0.45 55 � 4 �14 � 10 35 � 6
SII (i) 21 0.44 � 0.09 0.62 � 0.23 53 � 7 �23 � 10 21 � 5

Thalamus (i) 17 0.38 � 0.08 0.51 � 0.41 13 � 2 �20 � 7 7 � 5
Fingers SI (c) 25 0.72 � 0.11 1.34 � 0.69 49 � 4 �18 � 10 46 � 4

SII (c) 26 0.58 � 0.13 0.87 � 0.34 48 � 6 �19 � 6 18 � 6
Thalamus (c) 24 0.40 � 0.09 0.40 � 0.20 14 � 5 �18 � 6 7 � 4

SI (i) 18 0.49 � 0.17 0.73 � 0.47 47 � 7 �19 � 7 48 � 6
SII (i) 25 0.47 � 0.12 0.59 � 0.28 52 � 6 �20 � 7 20 � 6

Thalamus (i) 17 0.33 � 0.09 0.32 � 0.12 11 � 4 �18 � 6 8 � 4
Patients with

TN (n ¼ 18)
Lips SI (c) 35 0.56 � 0.12 0.66 � 0.33 52 � 5 �16 � 5 38 � 8

SII (c) 33 0.47 � 0.09 0.46 � 0.24 50 � 8 �21 � 9 22 � 8
Thalamus (c) 26 0.37 � 0.09 0.32 � 0.12 13 � 4 �15 � 8 6 � 6

SI (i) 28 0.46 � 0.13 0.47 � 0.21 52 � 6 �17 � 4 38 � 8
SII (i) 34 0.45 � 0.10 0.55 � 0.39 52 � 9 �22 � 9 24 � 8

Thalamus (i) 23 0.39 � 0.09 0.38 � 0.18 13� 5 �15 � 6 8 � 6
Fingers SI (c) 32 0.53 � 0.17 0.72 � 0.37 48 � 8 �19 � 5 47 � 5

SII (c) 33 0.44 � 0.11 0.47 � 0.19 48 � 7 �23 � 10 21 � 6
Thalamus (c) 22 0.39 � 0.10 0.38 � 0.18 12 � 4 �17 � 5 5 � 4

SI (i) 15 0.34 � 0.09 0.35 � 0.16 48 � 7 �20 � 5 45 � 6
SII (i) 30 0.40 � 0.11 0.43 � 0.27 50 � 8 �22 � 12 22 � 7

Thalamus (i) 17 0.36 � 0.10 0.37 � 0.25 12 � 6 �16 � 6 7 � 5
Patients

post-OP (n ¼ 10)
Lips SI (c) 20 0.53 � 0.16 0.77 � 0.56 54 � 6 �15 � 6 40 � 8

SII (c) 17 0.43 � 0.11 0.41 � 0.13 51 � 8 �19 � 7 26 � 7
Thalamus (c) 14 0.37 � 0.10 0.52 � 0.43 12 � 5 �16 � 6 7 � 6

SI (i) 10 0.47 � 0.14 0.64 � 0.23 56 � 3 �17 � 7 38 � 4
SII (i) 20 0.40 � 0.11 0.38 � 0.14 54 � 5 �21 � 12 27 � 7

Thalamus (i) 10 0.37 � 0.10 0.38 � 0.35 12 � 5 �19 � 6 7 � 6
Fingers SI (c) 20 0.59 � 0.18 0.96 � 0.56 47 � 7 �20 � 5 49 � 6

SII (c) 17 0.49 � 0.13 0.58 � 0.26 48 � 8 �22 � 7 22 � 6
Thalamus (c) 17 0.36 � 0.06 0.35 � 0.15 14 � 5 �15 � 3 7 � 4

SI (i) 6 0.36 � 0.09 0.45 � 0.22 49 � 11 �23 � 6 47 � 4
SII (i) 18 0.42 � 0.12 0.43 � 0.20 53 � 9 �23 � 12 27 � 7

Thalamus (i) 12 0.36 � 0.06 0.34 � 0.06 12 � 4 �15 � 5 7 � 4

Correlations of the measured BOLD-signals to the applied hemodynamic reference function (r). Relative BOLD-signal changes (DS%)
and Euclidean coordinates of COGs (x, y, z) are depicted for contra- (c) and ipsilateral (i) SI, SII, and thalamic activations for each sen-
sory paradigm in control subjects, patients with TN (right and left side) and patients with TN after neurosurgical intervention (post-
OP). Data from right and left stimulation sides were pooled and X-coordinates all transferred into positive values. Data are given as
mean � SD.
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Figure 3.

Somatosensory activations in patients with TN show no differ-

ences depending on stimulation of the affected or unaffected

body side. Group level fMRI of bilateral somatosensory activa-

tions in the postcentral gyrus and parietal operculum in patients

with TN on the right side are shown for stimulation of the right

(A) and left (B) lips. To conserve anatomical details, group level

BOLD-activation maps (n ¼ 11) were overlaid onto anatomical

images of one individual subject. Left panels show a coronal

view (COR) through the plane of the postcentral gyrus, middle

panels a transversal view (TRA) through the plane of SI activa-

tions and left panels a sagittal view (SAG) through the plane of

contralateral activations. R, right, L, left. For display of group

data (different from Fig. 2) colors depicting the t-statistic with

uncorrected and Bonferoni corrected P-values were chosen to

facilitate comparison with other studies where mostly t-values

are presented. Each activation map had a false discovery rate

(FDR) < 0.001. Statistical thresholds were deliberately kept

equal to allow comparison of activation maps. No major differ-

ences in activation levels can be observed depending on the

stimulation side. Note bilateral thalamic activations in (B) (left

panel) and coactivations in the superior parietal lobules in (A)

and (B) (middle panel). Histograms depict quantitative analyses

of r-values (mean � SD) comparing SI and SII activations elicited

by lip stimulation on the affected (black bars) or the healthy side

(white bars) for patients with TN on the right side (C) and left

side (D) separately. c, contralateral; i, Ipsilateral; r, correlation of

the measured BOLD-signal to the applied hemodynamic refer-

ence function.



somatosensory activation patterns as in healthy subjects.
(ii) SI and SII activations in patients with TN showed no
differences depending on whether the stimulation con-
cerned the affected or the unaffected body side. (iii) SI and
SII activations in patients with TN did not change after
pain relief by neurosurgical intervention. (iv) However, SI
and SII activations in patients with TN were significantly
reduced as compared to healthy subjects.

This is the first study that uses fMRI to investigate tac-
tile somatosensory function in patients with TN. TN is dis-
tinctive in that pain can be triggered by normally
innocuous stimuli, pointing to a pathological interference
between sensory and pain information. In terms of its

pathophysiology, TN results most likely from demyeliniza-
tion of the trigeminal nerve at its root-entry-zone leading
to nerve atrophy [Herweh et al., 2007; Kress et al., 2005]
and cross-excitation between axons mediating touch and
pain sensation [Love et al., 1998]. This is in contrast to the
pathophysiology of neuropathic pain which is a conse-
quence of deafferentiation after traumatic or other nerve
injury [Jones, 2000]. Accordingly, clinical appearances of
neuralgic and neuropathic pain are markedly different.
While patients with TN typically experience a sharp pain
that lasts for seconds only and may recur many times a
day, patients with neuropathic pain are in constant pain
[Tronnier et al., 2001]. In addition, TN is typically not

Figure 4.

Somatosensory activations in patients with TN show no differ-

ences before and after neurosurgical treatment and prolonged

pain relief. (A) Group level fMRI of bilateral somatosensory acti-

vations in the postcentral gyrus and parietal operculum in

patients with TN on the right side after successful microvascular

decompression by Jannetta technique are shown for stimulation

of the right lips. To conserve anatomical details, group level

BOLD-activation maps (n ¼ 10) were overlaid onto anatomical

images of one individual subject. Left panels show a coronal

view (COR) through the plane of the postcentral gyrus, middle

panels a transversal view (TRA) through the plane of SI activa-

tions and left panels a sagittal view (SAG) through the plane of

contralateral activations. R, right; L, left. Colors depict the t-sta-

tistic with uncorrected and Bonferoni corrected P-values. Statis-

tical thresholds were chosen as in Figure 3 to allow comparison

of activation maps. Histograms depict quantitative analyses of r-

values (mean � SD) comparing SI and SII activations in patients

with TN before (black bars) and after pain relief (white bars) for

lip (B) and finger (C) stimulations. c, contralateral; i, ipsilateral;

r, correlation of the measured BOLD-signal to the applied he-

modynamic reference function.
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associated with sensory deficits or other neurological
symptoms, whereas neuropathic pain goes along with
hypesthesia, hyperalgesia, or allodynia of the painful terri-
tory. Although lateralized alteration of somatosensory
processing was observed in previous studies in patients
with various neuropathic pain disorders associated with
unilateral peripheral sensory deficits [Apkarian et al., 2005;
Becerra et al., 2006; Juottonen et al., 2002; Maihofner et al.,
2005; Peyron et al., 2004; Pleger et al., 2006], one would
not necessarily expect lateralized effects in this study,
because patients with TN have no neurological deficits
and were all examined outside pain attacks. Furthermore,
none of the patients reported the occurrence of painful
sensations during the experiments.

Effects of cortical reorganization comprising the somato-
sensory cortex can be seen soon after nerve injury [Jones,
2000]. In TN, most likely demyelinization leads to patho-
logical peripheral input [Love et al., 1998]. Considering the
long pain history of most patients with TN, changes at the
cortical level have many years to evolve. Interestingly,

pain relief after neurosurgery is usually immediate [Tron-
nier et al., 2001], which cannot be attributed to a remyeli-
nization of axons. In a later study at 3 Tesla, we found a
case of possible remyelinization of the trigeminal nerve as
demonstrated by diffusion tensor imaging in a patient
with TN 5 months after pain relief [Herweh et al., 2007].
In this study, the pain-free time interval in the postopera-
tive patient group between surgery and fMRI was between
4 and 12 months. This time may be sufficient for axonal
remyelinization, but possibly not for the reversal of corti-
cal changes, and studies at even later time points would
be required to address this issue.

BOLD signals can be altered due to psychoactive drugs,
as in the case of anticonvulsive medication in TN. How-
ever, it is difficult to predict the influence of medication in
this study. Jokeit et al. [2001] demonstrated a dose-de-
pendent reduction of BOLD signals after application of
Carbamazepine in the mesial temporal lobes in a memory
retrieval task. In a novel study, Governo et al. [2008]
showed a differential influence (positive and negative

Figure 5.

Somatosensory activations are significantly reduced in patients

with TN as compared to healthy subjects. Group level fMRI of

bilateral somatosensory activations in the postcentral gyrus and

parietal operculum in control subjects (n ¼ 13) (A) and patients

with TN (n ¼ 18) (B) are shown for stimulation of the right fin-

gers. Activation maps are presented as in Figures 3 and 4 and

statistical thresholds for image display were kept constant for

easier comparison. BOLD-activation is visibly reduced in patients

versus controls; at the chosen threshold no ipsilateral SI/SII acti-

vation is displayed in the patients’ fMRI. Note contralateral tha-

lamic activation in (A) (left panel).
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effects) of various doses of Gabapentin on BOLD signals
in nociceptive brain regions in rats. One may therefore
speculate that Carbamazepine could be responsible for a
reduction, whereas Gabapentin could produce an increase
of BOLD signals in somatosensory cortex. Because our
patients from the first group received both these drugs
alone or in combination with other substances at various
doses, the summative effect on the BOLD signals cannot
be assessed. Therefore, for the second group we selected
only patients with no or minimal medication. Our results
showed no significant differences between somatosensory
activations in patients from the first and the second group.
Hence, it seems justified to conclude that the observed
reduction of activation as compared to healthy subjects
was most likely not a result of medication.

The observed reduction of somatosensory activation in
patients with TN as compared to healthy subjects was not
only bilateral but also extended to the finger representa-
tion, a representation not involved in trigeminal pain. This
is a strong indicator for a general alteration of somatosen-
sory processing in TN. A possible pathophysiological pro-
cess could look as follows: the nerve-vessel conflict
progressively leads to demyelinization and cross-excitation
of axons mediating tactile and painful information, thereby
resulting in a unilateral pathological peripheral input
[Herweh et al., 2007; Kress et al., 2005; Love et al., 1998]. It
follows that a tactile input may be relayed to thalamic
neurons responsive to painful stimulation. It is known that
receptive fields of these neurons in rats are often bilateral,
larger and more variable than those of neurons responsive

Figure 6.

Quantitative assessment of somatosensory activations in patients with TN and healthy subjects.

Correlations of BOLD-signals to the applied hemodynamic reference function (r; mean � SD)

are plotted for contra- and ipsilateral SI and SII and contralateral thalamic activations for finger

(A) and lip (B) stimulations in healthy controls (black bars) and patients with TN (gray bars). c,

contralateral; i, ipsilateral. Levels of statistical significance: ***P < 0.0001, **P < 0.01, *P < 0.05.

r Altered Somatosensory Processing in TN r

r 3505 r



to tactile stimulation [Lamour et al., 1983; Monconduit
et al., 2006]. Further, it was demonstrated that thalamo-
cortical inputs following noxious stimulation are not
clearly segregated into anatomically distinct regions in rats
[Monconduit et al., 2006], and accordingly a less confined
somatotopy for noxious compared to innocuous inputs has
been observed in human somatosensory cortex [Apkarian
et al., 2005]. In addition, there is now growing evidence
for bilateral representations of tactile information not only
in SII but also in SI in humans [Blatow et al., 2007]. Thus,
information derived from sensory inputs is relayed to
bilateral somatosensory cortices and may in the case of TN
expand to representations other than the stimulated one.
In line with this assumption are studies in a rat model for
neuropathic pain showing bilateral changes in somatosen-
sory cortex not restricted to the affected somatotopic area
[Mao et al., 1993; Paulson et al., 2000]. Benoist et al. pro-
posed a rat model for TN using loose chronic constriction
injury of the infraorbital nerve and found a profound dis-
turbance in the somatosensory cortical somatotopy contra-
and ipsilateral to the affected side and an attenuation of
cortical responsiveness [Benoist et al., 1999], which might
parallel the findings in this study.

If a unilateral pathological input leads to bilateral corti-
cal changes they must originate either from the thalamus
or from the cortex itself. One argument for the cortical ori-
gin in this study is the absence of significant differences in
thalamic activations between patients and controls
although admittedly thalamic activations in fMRI are small
und accordingly difficult to quantify. Another argument is
the fact that there are nearly ten times as many fibers pro-
jecting back from SI to the thalamus as there are in the for-
ward direction from thalamus to cortex implying a
powerful endogenous control of the processing of sensory
information originating from SI [Briggs and Usrey, 2008;
Monconduit et al., 2006]. This cortico-thalamic feedback
network comprises both glutamatergic excitatory and
GABAergic inhibitory components and is thought to gate
sensory stimuli. It can furthermore enable the cortex to
dynamically modulate thalamic activity and determine the
nature of its own input [Briggs and Usrey, 2008]. A
GABAergic hypofunction of this network followed by pain
hypersensitivity and delayed loss of sensory neurons was
proposed as an explanation for neuropathic pain [Cana-
vero and Bonicalzi, 1998; DaSilva et al., 2008; Woolf and
Salter, 2000]. Recent studies have shown under experimen-
tal conditions in rats that a decrease of glutamatergic exci-
tatory or alternatively an increase of GABAergic inhibitory
drive from SI would reduce thalamic responsiveness to
painful stimulation [Monconduit et al., 2006; Wang et al.,
2007]. Thus, the observed cortical signal reduction in the
present study may reflect a top-down mechanism to
reduce pain related relay. The fact that the changes were
less prominent for stimulation of the affected than the
nonaffected area might reflect a reduced efficiency of the
mechanism in the affected system, in particular in ipsilat-
eral cortices involved in the integration of attentional or

emotional components of the stimulus. In line with this
idea are results from fMRI studies using painful stimula-
tion showing increased ipsilateral SI and SII responses for
pain catastrophizing [Gracely et al., 2004].

Finally, the comparison of BOLD signals has methodo-
logical limitations because fMRI is not suitable to provide
absolute quantifications of neuronal activity. We tried to
improve the validity of our data by first conducting a
detailed analysis of somatosensory activation patterns in
healthy subjects, providing a methodological and interpre-
tational tool for the investigation of somatosensory BOLD-
signals in TN [Blatow et al., 2007].

CONCLUSION

This study shows a general reduction of somatosensory
cortical fMRI activations following nonpainful stimulation
in TN. We propose a decreased activity of the cortico-tha-
lamic feedback network as a putative mechanism for long-
term adaptation to painful stimulation.
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