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Persistent EEG overactivation in the cortical pain matrix

of neurogenic pain patients
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Functional brain imaging of pain over the last years has provided

insight into a distributed anatomical matrix involved in pain processing

which includes multiple cortical areas. EEG/MEG-based imaging

studies have mostly relied on settings of evoked nociception. We report

here the spontaneous presence of enhanced activations in the pain

matrix of the patient group on the basis of continuous EEG and

functional Low Resolution Electromagnetic Tomography (LORETA)

from 16 chronic neurogenic pain patients and 16 healthy controls.

These overactivations occurred predominantly within the high theta

(6–9 Hz) and low beta frequency ranges (12–16 Hz). Theta and beta

overactivations were localized to multiple pain-associated areas,

primarily to insular (IC), anterior cingulate (ACC), prefrontal, and

inferior posterior parietal cortices, as well as to primary (S1),

secondary (S2), and supplementary somatosensory (SSA) cortices.

After a therapeutic lesion in the thalamus (central lateral thalamotomy,

CLT), we followed a subgroup of 6 patients. Twelve months after

surgery, activation in cingulate and insular cortices was significantly

reduced. The presence of rhythmic processes in multiple, partially

overlapping areas of the cortical pain matrix concur with the concept

of thalamocortical dysrhythmia (TCD) that predicts increased thala-

mocortical low and high frequency oscillations ensuing from thalamic

desactivation. These spontaneous, ongoing, frequency-specific over-

activations may therefore serve as an anatomo-physiological hallmark

of the processes underlying chronic neurogenic pain.
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Introduction

The processing of pain is known to rely on a neural matrix

involving several thalamic and cortical brain areas (Melzack and
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Casey, 1968). Using modern imaging techniques, the location and

function of these areas were delineated in more detail (Peyron et

al., 2000; Apkarian et al., 2005). The areas of interest include the

anterior cingulate cortex (ACC), primary and secondary somato-

sensory cortices (S1 and S2), insular cortex (IC), thalamus (Th),

and prefrontal cortex (PFC). While most of the studies investigate

evoked pain conditions in healthy controls, a similar brain activity

pattern was found for chronic neurogenic pain (Hsieh et al., 1999;

Willoch et al., 2000). This chronic condition is characterized by

deafferentation and perceived discomfort in the absence of

peripheral nociceptive stimulation. The physiological basis for

stimulus-independent activation of cerebral pain regions still poses

a conundrum when pain is considered to be primarily a sensory

process triggered at the periphery.

To investigate the physiological basis of neurogenic pain, we

are guided by a concept which focuses on thalamocortical

interplay. The concept was initiated by the finding of rhythmic

activity in the thalamus and the clinical fact that a therapeutic

lesion in the central lateral nucleus of the thalamus (central lateral

thalamotomy, CLT) relieves pain (Jeanmonod et al., 1994, 1996).

The concept was extended as thalamocortical dysrhythmia (TCD)

to describe a persistent rhythmic dysbalance at the base of

functional pathologies of the nervous system (Llinás et al.,

1999). The chronic neurogenic pain mechanism may be triggered

at prethalamic (Lenz et al., 1994), thalamic (Boivie, 1999), or

suprathalamic levels (Schmahmann and Leifer, 1992). All triggers

cause a decreased excitatory input into the thalamus and result in

excessive hyperpolarization states of thalamic relay cells (Jeanmo-

nod et al., 1993, 1994, 2001a, 2005) and a shifted mode of

thalamocortical processing, consisting of a functionally discon-

nected, persistent, and spreading rhythmic activity at both slow

(theta 4–9 Hz) and fast (beta 12–30 Hz/gamma 30–80 Hz)

rhythms (Llinás et al., 1999; Llinas et al., 2005; Schulman et al.,

2005). The TCD mechanism was further supported by the finding

of enhanced theta and beta activity in the resting EEG of patients

with neurogenic pain compared to healthy controls (Sarnthein et

al., 2006).

In this study, we focus, first, on the cortical sources generating

the differences in the resting EEG between patients with
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neurogenic pain and healthy controls in the absence of nociceptive

stimulation. Using continuous scalp EEG recordings and Low

Resolution Electromagnetic Tomography (LORETA), a tomo-

graphic inverse solution imaging technique (Pascual-Marqui et

al., 1994), we set out to simultaneously investigate both the

rhythmicity and topography of differential activations in the

cortical pain matrix. Second, we hypothesized a reduction of

overactivation in pain-related areas after the therapeutic CLT

lesion.
Methods

Patients

We selected 18 consecutive patients from our clinic who

suffered from chronic neurogenic pain as they fulfilled all clinical

criteria for CLT neurosurgical therapy (see below). Pain taxonomy

follows the International Association for the Study of Pain

recommendations. Of the initial patient group, we excluded one

patient because of eye movement artifacts in the EEG and one

patient because of low voltage EEG. Pain localization and

subjective pain rating at recording time of the remaining patient

group (n = 16, 7 females, 9 males, mean age 63 T 10 years) are

listed in Table 1. Ten patients reported constant pain, 5 had

constant and paroxysmal pain components, and 1 patient had

exclusively pain attacks. After surgery, three patients died of

unrelated reasons, two were not available for EEG, and five still

await EEG follow-up to date. Therefore, a subgroup of n = 6

patients was available for EEG recording 12 months after surgery.

Surgery

Neurosurgical therapy for the patients consisted of CLT, a

lesion in the posterior part of the thalamic central lateral nucleus
Table 1

Patient particulars

PL Pain side *VAS Medication (dose per day)

1 Trigeminus Right 75 Midazolam 22.5 mg

2 Trigeminus Right 60 0

3 Trigeminus Right 70 Carbamazepine 2400 mg; c

4 Trigeminus Left 63 0

5 Trigeminus Left 100 Gabapentine 2400 g

6 Trigeminus Right 100 Carbamazepine 800 mg; tra

7 Trigeminus Right 75 Dipotassium clorazepate 20

8 Trigeminus, neck Bilateral 50 Diazepam 5 mg; venlafaxin

9 Temple Right 60 Gabapentine 1600 mg; dihy

zolpideme 10 mg

10 Hemibody Right 65 0

11 Leg, arms Left, bilateral 73 Gabapentin 900 mg; carbam

Amitriptylin 25 mg; fentany

12 Lumbal/leg Left 73 Gabapentine 1200 mg; clom

flurazepam 60 mg; diazepam

13 Sacral Left 80 0

14 Sacral Left 65 0

15 Leg Right 60 0

16 Leg Left 60 0

Average 70.6

SD 13.8

PL = Pain localization; NM = no neuroactive medication; B = benzodiazepines;

visual analogue scale (mm), 100 mm = max. pain, 0 mm = no pain; average dur
(CL) (Morel et al., 1997) and has been described in detail

elsewhere (Jeanmonod et al., 2001a). Admission criteria for CLT

include resistance to proper antiepileptic and thymoleptic treat-

ments, chronic pain state lasting for more than 1 year, severe

suffering, and a strongly diminished quality of life. Distinct from

all other lesional procedures applied in chronic pain, CLT targets

cells in the posterior part of CL which have been found to be

functionally blocked (Jeanmonod et al., 1993, 1994, 1996). This

chronic blockage has probably led to a reorganization of the

thalamocortical network and might explain the clinical finding that

patients do not show any loss of function after CLT. In a previous

study with n = 96 patients and follow-up 4 years, more than 50%

of the patients obtained satisfactory up to complete pain relief

(Jeanmonod et al., 2001a).

Healthy controls

The control group consisted of 16 healthy subjects (8 females,

8 males, mean age 56 T 12 years), with no pain, no current or

previous history of a relevant neurological or psychiatric disease,

and no current regimen of any medications known to affect the

EEG. The healthy, age-matched control group was selected to

statistically delineate the EEG abnormality reported for neurogenic

pain patients (Sarnthein et al., 2006).

EEG recording sessions

The study was approved by the Kanton Zürich ethics

committee. All subjects were informed about the aim and scope

of the study and gave written informed consent. Subjects were

seated in a dimly lit room shielded against sound and stray electric

fields. All recording sessions were performed at the same morning

hours in order to exclude an impact of circadian factors on the

EEG. Recording sessions of patients and controls followed a

randomly interleaved schedule and the recording apparatus was
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continuously calibrated. Subjects were advised to abstain from

caffeinated beverages on the day of recording to avoid the caffeine-

induced theta decrease in the EEG (Landolt et al., 2004).

Medication and possible changes of vigilance were minuted for

possible slowing of the dominant occipital rhythm. Subjects were

video-monitored and EEG-files were excluded when online or

behavioral signs of drowsiness occurred.

EEG recordings were performed during relaxed but alert

wakefulness continuously over 5 min with eyes closed and again

over 5 min with eyes open. EEG signals were measured with 60

Ag/AgCl surface electrodes, which were fixed in a cap at the

standard positions according to the extended 10–20 system (FMS

11, Falk Minow Services, München, Germany). Impedances were

below 5 kV in all electrodes processed in further analysis. EEG

signals were registered using the SynAmps EEG system (Neuro-

scan Compumedics, Houston, TX, 16 bit A/D conversion,

sampling rate 250 Hz, 0.5 Hz–100 Hz band pass filter, 0.2 s time

constant) and continuously viewed on PC monitor.

Data preprocessing and editing

Data were analyzed offline in Matlab (The Mathworks, Natick,

MA) using EEGLAB (http://www.sccn.ucsd.edu/eeglab/

index.html) (Delorme and Makeig, 2004) and custom scripts.

The scalp EEG was re-referenced to the mean of the signals

recorded at the ear lobes. After visual inspection, paroxysmal

artifacts were removed. The EEG was decomposed into indepen-

dent components using blind separation (Jung et al., 2000). After

removal of components containing eye movement or muscle

artifacts, the signal was reconstructed. Power spectral density was

calculated using the Welch technique and was plotted after

averaging over all electrodes and subjects in the group (Fig. 1).

After downsampling to 64 Hz, the cross-spectral density was

calculated in 50%-overlapping 2 s windows for all electrode pairs.

LORETA imaging

LORETA is a brain imaging method that computes inverse

solutions that approximate the cortical sources from EEG record-

ings (http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm)

(Pascual-Marqui et al., 1994). The LORETA solution space was

restricted to the cortical grey matter in the digitized Talairach atlas

with a total of 2V394 voxels at 7 mm spatial resolution (Talairach

and Tournoux, 1988; Pascual-Marqui et al., 1999). The LORETA

inverse solution corresponds to the 3D distribution of electrical

neuronal activity that features a maximum similarity (i.e. maximum

synchronization), in terms of orientation and strength, between

neighboring neuronal populations in adjacent voxels. The imaging

is therefore particularly tuned towards synchronized brain activities

as they occur, e.g. in spreading oscillatory activations. Since

LORETA takes explicitly into account that scalp electric potentials

are determined up to an arbitrary additive constant, the final

LORETA solution is independent of the electrical reference used.

Concurrently, the LORETA model specifically approximates the

smoothest possible of all three-dimensional current distributions,

i.e. one in which sharp transitions of current densities are assigned

a relatively low probability and, accordingly, minimized in the

algorithm’s optimization. This constraint means that the algorithm

is tuned towards the activation of concurrent neuronal populations

and limits the detection of very circumscribed and small

generators. The gain of this strategy consists of its particular
capacity to localize generators with a very low localization error of

1–2 voxels of 7 mm side length (Pascual-Marqui et al., 2002;

Mulert et al., 2004).

We calculated tomographic LORETA images corresponding to

the estimated neuronal generators of brain activity within a given

frequency range (Frei et al., 2001). A spatial oversmoothing of

10�4 was chosen for the LORETA transformation matrix.

Frequency ranges were low theta (4–6 Hz), high theta (6–9 Hz),

alpha (9–12 Hz), low beta (12–16 Hz), and high beta (16–30 Hz).

The choice of frequency ranges was guided by the frequency

dependence of statistical power (Fig. 2). This procedure resulted in

one 3D LORETA image for each subject in both eye conditions

and for each frequency range.

Statistical analysis

LORETA images were statistically compared between groups

through multiple voxel-by-voxel comparisons in a nonparametric

test for functional brain imaging (Nichols and Holmes, 2002). Both

eye conditions were pooled since we were interested in the pain

state common to both conditions (Pizzagalli et al., 2003). If not

stated otherwise, the t values corresponding to P < 0.01 or better

were plotted onto a MRI template with a scale bar indicating

statistical power and color scale linearity equal to 75. We then

selected 15 regions of interest (ROI) in several cortical areas

associated with the pain matrix and also, for comparison, the cuneal

Brodman area 18 of the primary visual cortex which is presumably

not involved in pain processing (Table 2). LORETA images were

calculated for each frequency point in the range 1–32 Hz, i.e. with a

step width of 0.5 Hz. A single voxel within the ROI was chosen and

a t value determined for each frequency point. The rationale for the

limitation to a single voxel per ROI was that given that LORETA

calculates maximally smoothed results, adjacent voxels have close t

values per default, implying that voxels taken from peak areas are

representative. The frequency dependence of the t value for each

ROI is plotted together with the t value corresponding to P levels

P = 0.05 and P = 0.01. Statistical testing corrects for multiple

comparisons of voxels. However, testing does not correct for

multiple comparisons of frequencies and is therefore exploratory.
Results

The comparisons between groups are presented in three ways.

First, grand mean spectra illustrate the differences in spectral

power density, which have been investigated in detail elsewhere

(Sarnthein et al., 2006). Second, the generators of differential

power are shown as activation in statistical tomographic maps for

specified frequency ranges. Coordinates indicate the sites of peak

activation. Third, for 16 selected regions (ROI, Table 2), the t

values for differential activation are plotted for each frequency

point. While we also present differential activations for patient

subgroups, our main result is the comparison between patient

group and healthy control group.

Patient group vs. healthy control group

The enhanced spectral EEG power of the patient group is

reflected in cortical overactivation in different frequency ranges

spread over several locations (Fig. 1). In line with the high spectral

power in the high theta range (6–9 Hz), overactivation in the

http://www.sccn.ucsd.edu/eeglab/index.html
http://www.unizh.ch/keyinst/NewLORETA/LORETA01.htm
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patient group was rather global for this frequency range. Peak

activations were localized bilaterally to the posterior insulae (pIC)

(X = �31, Y = �25, Z = 15, t = 6.47; X = 32, Y = �25, Z = 15, t =

5.93), and adjacent periinsular and inferior posterior parietal cortex
(ipPC) (X = �38, Y = �67, Z = 15, t = 6.07). Focal differences

were found in the low theta (4–6 Hz) range, where peak

differential activation between the groups was localized to the

periinsular parieto-temporal cortex (X = �66, Y = �18, Z = 1, t =



Fig. 2. LORETA overactivation of patient group vs. healthy control group

for 16 cortical regions of interest (ROI, Table 2). t values from

nonparametric testing are plotted for each frequency point, positive values

stand for overactivation in the patient group. Grey lines designate t values

corresponding to significance levels P < 0.01 and P < 0.05. In the high

theta range (6–9 Hz), all ROI traces reach high t values indicating large

overactivation in the patient group. While the number of ROI-over-

activations is minor in the low theta (4–6 Hz) and alpha (9–12 Hz) ranges,

the low beta range (12–16 Hz) shows a peak for several ROI traces.

Table 2

Coordinates of voxels representing selected regions of interest

Area X Y Z BA

Posterior insula (pIC) left �38 �11 1 13

Posterior insula (pIC) right 39 �11 1 13

Anterior insula (aIC) le �38 17 1 13

Anterior insula (aIC) ri 39 17 1 13

Somatosensory area 1 (S1) le �52 �18 43 3

Somatosensory area 1 (S1) ri 53 �18 43 3

Somatosensory area 2 (S2) le �52 18 15 43

Somatosensory area 2 (S2) ri 53 18 15 43

Dorsolateral prefrontal (DLPFC) le �38 59 1 10

Dorsolateral prefrontal (DLPFC) ri 39 59 1 10

Inferior posterior parietal (ipPC) le �45 �67 15 39

Inferior posterior parietal (ipPC) ri 46 67 15 39

Rostral anterior cingulate (rACC) �3 38 15 24

Midcingular cortex (MidCC) 4 �4 36 24V
Supplementary somatosensory area (SSA) 4 �67 50 7

Cuneus (CU) �3 �108 8 18

Voxel size 7 � 7 � 7 mm; coordinates in mm (MNI space), origin at

anterior commissure; X = left (�) to right (+); Y = posterior (�) to anterior

(+); Z = inferior (�) to superior (+). BA: Brodmann Area.
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4.17). A second domain of prominent differences appeared at low

beta frequencies (12–16 Hz), with activation peaks localized to

anterior cingular cortex (rACC) (X = 4, Y = 38, Z = 8, t = 4.32), the

left dorsolateral prefrontal cortex (DLPFC) (X = �38, Y = 52, Z =

22, t = 4.32), and the left insula (X = �38, Y = �4, Z = 1, t = 4.13).

In the alpha range (9–12 Hz) minor peak activations were found

bilaterally in the insula (X = �31, Y = �25, Z = 15, t = 3.46), (X =

46, Y = 3, Z = 1, t = 3.45). At high beta frequencies (16–30 Hz),
Fig. 1. Comparison of power spectra and functional tomographic maps between

column: global power is enhanced in the pain group, with largest enhancement in

images show differences between regional brain electric activity in the patient gro

range, three orthogonal slices through the location of maximal increase are displ

multiple testing, registered to the stereotaxic Talairach space, and overlaid on a stru

given on the slice maps. At cortical voxels, t values are color coded according to th

overactivations are localized to posterior inferior parietal cortex (piPC) and the left

midprefrontal, left dorsolateral prefrontal cortex (DLPF), rostral anterior cingulate

16–30 Hz range, respectively. In the 6–9 Hz range, a vast overactivation involve

regions.
slight overactivation was localized to the occipital lobe (X = �45,
Y = �81, Z = 15, t = 2.82, P = 0.025).

We next studied the frequency dependence of overactivation for

selected regions (Fig. 2). For all ROIs, differential activation below

4 Hz is insignificant, probably due to eye movement artifacts in the

EEG. Around 7 Hz and around 11 Hz, a peak and a trough occur

for all ROIs including the cuneus (BA 18), which is presumably

not involved in pain processing. Selected areas show a second peak

in the lower beta range (12–16 Hz), including rACC (14 Hz, t =

4.67), the left (13.5 Hz, t = 4.69), and right DLPFC (13.5 Hz, t =

4.09), the midCC (13.5 Hz, t = 3.93), and the posterior insulae.

Parietal cortical areas including S1 and S2 showed stronger

activation on the left side than their right homologues. At high

beta (16–30 Hz), slight activations were found in occipital (25.5

Hz, t = 2.98, P = 0.018) and inferior parietal areas (27 Hz, t = 3.03,

P = 0.014). Above 30 Hz, the EEG signal/noise ratio was probably

too small to allow for significant differential activation.

Among all differences, the overactivation in the theta and low

beta range features the highest statistical power (Fig. 2). The same

is true when only spectral EEG power is taken into account

(Sarnthein et al., 2006). As seen in Fig. 1, the cortical generators of

this difference correspond to an overactivation of predominantly

insular and anterior cingulate cortices.

Medication-related effects

Some of the patients took medication known to be centrally

acting and which could have affected their EEG (Table 1)
patient group (black spectrum) and control group (green spectrum). Left

the theta and low beta frequency range. Right column: LORETA functional

up vs. healthy control group for five frequency ranges. For each frequency

ayed. Images are color-coded nonparametric statistical maps corrected for

ctural MRI scan. The MNI (Montreal Neurological Institute) coordinates are

e scale bar. Red areas correspond to overactivation in the patient group. Peak

insular cortex (IC) in the 4–6 Hz range; to both IC in the 9–12 Hz range; to

cortex (rACC), and left IC in the 12–16 Hz range; and to left piPC in the

s virtually the whole cortex and peaks bilaterally in insular and periinsular
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(Saletu et al., 2000; Salinsky et al., 2003). To test the effect of

medication, we compared a subgroup of 7 patients without

relevant medication at the time of EEG to the healthy control

group (Fig. 3). The differential activation patterns resemble those

of the total patient group in theta and low beta (Fig. 1). Peak

activation at high theta (6–9 Hz) was localized to left inferior

parietal cortex (X = �52, Y = �74, Z = 8, t = 3.4). At low

beta, activations were localized to rACC (X = �3, Y = 45, Z =

10, t = 1.1), and left insula (X = �35, Y = 6, Z = 1, t = 1.1).

These comparisons represent a trend only, maybe due to the

reduced number of patients in this group, who may also have

suffered from a somewhat lighter form of the disease enabling

them to stay medication-free for the EEG-examination. At the

high beta range, spectral power was found enhanced for the total

group of patients only, but not for unmedicated subgroup. This

effect may be related to the known central action of

benzodiazepines and tricyclic antidepressants at this frequency

range (Van Cott and Brenner, 2003). However, the main patterns

of overactivation found in this study were restricted to theta and

low beta frequencies, and those persisted equally in the patients

with and without medication. Furthermore, the sites of drug

receptors are broadly distributed over cortex, whereas the

overactivation in patients was localized distinctly in the cortical

pain matrix.

Trigeminal pain subgroup and lower limb pain subgroup

In order to differentiate anatomically between the pain

phenomenology involved, we selected two clinical subgroups.

One group consisted of five patients with pain related to an injury

of the right trigeminal nerve (trigeminal subgroup, TR). The other

group consisted of five patients with neuronal lesions at the
Fig. 3. Comparison of a subgroup of patients without medication (n = 7) against th

images for the frequency ranges of maximal overactivation show similar patterns
lumbar, sacral, or leg level on the left side and who experienced

pain in the left distal limb (lower limb subgroup, LL). We

compared power spectra and LORETA activation images of these

subgroups with the healthy control group (Fig. 4).

In the high theta range (6–9 Hz), the LL subgroup exhibited

extensive overactivations with peaks localized to the left pIC (X =

�59, Y = �67, Z = 1, t = 5.44) and left ipPC (X = �52, Y = �67,
Z = 22, t = 5.35), that is to the side ipsilateral to pain localization.

The TR subgroup showed a strong overactivation localized to the

right pIC (X = 39, Y = �11, Z = 1, t = 7.40) and right periinsular

temporo-parietal cortices (X = 53, Y = �18, Z = 15, t = 7.00), thus

also to a region involving and surrounding the ipsilateral insula.

Slightly weaker, but still distinct activations were localized in the

contralateral, left pIC (X = �31, Y = �25, Z = 8, t = 5.94), the

midCC (X = 4, Y = �11, Z = 29, t = 5.47), and rACC (X = 4, Y =

38, Z = 15, t = 5.31).

In the low beta range (12–16 Hz), both subgroups exhibited

more circumscribed activations than at lower frequencies.

Significant peaks for LL in the low beta range (12–16 Hz) were

localized to mediofrontal cortex ((X = �10, Y = 45, Z = 22, t =

3.46), and to left DLPFC (X = �31, Y = 52, Z = 29, t = 3.16 (P =

0.01)). Overactivations for TR in the same range involved the

medial prefrontal cortex (X = �10, Y = 45, Z = 22, t = 6.01); left

DLPFC (X = �31, Y = 52, Z = 29, t = 5.56); (X = �52, Y = 10,

Z = 43, t = 5.80) as well as a distinct involvement of midCC

(X = �3, Y = 3, Z = 36, t = 4.93) and the two insulae (X =

39, Y = �11, Z = 1, t = 5.4; X = �38, Y = �11, Z = 1, t =

5.07). Taken together, the activation pattern showed several

similarities: peak activation in both subgroups was found in a

midfrontal/rACC region, involving Brodmann Areas 9, 10, 32,

and 24, and in a second region of peak activation in the left

DLPFC. In addition to those regions, the TR subgroup
e healthy control group. t = 1 in the lower image is not significant. LORETA

as those when the total patient group is taken into account (Fig. 1).



Fig. 4. Comparison of a subgroup of patients with right-sided trigeminal pain (TR, n = 5) and a subgroup with left-sided pain in the distal limb (LL, n = 5)

against the healthy control group. Shown are LORETA images for the frequency ranges of maximal overactivation. In the 6–9 Hz range in both subgroups,

activity was enhanced for a large regions of cortex. Furthermore, peak activations were localized to the IC and piPC cortices ipsilateral to the pain side in both

TR and LL group. Distinct involvement of rACC, midCC, but not cuneal areas is visible for TR, but not for LL. In the low beta range (12–16 Hz), both

subgroups show activations in a medial frontal area involving rACC (BA 24, 32) and medial prefrontal cortex (BA 9, 10), as well as in the left DLPFC. The

medial frontal activation was broader in LL and more focal in TR. TR patients showed a distinct midCC activation (BA 24V) and a bilateral involvement of the

insulae that was not found in LL.
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exhibited more differential power and showed a strong

involvement of midCC and the insulae.

Postoperative development

Finally, we were interested in the effect of the therapeutic CLT

lesion on the cortical overactivation (Fig. 5). A subgroup of n = 6
patients was available for EEG recording at 12 months postoper-

atively. The median pain relief reported from this patient subgroup

was 95%. The paired statistical comparison of LORETAs showed

decreased overactivation in rACC (Brodman areas 24 and 32, see

arrow at 8 Hz) and midCC (Brodman area 24V, see arrow at 14 Hz),

with rACC de-overactivation most prominent at 8 Hz, and midCC

de-overactivation most dominantly around 14 Hz. Both of these



Fig. 5. Reduced overactivation after therapeutic lesion CL. In a subgroup of n = 6 patients, we compared LORETA activations from before surgery and from

12 months after the therapeutic CLT lesion (paired nonparametric test, threshold for t values set at P < 0.05, reduction blue, increase red). At 8 Hz and 14 Hz,

we observed reduced activity in rACC and midCC.
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areas are well-known components of the cortical pain system (Vogt

et al., 1993, 1996) and are densely interconnected to the thalamic

CL nucleus which was targeted in the surgery (Van der Werf et al.,

2002).
Discussion

In this study, we found significant overactivations in the patient

group with peaks localized to multiple areas of the cortical pain

matrix. These areas include rostral anterior and midcingulate

cortices, the insulae, periinsular inferior and posterior parietal

cortices, somatosensory cortices, and mid- and dorsolateral

prefrontal cortices. These differential activations agree with results

obtained from other methods such as PET, fMRI, electrocortico-

grams, and EEG-based bioelectric dipole modeling (Willoch et al.,

2000; Peyron et al., 2002; Casey et al., 2003; Vogel et al., 2003;

Apkarian et al., 2005). Since our recordings were performed in the

absence of nociceptive stimulation, we assume that these multiple

pain-associated areas are continuously overactivated in neurogenic

pain patients. The reduced overactivation in the cortical pain

matrix after the CLT lesion provides evidence for a thalamic effect

on cortical physiological function.

Our analysis in the frequency domain allowed us to assign

specific frequency ranges to cortical areas exhibiting over-

activation. In the theta range, periinsular parietal cortex showed

the highest overactivation among pain-associated areas. Why was

also the cuneus overactivated in theta? The dominant peak of the

EEG spectrum in patients is shifted to lower frequency compared

to controls (Fig. 1). This has been reported in more detail earlier

(Sarnthein et al., 2006). As a result of the shift, the difference of

the power spectra has a peak around 7 Hz and a trough around

11 Hz like the curves plotted in Fig. 2. The dominant peak in the

EEG spectrum has its maximum over the occipito-parietal cortex

in healthy controls (Nunez et al., 2001) as well as in our patients

(Sarnthein et al., 2006). Therefore, differential activation of the

cuneus is high at 7 Hz. This is evidence that the thalamocortical
dynamics of the dominant frequency is slowed down in the

patient group in pain- and vision-related areas. After CLT

surgery, this effect was reversed and the spectra of the patient

group approached that of healthy controls (Sarnthein et al.,

2006). In the low beta range, midprefrontal areas and DLPFC

were prominently overactivated. Insular cortex and rACC were

overactivated in both theta and beta frequency ranges. The

possibility of such assignments (1) means that several functional

states with different cortical topography occur simultaneously, (2)

extends the results of metabolism-based studies, which highlight

only one functional topographic activation map for any given test

condition, and (3) suggests that frequency-dependent activity

patterns may constitute functional characteristics of chronic

neurogenic pain states.

Trigeminal pain subgroup and lower limb pain subgroup

The differential activations for these subgroups were remark-

ably strong in spite of the small number of subjects per group. This

may reflect the homogeneity of the subgroups, in particular the TR

subgroup. In the theta range, the TR group exhibited more

homogenous and stronger overall activations than the LL group,

where patterns were more diffuse. Furthermore, TR exhibited an

activation of a medial precuneal region, clearly distinct from

further caudal areas typically involved in an alpha Fdefault_
oscillation. This region may correspond to the supplementary

somatosensory area (SSA) that has been implied in painful as well

as imaginary, hallucinatory, and other associative somatosensory

functions (Dowman and Schell, 1999; Baer et al., 2002). Apart

from these differences, similarities were many, including a peak

activation in insular and periinsular cortical areas at higher theta

frequencies that showed a bilateral involvement, but clearly

dominated on the side ipsilateral to pain sensation for both

subgroups. This finding was somewhat surprising. The literature

on the lateralization of the insula in pain is ambiguous, however,

some studies found bilateral activations (Hsieh et al., 1995),

whereas others reported either contralateral (Craig et al., 2000),
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left-sided (Youell et al., 2004), or right-sided (Ostrowsky et al.,

2002) insular dominance.

LORETA as a tool for pain research

We found LORETA to be well suited for localization of EEG

generators in our study for several reasons: it is a practical

technique that has been extensively validated with other methods

such as PET, fMRI, and intracortical recordings (Lantz et al.,

1997; Frei et al., 2001; Pascual-Marqui et al., 2002; Gamma et

al., 2004; Michel et al., 2004; Zumsteg et al., 2004). LORETA

was shown to localize EEG-generators with a great accuracy,

although at the expense of a sharp resolution. A recent study

found localization differences between BOLD centers of gravity

and LORETA maxima in the range of 16.0 T 6.6 mm (Mulert et

al., 2004). In order to address a dysrhythmic process, it was

fundamental to have a method that can analyze the bioelectric

data in the frequency domain and localize activations for all

frequencies separately. Additionally, the LORETA algorithm is

capable to simultaneously localize multiple cortical sources,

which was important for us given the multiple areas pertinent

in pain (Coghill et al., 1999). Furthermore, the EEG’s and

LORETA’s predilection for detecting synchronized oscillatory

processes of neighboring neuronal populations (Ebersole, 2003),

at the expense of more punctual and sporadic cortical events, is

precisely tuned to the TCD-concept that focuses on dysrhythmic

thalamocortical oscillations that get spread in the wake of the

disease. Finally, it is well-known that several of the structures

most pertinent for pain processing are localized in the depths of

the cortex, including structures such as the cingulate and insular

cortices. While it is possible to find power spectral changes in

chronic pain patients based on direct power spectral analysis of

the scalp data (Sarnthein et al., 2006), it seems mandatory to

characterize activity from deep cortical structures such as limbic

and paralimbic areas in a tomographic reconstruction that goes

beyond the two-dimensional scalp information.

Thalamocortical dysrhythmia

Based on electrophysiological and clinical data, a concept has

been developed to explain how the pathophysiological state of

neurogenic pain, among other syndromes, is both generated and

entertained (Jeanmonod et al., 1993, 1996; Llinás et al., 1999).

Experimental studies have characterized a thalamic neuronal

bursting pattern corresponding to low-threshold Ca++-spike (LTS)

bursts (Llinás and Jahnsen, 1982). This peculiar bursting pattern

was first characterized in the lateral somatosensory thalamus of

patients with neurogenic pain (Lenz et al., 1989). A detailed

investigation in the medial thalamus (Jeanmonod et al., 1993,

1996) found (1) a concentration of LTS bursts delimited to the

posterior part of the Central Lateral nucleus (CL), (2) that half of

all recorded neurons presented LTS bursting activity, (3) that

virtually all cells (>99%) recorded in CL were unresponsive to

tactile, proprio- and nociceptive peripheral stimulation, and (4) that

LTS bursts occurred rhythmically with a mean interburst discharge

rate of 4 Hz. The bursting pattern evidences hyperpolarization of

neurons caused by deafferentation. The hyperpolarization may be

related to the thalamic hypometabolism observed in PET (Hsieh et

al., 1995; Iadarola et al., 1995).

As a part of the medial thalamus, the nucleus CL is diffusely

connected to wide cortical areas (Steriade et al., 1997; Jones, 2001)
and is thought to serve as a nonspecific amplifier of thalamocort-

ical activity (Llinas et al., 2002). Functionally, the tight coupling of

the thalamocortical reentry loop is reflected by high thalamocort-

ical theta coherence in human patients (Sarnthein et al., 2003,

2005). This loop constitutes an important component contributing

to the rhythmicity of scalp EEG and MEG (Nunez et al., 2001).

Furthermore, slowed EEG/MEG rhythmicity had been reported in

a few patients with neurogenic pain (Gücer et al., 1978; Llinás et

al., 1999). Based on these physiological findings and the clinical

fact that a therapeutic CLT lesion relieves pain and other functional

brain disorders (Jeanmonod et al., 1993, 1996, 2001a), thalamo-

cortical dysrhythmia (TCD) was proposed as a general mechanism

to explain the generation of neurogenic pain and other positive

neurological symptoms (Llinás et al., 1999, 2001; Jeanmonod et

al., 2001b; Llinas et al., 2005). This concept is centered on the

overactivation of thalamocortical rhythmic activity in theta (4–9

Hz) as well as beta (12–30 Hz) and/or gamma (30–80 Hz)

frequency ranges. When involving components of the pain matrix

(Fig. 1), this dysrhythmia is thought to provide the pacing

mechanisms that perpetuate the pain condition. The therapeutic

CLT lesion in the thalamus reduces both pain and also over-

activation in the cortical pain matrix (Fig. 5). In light of this

concept, we propose to conceive of the theta and low beta

overactivations not as exclusively intracortical phenomena, but as

cortical expressions of a functionally disturbed thalamocortical

circuitry.
Conclusions

Using 3D brain electromagnetic tomography LORETA that

provides information in both the EEG frequency domain and the

brain space domain, we found distinct region- and frequency-

specific EEG overactivations in patients with neurogenic pain as

compared to a healthy control group. The areas of overactivation

match the pain-specific regions found with other electromagnetic

or metabolic localization methods. The reduction of activity in

pain-specific regions after the therapeutic lesion CLT illustrates the

effect of an intervention in the medial thalamus on cortical

physiology. The TCD concept offers a way to conceive of how

structural changes affecting thalamic afferences may produce

lasting neurological syndromes. Our study also demonstrates that

persistently increased activations in the cortical pain matrix of

neurogenic pain patients exhibit a specific frequency pattern with

peaks of differential activation in theta and low beta ranges. This

finding supports the hypothesis that circumscribed frequency-

dependent activations in the cortex might offer pathophysiological

and clinical hallmarks of processes that underlie and concurrently

sustain neurogenic pain.
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