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Neurobiology of Disease
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Research investigating the pathophysiology of Parkinson’s disease (PD) mostly focuses on basal ganglia dysfunction. However, the main
output from the basal ganglia is via the thalamus, and corticothalamic feedback constitutes the primary source of synapses in the
thalamus. We therefore focus on the thalamocortical interplay. During the surgical intervention in six patients, local field potentials
(LFPs) were recorded from pallidal-recipient thalamic nuclei VA and VLa. Simultaneously, EEG was recorded from several sites on the
scalp. The highest thalamocortical coherence was found in the theta frequency band (4 –9 Hz) with a mean peak frequency of 7.5 Hz. The
magnitude of thalamocortical theta coherence was comparable to the magnitude of EEG coherence between scalp electrode pairs.
Thalamocortical theta coherence reached 70% and was maximal with frontal scalp sites on both hemispheres. In the 13–20 Hz ␤
frequency band, maximal coherence was comparatively low but localized on the scalp ipsilateral to the site of thalamic LFP recording. The
high thalamocortical coherence underlines the importance of thalamic function for the genesis of scalp EEG. We discuss the PD pathophysiology within the framework of dysrhythmic thalamocortical interplay, which has important consequences for the choice of therapeutic strategy in patients with severe forms of PD.
Key words: EEG; LFP; thalamocortical dysrhythmia; thalamus; cortex; thalamocortical system

Introduction
According to the established pathophysiological concept of Parkinson’s disease (PD), the loss of dopaminergic projections from
the substantia nigra to the striatum leads to changes in basal
ganglia activity (Lozano et al., 1998). The main output from the
basal ganglia complex is via the pallido-thalamic tract to the thalamus. Pathological hyperactivity of the internal globus pallidus
leads to excessive inhibition of the pallidal-recipient thalamus
(Jeanmonod et al., 1996; Magnin et al., 2000; Anderson et al.,
2003). However, it is known that corticothalamic feedback constitutes the primary source of synapses in the thalamus, one order
of magnitude larger than synapses from peripheral axons (Van
Horn et al., 2000). Based on the conceptual foundations laid by
Llinas (Llinas, 1984; Llinas and Pare, 1994; Llinas et al., 1998,
1999; Llinas and Steriade, 2006), we therefore focus our clinical
and research efforts on the thalamocortical interplay.
With the growing number of stereotactic operations against
movement disorders, the interest has grown to record local field
potentials (LFP) from subcortical brain regions in humans. LFP
recordings come mainly from sites in the cerebellar thalamus
(Marsden et al., 2000; Paradiso et al., 2004) or in the basal ganglia
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(Marsden et al., 2001; Williams et al., 2002; Fogelson et al., 2006)
and reflect the sites of surgical intervention.
Here, we present LFP from the pallidal-recipient thalamic nuclei VA and VLa. These nuclei receive projections from the
pallido-thalamic tract and are thus affected by the PD pathophysiology. We recorded data from six PD patients during therapeutic
intervention (Magnin et al., 2001). The simultaneous recording
of scalp EEG with several electrodes allows investigation of both
the strength and the topography of the thalamocortical interaction. In our previous work on a heterogeneous group of neurological patients (Sarnthein et al., 2003), data from patients with
PD were not investigated in detail. We now report high thalamocortical coherence of ⬃7 Hz, which was comparable in magnitude to EEG coherence between scalp electrodes. This finding
suggests that thalamic and cortical factors are both relevantly
contributing to the cortical rhythmicity recorded by scalp EEG
(Nunez et al., 2001; Schreckenberger et al., 2004). The pathophysiological effects of PD on the thalamus thus lead to a slowing
of scalp EEG in PD patients (Soikkeli et al., 1991; Stanzione et al.,
1996; Tanaka et al., 2000). Our results support the notion that the
PD symptomatology originates from a disturbance in the
thalamocortical interplay (Llinas, 1984; Volkmann et al., 1992,
1996; Llinas and Pare, 1994; Jeanmonod et al., 1996; Llinas et al.,
1999).

Materials and Methods
Patients. We analyzed spontaneous brain activity intraoperatively from
six patients suffering from severe PD, all displaying resistance to classically recognized drug treatments. Medication during surgery was aimed
at optimal tremor control during recording. The surgical procedure of
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pallidothalamic tractotomy has been described previously (Magnin et al.,
2001). All patients were fully informed about the risks and benefits of the
procedure and gave informed consent. Local anesthesia was applied on
the frame fixation points and the penetration point. Three milligrams of
the anxiolytic drug bromazepam were given 4 –5 h before recording,
which neither made patients drowsy nor significantly affected their
symptomatology at the moment of recording.
LFP and EEG recordings. Thalamic LFP was recorded in the border
region between nuclei VA and VLa in the pallidal-recipient thalamus.
The recording site ⬃8 cm below the scalp was reconstructed with postoperative magnetic resonance imaging on a stereotactic atlas of the human thalamus (Morel et al., 1997). Along the penetration in the thalamus, microelectrode activity was recorded at several sites to verify the
localization of the therapeutic target. The tungsten microelectrode
(FHC, Bowdoinham, ME) had a final taper angle of 10 –20° and a tip
diameter ⬍1 m. The epoxylite insulation was removed by electrolysis
along 20 –50 m, and the tip was then plated with gold and platinum to
obtain an impedance of ⬍100 k⍀ at 1000 Hz. This microelectrode was
used to record both LFP and single-unit activity (Jeanmonod et al., 1996;
Magnin et al., 2000). For LFP recordings, the uninsulated rim of the
stainless steel guiding cannula served as reference. The reference was
located 13 mm above the microelectrode tip at the border of the capsula
and the caudate nucleus. The microelectrode and the stainless steel reference produced a battery potential exceeding 0.5 V, which was eliminated with symmetric AC decoupling by capacitors on both the active
and reference channels (10 nF; amplifier Rin ⫽ 10 M⍀; high-pass cutoff,
1.6 Hz). Electrode sites on the scalp were selected from the international
10 –20 system to be compatible with the surgical procedure (patients 1, 2,
and 3: 6 sites; patients 4, 5, and 6: 15 sites). EEG was recorded with
sintered Ag/AgCl electrodes (Falk Minow Services, Herrsching, Germany) against Cz as common reference. All signals were registered with a
SynAmps EEG system (Neuroscan Compumedics, Houston, TX) (16 bit
A/D conversion; sampling rate, 20 kHz; 0.3–3000 Hz bandpass filter;
⫺12 dB/octave) and continuously viewed on a personal computer monitor. Recording lasted ⬎1 min. During recording, patients were awake
and had their eyes closed to reduce eye-movement artifacts and to focus
on resting brain activity.
Data preprocessing. The data were analyzed off-line in the Matlab (The
Mathworks, Natick, MA) environment using EEGLAB [http://sccn.
ucsd.edu/eeglab (Delorme and Makeig, 2004)] and custom programming on the basis of standard mathematical and signal analysis functions.
Signals were first resampled to 500 Hz for the analysis of thalamic LFP
and scalp EEG. The scalp EEG was re-referenced to the mean of the
signals recorded at the ear lobes. We confirmed the alertness of subjects
during the recording session by checking for slow rolling-eye movements. The data were inspected in 5 s epochs, and large muscle or eyemovement artifacts were removed. For editing purposes, muscle artifacts
were considered significant if the underlying EEG rhythms were not
clearly seen. This procedure resulted in ⬎60 s of EEG for spectral
estimates.
Spectral analysis. The spectral analysis was performed with the multitaper method, which offers optimal spectral smoothing (i.e., it allows to
trade resolution in the frequency domain for reduced variance; http://
www.chronux.org) (Mitra and Pesaran, 1999). Spectra were calculated
with a window length of 4 s, fast Fourier transform length of 8 s, and
bandwidth parameter nw ⫽ 4 and k ⫽ 3 tapers (see Fig. 1). Spectral peaks
were determined, and the peak position was classified with respect to the
frequency bands: ␦, 1– 4 Hz; theta, 4 –9 Hz; ␣, 9 –13 Hz; ␤, 13–20 Hz.
Coherence. The magnitude squared coherence MSCxy for two signals, x
and y, is equal to the average cross-power spectrum Pxy normalized by the
averaged power spectra of the signals MSCxy ⫽ 兩Pxy兩 2/(PxxPyy). The 95%
confidence interval for the coherence estimate was calculated using jackknife statistics and is given as a black ribbon in Figure 1C. Coherence
assesses the strength of the linear relationship between two signals at
every frequency f, and its value lies between 0 and 100%. It estimates the
degree to which phases and amplitudes are dispersed at the frequency of
interest. MSCxy ⫽ 0 means phases and amplitudes are randomly dispersed among all epochs. Signals are perfectly coherent (MSCxy ⫽ 100%)
at a given frequency when they have both a constant phase difference 
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Figure 1. Spectral analysis of EEG and LFP. A, B, Power spectral density (units 10*log10 V 2
Hz ⫺1) of scalp EEG at site C3 (A) and thalamic LFP (B) in patient 3. C, The coherence between
EEG and LFP is significant from 7 to 9 Hz (full-width at half-maximum ⫽ 1.5 Hz) in the theta
band. The 95% confidence interval (black ribbon) indicates significantly non-zero coherence
also around 16 Hz in the ␤ band. D, Phase  between EEG and LFP. The slope d/df was
transformed into latency.

and constant amplitude ratio over the time considered. In this case,
phases of signals x and y are identical in all epochs (i.e., the two signals are
completely phase-locked at this frequency).
Latency. The latency Lxy between LFP and EEG signals was estimated
from the phase difference  plotted in Figure 1 D. We chose a range of
frequency points where coherence was significant, fitted a straight regression line to the slope of the phase spectrum d/df, and calculated the
latency according to Lxy ⫽ d/df/2 (Gotman, 1983). The 95% confidence limits for the latency were derived from the confidence limits of the
slope.

Results
Power spectral density
The EEG spectrum of patient 3 during surgery is shown in Figure
1 A. The most obvious characteristic in the EEG spectra of this
and all other patients (Table 1) was the presence of a dominant
theta peak in the scalp EEG recordings. The ␣ peak commonly
found in healthy subjects (Nunez et al., 2001) was reduced or not
present. The peak frequencies in the patients were below the
slowed EEG peak frequency expected from normal aging. The
slowing of scalp EEG or magnetoencephalogram (MEG) in patients with PD has also been reported by other groups (Soikkeli et
al., 1991; Llinas et al., 1999; Tanaka et al., 2000; Salenius et al.,
2002). For comparison, the LFP spectrum in Figure 1 B also
showed a visible theta peak but differed from scalp EEG spectra at
other frequencies.
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Table 1. Patient characteristics and spectral peaks

Patient

Sex

Age

PTT side

EEG power
peak (Hz)

1
2
3
4
5
6

M
M
M
F
M
M

85
65
76
64
71
62

Left
Right
Left
Right
Right
Left

8.0
7.0
8.0
6.5
8.5
7.0

Thalamocortical theta coherence
peak

Thalamocortical ␤ coherence peak

LFP power
peak (Hz)

Height
(%)

Frequency
(Hz)

FWHM
(Hz)

Height
(%)

Frequency
(Hz)

FWHM
(Hz)

Site

7.7
7.9
8.0
6.4
8.5
6.0

42
52
73
56
60
65

8.0
6.8
8.3
6.0
8.3
7.5

3.2
0.8
1.5
2.1
1.8
1.5

5
8
14
11
15
14

16
18
17
15
15
13

0.8
2.7
1.9
2.1
0.9
1.2

C3
C4
C3
C4
C4
C3

The laterality of the surgical intervention pallidothalamic tractotomy (PTT) determines the site of recording in left or right thalamic nuclei VA/VLa. For the EEG and LFP power spectra, the position of the dominant peak is given in hertz.
Significant peaks of the thalamocortical coherence were found in the 4 –9 Hz theta and in 13–20 Hz ␤ frequency bands. The site of enhanced ␤ coherence was ipsilateral to the site of thalamic recording for all patients. FWHM, Full-width
at half-maximum; M, male; F, female.

Figure 2. Theta coherence maxima and thalamocortical latencies. A, Plotted are the maximal coherence values in the 4 –9 Hz theta band of all electrode pairs containing the thalamic site
(E) or the most frontal scalp site (⫹, Fpz or AFz) from all patients. The abscissa denotes the
distance between the electrode sites of each pair. The corticocortical coherence falls off with
distance. The thalamocortical coherence reaches high values for frontal electrode sites (markers
E and ⫹ overlaid). B, The spread of thalamocortical latencies is of the same order of magnitude as the period T ⫽ 125 ms of the 8 Hz wave (interval between dotted lines).

Coherence
The maximal coherences between EEG and LFP (Fig. 1C) were
found in the theta band in all patients (Table 1). Figure 2 A sets
thalamocortical coherence in relation to coherence between scalp
electrode pairs. Maximal scalp–scalp theta coherences (⫹) are
plotted for all patients and all electrode pairs containing the foremost electrode (FPz or AFz). The electrode spacing in the pair is
given in units of head radius. Coherence falls off with distance, as
expected (Nunez et al., 2001). Thalamocortical coherence (o)
does not show the dependence on distance, but maximal values
are comparable with those on the scalp.
The highest thalamocortical coherence values in the theta
band were found with frontal electrode sites. This is illustrated in
Figure 3, where the median coherences of the patient group are
plotted topographically. Over the entire patient group, the median coherence was 54% to anterior electrode sites (FPz, AF7,
AF3, AFz, AF4, AF8) and 30% to posterior sites (T7, C3, Cz, C4,
T8, CPz, P3, Pz, P4). The two medians are different with p ⬍ 0.03
(paired-samples Wilcoxon test). Regardless of whether the recording site was in the left or right thalamus, no lateral domi-

Figure 3. Theta coherence is maximal to frontal sites. A, For the patient group, the medians
of thalamocortical theta coherence maxima are plotted on the topography of the scalp EEG sites.
The frontal maximum reflects the finding that thalamocortical coherence was maximal with
frontal sites for all patients. B, The medians (E) in A are plotted together with all corresponding
coherence maxima (⫹).

nance could be found (paired-samples Wilcoxon test), and the
scalp topography of theta coherence maxima was similar in all
patients.
Significant coherence between thalamic LFP and scalp EEG

Sarnthein and Jeanmonod • Thalamocortical Coherence in PD Patients

J. Neurosci., January 3, 2007 • 27(1):124 –131 • 127

also appeared in the ␤ band. For example, in Figure 1C the black
ribbon representing the 95% confidence interval rises above zero
around 16 Hz. To assess the scalp topography of thalamocortical
␤ coherence, patients were divided in two subgroups according to
the laterality of the thalamic LFP recording. Figure 4 shows the
median coherences for each patient subgroup. Coherence was
maximal with left central scalp sites (Fig. 4 A, B) and right central
scalp sites (Fig. 4C,D). Among the scalp electrodes over the motor
cortex (C3 and C4), thalamocortical coherence was larger with
the electrode site over the ipsilateral motor cortex for all patients
(Table 1), indicating significant ipsilaterality (Wilcoxon signed
rank test, p ⬍ 0.05).
Thalamocortical latency in theta
Because we calculate the latency Lxy from the slope of the phase
spectrum, then Lxy describes the time needed for wave packets to
propagate between the two recording sites at group speed (Gotman, 1983). This latter approach relies on the implicit assumption that information flow within thalamocortical loops is mediated by propagating wave packets. The latency Lxy depends more
on the oscillatory properties of the thalamocortical loop than on
the axonal transmission delays. In our recordings (Fig. 2 B), absolute latency values were of the same order of magnitude as the
125 ms period of the 8 Hz oscillation in the theta frequency band.
While a positive sign of Lxy indicates that cortical EEG leads over
thalamic LFP in the information transfer, neither positive nor
negative signs prevailed and the mean latency (18 ⫾ 66 ms) was
not significantly different from zero. This suggests that the thalamus and cortex are equivalent partners in thalamocortical
interplay.

Discussion
Thalamocortical interplay
Scalp EEG and thalamic LFP, the two signals presented in this
study, are generated by neural networks of drastically different
scales. The scalp EEG is generated by dipole-like dendrites of
cortical pyramidal cells arranged in parallel and space averaged
over several square centimeters of the cortex (Nunez et al., 2001).
In the thalamus, ellipsoid dendritic arbors of thalamocortical
cells generate a “closed field” in the sense that there is no aligned
structure of dipoles as in the cortex. For the LFP recorded from
our electrode, we assume a contribution of cells in a cube of side
length 100 m (Engel et al., 1990), which corresponds to a sample
of approximately four to five cells (Mai et al., 1997; A. Morel,
personal communication). Because multielectrode LFP recordings in the thalamus show high correlation between distant sites
(Contreras et al., 1996), even a small sample of cells may be representative for thalamic LFP activity.
The magnitude of thalamocortical theta coherence is comparable to the magnitude of coherence between EEG electrodes
(Fig. 2 A). This is much larger than the magnitude of coherence
between subdural recordings, which amounts to only 20% at 3
cm and decreases with distance (Bullock et al., 1995). For the
same distance, coherence in scalp EEG exceeds 80% (Fig. 2 A,
4
Figure 4. ␤ Coherence is lateralized. The medians of thalamocortical ␤ coherence maxima
are plotted on the topography of the scalp EEG sites. Coherences in the ␤ band are lower than in
the theta band. A, The patient subgroup with LFP recording in the left thalamus shows maximal
coherence with left central sites. B, The medians (E) in A are plotted together with all corresponding coherence maxima (⫹). C, The patient subgroup with LFP recording in the right
thalamus shows maximal coherence with right central sites. D, The medians (E) in C are plotted
together with all corresponding coherence maxima (⫹).
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adjacent electrodes). Thus, the spatial averaging, which is at the basis of the EEG,
may extract those components of cortical
activity that are highly coherent over large
distances (Nunez et al., 2001). Our finding
of high thalamocortical coherence supports the notion that the thalamus is involved in synchronizing activity between
distant cortical areas. This agrees with the
anatomy of the thalamocortical network
that is characterized by widely divergent
thalamocortical and corticothalamic connections. In this way, a very focal thalamic
activity as reflected in the LFP can show
high coherence with widespread cortical
areas. Our data also indicates that the two
electrode types, microelectrode and scalp
EEG electrode, are well adapted to record
manifestations of the thalamocortical network interaction at the two given sites. The
comparable magnitude of thalamocortical
and EEG coherence, together with the Figure 5. Schema of thalamocortical circuits. We consider the three thalamocortical modules (A–C) to be identical. Module A
symmetric spread of latencies, suggests is depicted in more detail (Jones, 2001). One module includes the following: (1) cortical layers (I, IV, V, and VI) with pyramidal cells
and one gray GABAergic inhibitory cell; (2) nucleus reticularis (RT; gray GABAergic inhibitory cells); and (3) thalamus (TH),
that the thalamus and cortex are both rel- represented by one specific cell (e.g., in VA, VL) and one non-specific cell (e.g., in CL). The specific thalamic cell projects to the apical
evant partners in the genesis of thalamo- dendrites of both layer V and VI pyramidal cells, and collaterals sustain reticular feedback and cortical feedforward inhibitions. The
cortical rhythmicity.
nonspecific thalamic cell projects to the RT and to the layer V pyramidal neuron and has a divergent connection onto the neighThe strength of the thalamocortical boring module. The corticothalamic feedback connection is depicted as intramodular onto the RT and its thalamic relay cell and
coupling allows to consider thalamocorti- divergent intra- and cross-modular onto three thalamic relay cells. There are also divergent cross-modular reticulothalamic
cal modules as functional units in brain projections. The open arrows underline the cross-modular passages through thalamocortical, corticothalamic, reticulothalamic,
function. Because high thalamocortical and corticocortical pathways.
correlation is also observed experimentally
magnitude were reported for ␤ coherence between scalp EEG and
in healthy brains (Lopes da Silva et al., 1973; Schürmann et al.,
recording sites in the cerebellar thalamus (Marsden et al., 2000;
2000; Schreckenberger et al., 2004), it can be assumed that the
Paradiso et al., 2004) and basal ganglia (Marsden et al., 2001;
concept of thalamocortical modules (Llinas et al., 1998, 1999;
Williams et al., 2002; Fogelson et al., 2006), indicating that activDestexhe, 2000) is also valid in healthy human subjects. Neverity at these sites also interacts with cortical activity. Anatomically
theless, the differences between LFP and EEG spectra underline
and functionally, the main output of the basal ganglia occurs via
that scalp EEG is not simply driven by the thalamus but depends
the pallidothalamic and nigrothalamic tract to the thalamus. If
also on cortical influences.
the magnitude of coherence is taken to indicate the strength of
Could volume conduction between LFP and EEG electrodes
the functional coupling, ␤ band coherence may appear as a secaccount for the high coherence between the signals (Wennberg
ondary effect in the mechanism of PD pathophysiology.
and Lozano, 2003)? Against this possibility speak (1) the marked
frequency dependence of coherence in Figure 1, (2) the inhomoMechanism of PD symptoms
geneous topographical distribution of coherence in Figure 3A,
The pathophysiology underlying PD is initiated by the loss of
and (3) the variability of coherence values between subjects in
dopaminergic neurons in the substantia nigra (Lozano et al.,
Figure 3B. This is evidence that thalamocortical coherence is me1998). We integrate the treatment of PD in the context of a pathodiated functionally through axonal projections.
physiological framework globally described as thalamocortical
For thalamocortical theta coherence, the scalp topography
dysrhythmia (TCD) (Llinas et al., 1998, 1999). The following
was found to be maximal with frontal EEG electrodes (Fig. 3).
sequential set of events (Fig. 5) was proposed to explain how
The LFP was recorded in the thalamic nuclei VA and VLa, which
thalamic overinhibition leads to parkinsonian symptoms.
are part of the pallidal-recipient thalamus (Morel et al., 1997).
(1) As a consequence of the lack of dopamine input to the
The nuclei VA and VLa project to the premotor and prefontal
basal ganglia, the output nucleus globus pallidus is excessively
cortices (Rouiller et al., 1999). This is evidence that thalamocoractive (Lozano et al., 1998) and exerts overinhibition on pallidaltical coherence, a physiological measure, is related to the anatomrecipient thalamic nuclei (VLa, VA) via the pallido–thalamic
ical distribution of thalamocortical pathways. Maximal theta cotract (Magnin et al., 2000; Anderson et al., 2003). This overinhiherence was not strictly ipsilateral, thus suggesting that the
bition results in thalamic cell membrane hyperpolarization.
oscillatory activity between the thalamus and cortex may not be
(2) In the hyperpolarized state, deinactivation of calcium
confined to monosynaptic hemispheric projections.
T-channels causes thalamic neurons to fire low-threshold calIn the ␤ band, we found dominant coherence with ipsilateral
central EEG electrodes (Fig. 4, Table 1). This coherence may be
cium spike (LTS) bursts (Llinas and Jahnsen, 1982; Jeanmonod et
mediated monosynaptically by the afferents from nucleus VLa to
al., 1996; Llinas and Steriade, 2006). In awake experimental animotor, premotor, and supplementary motor areas (Morel et al.,
mals free of TCD, some authors report very few spontaneous LTS
2005). The magnitude of ␤ coherence, however, was below 16%
(Woody et al., 2003; Ruiz et al., 2006), whereas others have found
and thereby much lower than in the theta band. Values of similar
sizeable numbers in the higher-order thalamic nuclei (Ramcha-
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Figure 6. LTS burst in thalamic nucleus VA. A, LTS bursting cell recorded in thalamic nucleus VA. Within the burst, the duration of each successive interspike interval increases progressively. The
amplitude of the second spike was diminished with respect to the first in 80% of bursts (for discussion, see Llinas and Steriade, 2006). B, Two-dimensional interspike interval plot, for which the
abscissa indicates the interspike interval to the previous spike and the ordinate indicates the interspike interval to the subsequent spike. The points at the bottom right represent the first spikes of
bursts. C, The interspike interval histogram shows a bimodal distribution of a short intraburst interspike interval and a long interburst interspike interval of ⬃225 ms. D, Mean and average of all
interspike intervals grouped with respect to burst length show the progressive lengthening of the interspike interval and its small variation over all bursts. The number of bursts in each category is
noted below the respective curve. E, The length of the first interspike interval decreases logarithmically (r2 ⫽ 0.99) as a function of the number of spikes in the burst. F, The rhythmicity of the LTS
burst activity, with a lag of ⬃225 ms, is confirmed by the autocorrelation histogram. ISI, Interspike interval.

ran et al., 2005). Still, compared with this latter study, LTS bursts
occur with more than twice higher prevalence in the central lateral and VLa/VA thalamic nuclei of PD patients (Jeanmonod et
al., 1996; Magnin et al., 2000). The rhythmic LTS bursting was
found with an interburst frequency of ⬃4 Hz. As an example,
Figure 6 shows a LTS burst recorded in VA.
(3) Bursting thalamic relay neurons exert a rhythmic influence on thalamocortical modules in the theta frequency band
(Hughes et al., 2004). The tight anatomical (Van Horn et al.,
2000) and functional coupling between the thalamus and cortex
is confirmed by the high theta coherence between the two (Fig.
1C). This coupling is sustained by thalamocorticothalamic and
also by thalamoreticulothalamic and corticoreticulothalamic recurrent projections. The tendency of the thalamocortical network to maintain a given functional modality reinforces the hyperpolarized state over time (Pedroarena and Llinas, 1997). Thus,
in thalamocortical modules, the presence of LTS bursts results in
overproduction of theta rhythmic activity (Fig. 5A).
(4) Divergent thalamocortical, corticothalamic, and reticulothalamic projections provide the anatomical substrate for diffusion of the theta overproduction to an increasing number of
neighboring thalamocortical modules (Fig. 5B, theta crossmodular spread). After a sufficiently large number of thalamocortical modules have been recruited to the theta mode, this state
of reduced activity may lead to negative clinical symptoms (e.g.,
akinesia). A theta or ␦ power increase may also become measurable in EEG (Fig. 1 A, Table 1) (Soikkeli et al., 1991; Stanzione et

al., 1996; Tanaka et al., 2000) and MEG (Llinas et al., 1999; Salenius et al., 2002) and thalamic LFP (Fig. 1 B).
Why does the dominant EEG peak appear in the theta range?
The similarity of peak frequencies in EEG and LFP and the high
thalamocortical coherence (Table 1) suggest that thalamocortical
interaction has a major influence on EEG rhythmicity. LTS exert
influence on the thalamocortical system, but also cortical determinants affect the EEG, for example refractory periods, axonal
transmission latencies, or cortical columnar organization (Nunez
et al., 2001). This could explain why the presence of LTS in patients does not result in a sharp 4 Hz spectral peak but in excess
EEG oscillations spread over the entire theta band.
Enhanced low-frequency oscillations also occur during sleep
and cognitive tasks (Kahana et al., 2001), where they are considered normal. It is the long-lasting and widespread overproduction of slow rhythms in the waking brain that characterizes the
pathophysiology.
(5) In the final step, positive symptoms are produced (e.g.,
tremor) (Volkmann et al., 1992, 1996). This step is thought to be
related to the reciprocal corticocortical inhibition mediated by
GABAergic interneurons, which is a general feature of cortical
organization (Fig. 5C). Thalamocortical modules in theta mode
are in a state of reduced activity and therefore exert less collateral
inhibition on other cortical modules. These modules are thereby
overactivated in high (␤/␥) frequencies. The importance of ␤/␥
activity in human EEG is well documented (Neuper and
Pfurtscheller, 2001; Schoffelen et al., 2005). We also find predom-
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inant thalamocortical ␤ coherence between the thalamic site and
EEG electrodes over the ipsilateral motor cortex (Fig. 4, Table 1).
The interaction between modules in theta mode and modules in
␤/␥ mode has been termed “edge effect” (Llinas et al., 1999,
2005). The mechanism has been inspired by the effect of lateral
inhibition in the retina. Support for such an effect was first provided by the increased interfrequency covariation between theta
and ␤ ranges in MEG (Llinas et al., 1999). Recently, a spatiotemporal increase of ␤/␥ activation caused by the presence of a conjoined low-frequency activation could be demonstrated in a slice
preparation (Llinas et al., 2005). In this way, the negative and
positive neurological symptoms are intricately related.
Conclusions
Making use of the opportunity to record LFP from the human
pallidal-recipient thalamus during therapeutic intervention, our
findings add to the long-standing debate on the respective contributions of the thalamus and cortex to the rhythmicity recorded
in scalp EEG (Nunez et al., 2001; Schreckenberger et al., 2004).
Because the recordings stem from patients with PD, these results
add to the physiological basis of our understanding of parkinsonian pathophysiology (Llinas, 1984; Llinas and Pare, 1994; Jeanmonod et al., 1996; Llinas et al., 1999), which has important
consequences for therapy. Selective stereotactic ablation of the
pallido-thalamic tract is thought to reduce overinhibition in the
thalamus and thereby abolish excessive LTS and EEG theta power
during waking, both central elements of TCD. In patients with
severe forms of PD resistant to drug treatment, this therapeutic
lesion results in ⬃60% improvement of clinical symptoms over
the medicated state (Magnin et al., 2001).
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