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Thalamic theta field potentials and EEG: high thalamocortical coherence
in patients with neurogenic pain, epilepsy and movement disorders
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Abstract

We simultaneously recorded local field potentials (LFP) in the thalamus and EEG on the scalp of 17 patients suffering from neurogenic
pain, epilepsy and movement disorders. The EEG of 11 patients displayed enhanced power in the theta frequency range (4–8 Hz). The
thalamic LFP of 14 patients peaked in the theta range. The theta coherence between EEG and LFP was significant for 12 patients and
reached strengths up to 70%. These findings suggest that enhanced theta rhythmicity occurs in tight functional thalamocortical loops and
is a major element in all three diseases investigated.

To investigate second-order phase-coupling between LFP frequency components, we computed the bicoherence and averaged over the
group of patients. We found peaks in the theta band and the beta band (14–30 Hz), indicating phase correlations of oscillatory events in these
frequency ranges with their first harmonic. A further peak indicates that phase coupling occurred also between theta and beta frequencies.
This indicates a strong functional interaction between the generators of these oscillations. We also computed the cross-correlation between
LFP spectral power at different frequencies. Although this measure is independent of phase, we found good agreement with the bicoherence
patterns, pointing again to strong interaction between theta and beta rhythmicity. The overproduction of theta rhythms, the thalamocortical
coherence and the correlation of theta with beta rhythms are key elements for the understanding of thalamocortical dysrhythmia (TCD).
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Thalamic and cortical areas are densely and reciprocally
interconnected (Steriade et al., 1997; Jones, 2001) and exten-
sive studies by in vivo techniques, in anaesthetized prepara-
tions and in awake animals have investigated the functional
roles of the thalamocortical system (Llinás and Jahnsen,
1982; Steriade, 2001). At the thalamic cellular level, ionic
channel properties are at the base of the appearance of spe-
cific discharge patterns. As an example, low-threshold cal-
cium spike (LTS) bursts have been described intracellularly
in in vitro and in vivo experiments and related to a state
of membrane hyperpolarization (Llinás and Jahnsen, 1982;
Steriade, 2001). At the network level, temporal and spatial
patterns of activity in cortical and thalamic areas demon-
strate wide variability, suggesting that the reverberating
thalamocortical circuit supports a wide range of dynamic
interactions necessary for input analysis, motor program-
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ming and cognitive functions (Llinás and Ribary, 1993;
McCormick and Contreras, 2001; Steriade, 2001).

Based on the above physiological evidence as well as on
human thalamic unit recordings (Jeanmonod et al., 1996)
and MEG measurements (Llinás et al., 1999), we proposed
that a single global mechanism involving the thalamocortical
reentry loop is responsible for the generation of the five do-
mains of positive symptoms that clinically characterize the
so-called thalamocortical dysrhythmia (TCD) (Llinás et al.,
1999; Jeanmonod et al., 2001; Llinás et al., 2001). These
domains include neurogenic pain, epilepsy, tinnitus, move-
ment and neuropsychiatric disorders.

The present study focuses on the interaction between tha-
lamus and cortex. In the course of surgical interventions
we simultaneously measured EEG on the scalp and local
field potentials (LFP) in the thalamus of patients suffering
from neurogenic pain, epilepsy and movement disorders.
Our main findings are: (1) high power in the theta frequency
range (4–8 Hz) of the LFP in thalamic areas where LTS have
been reported (Jeanmonod et al., 1996; Magnin et al., 2000),
(2) high coherence between EEG and LFP most markedly
in the theta band, and (3) a strong interaction between LFP
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theta and beta frequency bands, both in the bicoherence as
well as in the temporal correlation of power spectra.

2. Methods

2.1. Patients

We analyzed spontaneous brain activity from 17 patients
suffering from chronic, severe neurological disorders, all dis-
playing resistance to classically recognized drug treatments.
Patients ranged between 22 and 85 years old with an aver-
age of 56±16 years. The patient population included seven
patients diagnosed with neurogenic pain, three patients with
epilepsy and seven patients with movement disorders (four
with Parkinson’s disease in tremor-dominant form, one with
dystonia, one with essential tremor, and one with action
tremor due to multiple sclerosis) (Table 1). Surgical proce-
dures were described elsewhere (Jeanmonod et al., 2001).
All patients gave informed consent to their operation. Lo-
cal anesthesia was applied on the frame fixation points and
the penetration points. Three mg of the anxiolytic drug Bro-
mazepam were given 4–5 h before recording, which did nei-
ther make patients drowsy nor affect their symptomatology
at the moment of recording.

2.2. LFP and EEG recordings

To localize the therapeutic target, single unit activity was
recorded in the thalamus with a microelectrode (Jeanmonod

Table 2
Anatomical and physiological data

Patient LFP site EEG
site

Peak frequency

Theta band 4–8 Hz Alpha band 9–13 Hz Beta and gamma

LFP
(Hz)

EEG
(Hz)

COH
(Hz)

COH
(%)

Latency
(ms)

LFP
(Hz)

EEG
(Hz)

COH
(Hz)

COH
(%)

COH
(Hz)

COH
(%)

1 CLp/LD C4 6 – 6 7∗ – 13 9 13 29∗ 35 6∗
2 CLpd Pz 6 6 6 73∗ 30 ± 8 12 – 12 22∗ – –
3 CLpd Pz – – – 2 – 12 11 10 11∗ 85 8∗
4 CLpd Pz 7 8 – 2 – – – 12 4∗ – –
5 CLp/LD Fz 8 – 4 25∗ – 11 – 11 19∗ 29 50∗
6 Vad/RT Pz – 6 8 6∗ 57 ± 18 – – – 3 27 4∗
7 Vad/RT Fz 6 6 6 50∗ 21 ± 106 12 – 12 8∗ 32 5∗
8 CLp/LD T4 6 5 5 20∗ 30 ± 49 – – 13 25∗ 16 4∗
9 CLpd C4 – 6 – 1 – – – – 1 26 7∗

10 VA/Vla C3 6 6 6 69∗ 77 ± 33 11 10 11 17∗ – –
11 VA/Vla Pz 6 – 5 12∗ – 11 9 – 5 14 8∗
12 VA/Vla C4 5 8 5 11∗ 94 ± 175 – – – 2 – –
13 VA/Vla C3 8 – 6 6∗ – 9 10 11 3∗ – –
14 Vad/RT Pz 5 – – 4 – 11 9 10 5∗ 27 12∗
15 VA/Vla Fz 4 6 – 4 – – – – 5 27 4∗
16 VA/Vla C3 8 8 8 13∗ −12 ± 10 11 – – 4 – –
17 VLpv/Vla C3 4 8 4 34∗ −28 ± 53 13 12 – 6 18 8∗

LFP recording sites in thalamic nuclei are CL, central lateral nucleus; LD, lateral dorsal nucleus; VA, ventral anterior nucleus; RT, reticular thalamic
nucleus; VL, ventral lateral nucleus; a is for anterior, p for posterior, d for dorsal, v for ventral. The EEG electrode position is labeled according to the
international 10/20 system. Position Fz was displaced towards FPz for sterility reasons. Peak positions of LFP and EEG power spectra in Hz. COH:
peak position (Hz) and height of coherence spectra. Coherence peaks exceeding a significance level of 5% are marked with an asterisk (*). Latency was
estimated from the slope of the phase spectrum. The theta latency estimate was positive (cortical lead) with 95% confidence only in patients 2, 6, and 10.

Table 1
Clinical data

Patient Age Gender Neurological domain Surgical target

1 61 M Pain CL
2 51 M Pain CL
3 48 F Pain CL
4 77 F Pain CL
5 54 M Pain CL
6 85 M Pain PTT
7 68 M Pain PTT
8 57 M Epilepsy CL
9 30 F Epilepsy CL

10 22 M Epilepsy PTT
11 57 F MD:PD PTT
12 55 M MD:PD PTT
13 66 M MD:PD PTT
14 54 F MD:PD PTT
15 29 M MD:dystonia PTT
16 58 M MD:MS PTT
17 72 M MD:ET CTT

Neurological domains: MD, movement disorders; PD, Parkinson’s disease;
MS, multiple sclerosis; ET, essential tremor. Surgical targets: CL, central
lateral nucleus; PTT, pallido-thalamic tract; CTT, cerebello-thalamic tract.

et al., 1996; Magnin et al., 2000). The micro-electrode con-
sisted of a W-tip (FHC, Maine) plated with Au and Pt to
obtain an impedance of about 100 k�. At one site during the
descent (Table 2), LFP was recorded from this electrode with
the tip of the stainless steel guiding canulla serving as elec-
trical reference. The recording site was chosen in specific
(VA, VL) and non-specific (CL) nuclei and verified in the
course of the postoperative reconstruction of the therapeutic
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lesion onto a stereotactic atlas of the human thalamus
(Morel et al., 1997). The EEG was recorded from the scalp
with a gold plated electrode against the ipsilateral ear lobe.
The electrode position was chosen according to anatomical
knowledge of the three neurological domains: frontal and
parietal medial and rolandic for pain (Fz, Pz, C4); rolandic
or temporal according to seizure types in epilepsy (C3, C4,
T4); frontal and parietal medial and rolandic for movement
disorders (Fz, Pz, C3, C4). LFP and EEG signals were fed
into two channels of a custom made amplifier (bandpass
3–300 Hz, 20 dB per decade) and sampled at 1024 Hz (Lab-
View, National Instruments). Spontaneous brain activity was
continuously recorded for about 4 min while subjects rested
or performed a backward counting task, either with eyes
open or eyes closed. Differences between the four states
were visible in both EEG and LFP but were small in relation
to the observed pathophysiology, thus allowing data analysis
irrespective of these states. Online EEG power monitoring
ensured that patients were awake during the recording ses-
sion. Data epochs with eye or body movement artifacts were
visually identified and discarded. Data were analyzed offline
using commercial MATLAB analysis software packages.

2.3. Power spectral density

The power spectraPxx andPyy of LFP and EEG signals
were calculated by Fourier Transform of non-overlapping
1-s epochs (Hanning window) and presented as power spec-
tral density. The spectra were log-transformed before com-
puting the group average. Spectral peaks were determined
and the peak position classified with respect to the fre-
quency bands theta (θ) 4–8 Hz; alpha (α) 9–13 Hz; beta (β)
14–30 Hz; gamma (γ) 31–100 Hz. To avoid artifacts the delta
1–3 Hz band was not analyzed in this study.

2.4. Coherence

The coherenceKxy between LFP and EEG was calcu-
lated and 95% confidence intervals were estimated. Coher-
enceKxy for two signals,x and y, is equal to the average
cross power spectrumPxy normalized by the averaged power
spectra of the signals:Kxy = |Pxy|2/(PxxPyy). Coherence
measures the strength of the linear relationship between two
signals at every frequencyf. Its value lies between 0 and
100% and it estimates the degree to which phases at the
frequency of interest are dispersed.Kxy = 0 means phases
are evenly dispersed among all epochs.Kxy = 100% means
phases of signalsx andy are identical in all epochs, i.e. the
two signals are totally phase-locked at this frequency.

2.5. Latency

The latencyLxy between LFP and EEG signals was calcu-
lated from the phase differenceφ which is contained in the
cross power spectrumPxy. Rather than choosing a particular
frequency at whichφ is transformed into a time delayφ/f,

we calculated the latency from the slope of the phase spec-
trum dφ/df. We chose a range of frequencies where coher-
enceKxy was significant over at least three frequency points
and fitted a linear regression line. If the standard error of the
estimate did not exceed 0.35 we calculated the latency ac-
cording toLxy = dφ/df/2π. The 5% confidence limits for
the delay were taken from the confidence limits of the slope.
The latencyLxy describes the time needed for wave pack-
ets to propagate between the two recording sites at group
speed and its sign indicates the direction of the information
transfer.

2.6. Bicoherence

To learn about second-order phase-coupling between
the LFP at different frequencies we computed the bicoher-
enceB(f1, f2) = 〈X(f1)X(f2)X × (f1 + f2)〉 with X(f1)
the Fourier transform of the LFP signalx at frequency
f1 (Schanze and Eckhorn, 1997). The statistical signifi-
cance of a bicoherence peak was estimated by assuming
a discrete stochastic process, with real and imaginary part
of the bispectrum being randomly distributed with equal
variance (Huber et al., 1971). Because bicoherence is an
amplitude-independent measure, bicoherence provides ad-
ditional information regarding the state of the brain beyond
the amplitude information obtainable from the power spec-
trum.

2.7. Power correlation

We also computed the temporal correlation between spec-
tral power at different frequenciesC(f1, f2) similar toLlinás
et al. (1999). This was obtained by computing a power spec-
trumPi

xx for each epochi and then the correlation coefficient
of the two time seriesPi

xx(f1) and Pi
xx(f2). By performing

this computation for a two-dimensional grid inf1, f2 space,
a two-dimensional image of spectral correlations was gener-
ated. Note that the spectral powerPi

xx(f) and the correlation
C(f1, f2) do not contain phase information.

3. Results

3.1. Theta rhythmicity

The first result of our study is the presence of a theta
peak in both thalamic LFP and scalp EEG recordings. The
power spectra inFig. 1E–Gare dominated by peaks in the
theta band (4–8 Hz). This result was present for patients in
all three neurological domains of the study. As can be seen
in Table 2, the EEG power spectra of 11 patients displayed
enhanced low-frequency theta rhythmicity (4–8 Hz). In 14
of our 17 patients the thalamic LFP peaked in the theta
range. The average over power spectra in figure parts B and
C illustrates the theta dominance for the whole group of
patients.
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Fig. 1. Thalamic LFP power, EEG power and coherence. (A) LFP recording from nucleus CL and EEG scalp recording are depicted on a saggital
MRI section. (B, C) LFP and EEG power spectra of all 17 patients were log-transformed and then averaged. (D) Group average of coherence. (E–G)
Power spectra of one selected patient from each neurological domain. (H–J) Coherence between EEG and LFP for the same patients. Values above the
horizontal line are significantly non-zero at the 5% level. For all measures the variation between individual patients is larger than the differencesacross
neurological domains (seeTable 2).

3.2. Coherence

The second result is the strong interaction between thala-
mic LFP and scalp EEG as measured by coherence (Fig. 1D,
H–J. In theta we found phase locked energy above 50% in
three patients and significant values in nine others (Table 2).
In alpha, beta and gamma we found significant coherence in
nine, eight and three patients, respectively. That coherence
values in some pain and epilepsy patients were particularly
high does not discriminate between neurological domains in
a statistically significant way. We indeed found high coher-
ence values for patients in all three neurological domains.

3.3. Latency

In cases of high coherence, also the latency for informa-
tion transfer between thalamus and cortex could be estimated
from the slope of the phase spectrum. In patient 2 all phase
estimates from 4 to 12 Hz contribute to one slope, point-

ing to a broad band process spanning power peaks in the
theta/alpha frequency range. For the other patients contigu-
ous phase values were confined to few frequency points in
theta and for patient 1 in alpha (162±107 ms). Other authors
report phase locking either at zero delay (Slotnick et al.,
2002) or with cortical lead (Marsden et al., 2000; Williams
et al., 2002) in comparable measurements. Although in the
theta band three of eight latency estimates were positive at
95% confidence (Table 2), statistical testing did not allow
to qualify either cortex or thalamus as leading in our patient
group.

3.4. Inter-frequency relationships

Within the thalamic LFP we observed coupling between
the generators of different frequencies. This was evident in
the quadratic phase coupling (bicoherenceFig. 2, Table 3),
where we found peaks mostly in the theta and beta band,
indicating phase correlations of oscillatory events in these
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Fig. 2. Thalamic LFP bicoherence patterns. (A–C) One selected patient
from each neurological domain, logarithmic scale. Bicoherence estimates
>10−2 are significant at the 5% level (Huber et al., 1971). Phase coupling
is evident within theta (θ θ) and beta (β β) bands as well as between
these frequency bands (θ β). The variation between individual patients is
larger than the differences across the neurological domains (Table 3). (D)
Bicoherence patterns averaged over the whole group of patients.

Table 3
Peak positions in LFP bicoherence and power correlation patterns

Patient Peak frequency pairs

Bicoherence (band band) Power correlation (band band)

1 (θ θ); (θ β); (β β) (θ θ); (θ β); (β β)
2 (θ θ) (β β)
3 (θ θ) (θ θ)
4 (θ θ); (θ α) (θ θ); (θ β)
5 (α α) (θ θ)
6 (θ θ) –
7 (β β); (γ γ) (β β); (β γ); (γ γ)
8 (θ β); (α α); (β β) (θ β); (α α); (β β)
9 (θ θ); (θ β) (θ θ); (θ β); (β β)

10 (θ θ) (θ θ); (θ β)
11 (θ β); (θ θ) (θ β); (γ γ)
12 (θ θ); (θ α) (θ α); (α α); (θ β)
13 (θ α) (α β); (β β)
14 (θ α) (θ β); (β β)
15 (θ θ) (θ θ); (θ β); (β β)
16 (θ β); (β β); (θ γ) (θ θ); (θ β); (β β)
17 (θ θ) –

Major peaks in the frequency bands (θ, 4–8 Hz;α, 9–13 Hz;β, 14–30 Hz;
γ, 31–100 Hz) were visually determined. In bicoherence and power cor-
relation the (θ β) peak occurs in 5 and 10 patients, respectively, making
it the most numerous inter-frequency peak.

Fig. 3. Thalamic LFP power correlation patterns. (A–C) One selected
patient from each neurological domain, left scale bar. The (θ β) peak
indicates that theta and beta power wax and wane in a correlated way.
Note the similarity in pattern with bicoherence inFig. 2, even though the
power correlation contains no phase information. The variation between
individual patients is larger than the differences across the neurological
domains (Table 3). (D) Power correlation patterns averaged over the whole
group of patients, right scale bar.

frequency ranges with their first harmonic. A further peak in-
dicates that phase coupling occurred also between theta and
beta frequencies and in one case between theta and gamma.
A similar picture emerged in the correlation of power spec-
tra (Fig. 3) even though this measure does not contain phase
information. The observed patterns relate well to those re-
ported from MEG data (Llinás et al., 1999). The strength of
the (θ β) peak in the averages (Figs. 2D and 3D) and the fact
that it occurs in a total of 10 patients (Table 3) underlines
the strong functional interaction between the generators of
theta and beta oscillations.

4. Discussion

4.1. Thalamocortical dysrhythmia

A common pathophysiology for sensory, motor and limbic
positive symptoms was first evidenced in the thalamus with
single unit recordings (Jeanmonod et al., 1996) and extended
to the cortical level by MEG recordings (Llinás et al., 1999).
On these bases the concept of thalamocortical dysrhythmia
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Fig. 4. Schema of thalamocortical circuits relevant for thalamocortical dysrhythmia (TCD, adapted from (Llin ás et al., 1999) and (Jones, 2001)). Shown
are three thalamocortical modules including cortical layers (I, IV, V, VI), nucleus reticularis (RT, grey) and the thalamus (TH, black) divided in specific
nuclei (e.g. VA, VL) and non-specific nuclei (e.g. CL). Although the modules are considered identical, module (A) is sketched in more detail: the specific
pathway to cortical layer IV activates layer VI cortical neurons. Collaterals produce reticular feedback inhibition and cortical feedforward inhibition (grey
cells). The non-specific pathway projects to superficial cortical layers and activates layer V neurons. Corticothalamic fibers close the thalamocortical
loop. The strong anatomical coupling is the basis for high thalamocortical coherence (Fig. 1D, H–J). In pathological cases either disfacilitation due
to deafferentation (as in neurogenic pain), or excess inhibition due to pallidal hyperactivity (as in Parkinson’s disease) hyperpolarize thalamiccells
sufficiently to deinactivate T-type calcium channels (Jeanmonod et al., 1996), resulting in thalamic and cortical oscillation in the theta range (Fig. 1B, C,
E–G). (B) Theta overproduction can spread to neighboring thalamocortical modules via divergent thalamocortical, corticothalamic and reticulothalamic
projections. (C) Constraining cortico-cortical inhibitory interneurons to theta rhythmicity reduces lateral inhibitory drive, leading to overactivation of
neighboring cortical modules.

(TCD) was introduced (Llinás et al., 1999). As an anatomi-
cal basis, a thalamocortical module is sketched inFig. 4A.
The specific pathway to cortical layer IV activates the api-
cal dendrite of layer VI cortical neurons. The non-specific
pathway projects onto the apical dendrite of layer V neu-
rons in superficial cortical layers. In both pathways thalamo-
reticular and thalamocortical collaterals project on inhibitory
cells (grey). Corticothalamic fibers to reticular and thalamic
nuclei close the thalamocortical loop.

In pathological cases the thalamocortical rhythmicity is
disturbed (Llinás et al., 1999). The dysrhythmic mecha-
nism is triggered bottom up, i.e. from the thalamus to the
cortex, in the case of peripheral neurogenic pain and tinni-
tus where disfacilitation occurs due to deafferentation and
in the case of Parkinson’s disease where excess inhibition
occurs due to pallidal hyperactivity. In other situations,
such as epilepsy, neuropsychiatric conditions of cortical
origin and central neurogenic pain of cortical origin, the
mechanism is top–down, triggered by a reduction of corti-
cothalamic input. Both bottom–up and top–down situations
result in excess inhibition or disfacilitation. Consequently,
thalamic cells hyperpolarize sufficiently to deinactivate

T-type calcium channels, resulting in the production of
low threshold calcium spikes (LTS). This deinactivation
may also be due to overexcitation of thalamic reticular
GABAergic neurons, leading to a steady hyperpolarization
of thalamic cells. This overexcitation of reticular neurons
may be due to afferent peripheral volleys as in the case
of compressive peripheral neurogenic pain, or to cortico-
reticular paroxysmal discharges, as in the case of epilepsy.
Once produced, LTS activate bursts of sodium-dependent
action potentials (Llinás and Jahnsen, 1982). LTS bursts
have been found to appear rhythmically with an interburst
frequency of 3.8 ± 0.7 Hz (Jeanmonod et al., 1996). Such
a burst discharge frequency is proposed to correlate with
LFP in the delta to theta range, which are described in this
study (Fig. 1: LFP). In consideration of the tight thalamo-
cortical coupling, this thalamic rhythmicity may engage
cortical partners as observed in the EEG (Fig. 1: EEG). A
subsequent phase of progressive theta diffusion may follow
due to thalamocortical, corticothalamic and reticulothala-
mic cross modular spread (Fig. 4B). A similar slowing
of scalp EEG and MEG has been reported in PD patients
(Soikkeli et al., 1991; Tanaka et al., 2000; Salenius et al.,
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2002), patients with neurogenic pain (Gücer et al., 1978),
psychiatric disorders (Jeanmonod et al., 2003), tinnitus
(Weiler et al., 2000) and during interictal phases of epilepsy
(Drake et al., 1998; Clemens et al., 2000; Raghavachari
et al., 2001). Note that increased low-frequency oscillations
also occur during sleep (Steriade, 2001) and cognitive tasks
(Sarnthein et al., 1998; Klimesch, 1999), where they are
considered normal. It is the long-lasting and widespread
overproduction of slow rhythms in the awake brain that
characterizes TCD. The neurological domains included in
TCD display both negative and positive symptoms. The
negative symptoms (akinesia in PD, sensory deficits in
neurogenic pain, depression, etc.) may be linked to the re-
duced activation of thalamocortical modules due to theta
overproduction.

At the same time, positive symptoms (like tremor, pain,
seizures, hallucinations, tinnitus, etc.) occur. These are ex-
plained by a last step in the TCD process called “edge
effect” (Llinás et al., 1999). The term “edge” refers to those
thalamocortical modules that surround a zone of theta
production. Since thalamocortical modules interact via
cortico-cortical inhibitory interneurons (Fig. 4C), theta over-
production reduces lateral inhibitory drive. This amounts to
disinhibition of the surrounding modules and beta/gamma
activation leading to the appearance of positive symptoms.
An analogous situation is the aura that precedes migraine
attacks in the visual cortex. During this condition, a wave
of depolarization generating the scotoma is surrounded by
an edge of excitation that produces a bright visual illusion
known as halo (Llinás et al., 1999).

The above explanation of the “edge effect” is supported
by MEG measurements that find in the cortex of patients
(1) a theta overproduction (2) a high level of beta/gamma
activity and (3) a strong temporal correlation between theta
and beta/gamma power (Llinás et al., 1999). The impor-
tance of beta/gamma activity for action and somatosensa-
tion is demonstrated by measurement of LFP in monkeys
(Murthy and Fetz, 1992) and EEG in humans (Neuper and
Pfurtscheller, 2001). On a timescale of minutes, pain sen-
sation in healthy volunteers increases theta and beta power
in their EEG (Chang et al., 2002). The temporal correla-
tion between theta and beta/gamma power observed in the
MEG of TCD patients is much stronger in patients than in
controls (Llinás et al., 1999; Jeanmonod et al., 2003) and
disappears after an adequate therapeutic lesion has been set
(Jeanmonod et al., 2003).

4.2. Interaction between thalamic and cortical rhythms

In this study, we have measured the activity of the tha-
lamocortical modules both in the thalamus (LFP) and the
cortex (EEG). We found (first) that power spectra of both
EEG and LFP are dominated by theta rhythms (Fig. 1B
and C) and (second) that theta coherence between EEG and
LFP may reach 73% (Fig. 1H). This is evidence that tha-
lamic generators of LFP are strongly coupled with cortical

generators of EEG. High thalamocortical coherence marks
the occurrence of LTS bursts (Miller and Schreiner, 2000),
which have been shown to be a common signature of all
neurological diseases comprised in TCD (Jeanmonod et al.,
1996). Third, we found both negative and positive latencies
in our patient population (Table 2), indicating that thalamus
and cortex are equivalent partners in the thalamocortical
loop. These three findings demonstrate that the concept
of the thalamocortical loop not only reflects anatomical
facts but is indeed significant for the understanding of the
pathophysiology.

In the case of PD, the classical view is that symptoms in-
cluding tremor are generated in the basal ganglia. However,
activity in the subthalamic nucleus was found to lag behind
the EEG (Marsden et al., 2001). This indicates that the thala-
mocortical system, in a fully developed state of the disease,
leads the pathophysiological dynamics although, as is well
known, the basal ganglia are the site of initiation of PD.

The existence of beta and gamma rhythms is central
for our understanding of the “edge effect”. Although
beta/gamma power is not particularly high in the power spec-
tra of Fig. 1, we and others (Marsden et al., 2000; Williams
et al., 2002) also find significant LFP-EEG beta/gamma co-
herence reflecting the thalamocortical coupling of modules
engaged in these activities (Table 2). In the thalamic LFP
we find (β β) peaks in both the bicoherence and the power
correlation (Table 3, Figs. 2 and 3). Peaks of a band with
itself occur mostly in the beta and theta range, pointing to
increased correlation between modules oscillating in each
of these two frequency domains. Furthermore, the processes
that generate theta and beta rhythms in the LFP are tightly
interrelated as can be seen from the significant quadratic
phase coupling measured by bicoherence (Fig. 2). This
means that theta and beta waves occur at a constant phase
relationship as do higher harmonics of a tone. The high tem-
poral correlation of theta and beta power (Fig. 3) indicates
that whenever there is a time epoch with high theta power,
this epoch is most likely also to display high beta power. The
peak structure present in the correlation patterns ofFig. 3
are also present in patterns of temporal correlation observed
by whole-head MEG recordings (Llinás et al., 1999). The
similarity between correlation patterns of the thalamic LFP
signal and averaged signals of many MEG sensors is an
indication of a widespread thalamocortical resonance.

In all physiological measurements the variation between
individual patients was larger than the differences across
neurological domains. This observation supports our under-
standing of these three diseases in a unified concept: TCD.
The functional significance of tightly coupled thalamocorti-
cal modules demonstrates that TCD can be understood nei-
ther from a solely cortical viewpoint nor from an exclusively
thalamic perspective, but only from the network interactions
in and between thalamocortical modules. This systemic view
provided direct guidelines for surgical treatment of patients
suffering from chronic therapy-resistant TCD syndromes
(Jeanmonod et al., 2001).
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