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CHAPTER 10

Dynamics of thalamo-cortical network oscillations
and human perception

Urs Ribary®

Department of Physiology and Neuroscience, NYU School of Medicine, New York, NY 10016, USA

Abstract: There is increasing evidence that human cognitive functions can be addressed from a robust
neuroscience perspective. In particular, the distributed coherent electrical properties of central neuronal
ensembles are considered to be a promising avenue of inquiry concerning global brain functions. The
intrinsic oscillatory properties of neurons (Llinas, R. (1988) The intrinsic electrophysiological properties of
mammalian neurons: Insights into central nervous system function. Science, 242: 1654—1664), supported by
a large variety of voltage-gated ionic conductances are recognized to be the central elements in the gen-
eration of the temporal binding required for cognition. Research in neuroscience further indicates that
oscillatory activity in the gamma band (25-50 Hz) can be correlated with both sensory acquisition and pre-
motor planning, which are non-continuous functions in the time domain. From this perspective, gamma-
band activity is viewed as serving a broad temporal binding function, where single-cell oscillators and the
conduction time of the intervening pathways support large multicellular thalamo-cortical resonance that is
closely linked with cognition and subjective experience. Our working hypothesis is that although dedicated
units achieve sensory processing, the cognitive binding process is a common mechanism across modalities.
Moreover, it is proposed that such time-dependent binding when altered, will result in modifications of the
sensory motor integration that will affect and impair cognition and conscious perception.

Gamma-band oscillations and cognitive processing concerning the relationship between cognition and
the temporal organization of the thalamo-cortical
The excellent correlation between brain gamma- system (Kato, 1990; Lindstréom and Wrobel, 1990)
band coherent oscillations and cognitive functions are now well-documented, a very significant area
is presently considered a key issue in the study of of research with deep implications on the nature of
the electrophysiological basis for higher brain cognitive processes and their abnormalities, is yet
function in humans (Llinas and Ribary, 1993; to be done.
Crick and Koch, 1996; Schiff et al., 2002) and an- Over the past two decades, there have been
imals (Steriade, 1993; Gray, 1999). In addition, many studies relating to gamma-band oscillatory
gamma-band oscillations have been shown to be brain activity (30-50 Hz) in humans and animals
reset (Ribary et al., 1991) or otherwise modified by during sensory and cognitive processing (Freeman,
sensory stimulation, and to be correlated with 1975; Bressler and Freeman, 1980; Galambos

normal and altered auditory perception (Joliot et al., 1981; Sheer, 1984; Ribary et al., 1987; Eck-
et al., 1994; Llinas et al., 1998a; Ribary et al., 2000; horn et al., 1988; Gray and Singer, 1989; Ahissar
Ribary et al., 2004). Because specific findings and Vaaida, 1990; Ribary et al., 1991; Llinas et al.,

1991; Steriade et al., 1991a, b; Engel et al., 1991;
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and Bullock, 1992; Llinas and Ribary, 1993;
Steriade, 1993; Desmedt and Tomberge, 1994,
Singer and Gray, 1995; Traub et al., 1996; Barth
and MacDonald, 1996; Neuenschwander and
Singer, 1996; Salenius et al., 1996; Lumer et al.,
1997, Murthy and Fetz, 1997; Tallon-Baudry
et al., 1997; Tallon-Baudry and Bertrand, 1999;
Ribary et al., 1999; Knief et al., 2000; Kissler et al.,
2000; Jensen et al., 2002a; Palva et al., 2002; Parra
et al., 2003) and alterations in aging (Boettger
et al., 2002). Freeman and his collaborators im-
plemented multi-channel electric recordings from
mammalian olfactory bulb and analyzed the com-
plex spatial distribution of activity during odor
discrimination (Freeman, 1975). Basar and co-
workers (1987) first reported a 40-Hz auditory re-
sponse in humans and later identified this distrib-
uted property as one of the principal components
of the middle latency response of auditory-evoked
potentials. Later, Galambos, and co-workers
(1981) reported that the human auditory evoked
steady-state potentials showed a resonance near
40 Hz and proposed new clinical applications and
the extended exploration of cognitive processes.
Sheer and his collaborators were the first to record
human 40-Hz activity related to cognitive process-
ing, and interpreted the 40-Hz rhythm as an index
of a focused state of cortical arousal (Sheer, 1984).
Freeman and van Dijk (1987) were the first to re-
port on visual gamma oscillations showing that
oscillatory activity in the monkey visual cortex
possessed many of the same characteristics as its
olfactory counterpart. Gray, from Freeman’s
laboratory, advanced the field in collaboration
with Singer, in parallel with Eckhorn and collab-
orators, and described stimuli-dependent synchro-
nous oscillations of local field potentials, and
multiunit activity at frequencies near 40-Hz acti-
vity in the visual cortex of anesthetized cats
(Eckhorn et al., 1988; Gray and Singer, 1989). At
the single-cell level, gamma band oscillations
were demonstrated to be an intrinsic property of
cortical inhibitory neurons (Llinas et al., 1991)
and of specific and non-specific thalamic neurons
studied in vivo (Steriade, 1991a, b). These oscilla-
tions occurred coherently at widely separated vis-
ual sites within and across both hemispheres
(Engel et al., 1991).

Neuronal substrates of human gamma band activity

Analysis of the origin of spatio-temporally coher-
ent transient gamma-band electrical activity in hu-
mans during early sensory processing, using
magnetoencephalography (MEG), demonstrated
specific cortical activations (Pantev et al., 1991)
and well-defined cortico-subcortical correlations
(Ribary et al., 1991), using combined MEG with
magnetic field tomography (MFT), indicating a
time shift of 2-3ms that was consistent with tha-
lamo-cortical conduction times. In particular,
MEG/MFT results indicated that the onset of ac-
tivity at the thalamic level was followed by wide-
spread activation of the thalamo-cortical system
(TCS), which resulted in a large coupling of tha-
lamo-cortical gamma band oscillation, organized
in space and time (Ribary et al., 1991), which was
altered in Alzheimer (AD) patients (Ribary et al.,
1989, 1991). In particular, there was also an al-
tered dynamics of steady-state gamma-band oscil-
lations in moderate and severe AD patients,
especially at cortical level (Fig. 1). Since our ini-
tial MEG findings, several studies have been ini-
tiated and confirmed the existence of such
thalamo-cortical oscillation by direct recording in
animals (Steriade, 1993) as well as the importance
of specific and nonspecific thalamo-cortical con-
junction (Steriade et al., 1996a, b).

Intracellular recordings from cortical interneu-
rons (Llinas et al., 1991) and thalamic neurons
studied in vivo (Steriade, 1991a, b) demonstrated
gamma-band activity to be calcium dependent and
originate in the dendrites (Pedroarena and Llinas,
1997). Taken together, these studies support the
hypothesis that recurrent thalamo-cortico-thala-
mic activity is involved in organizing and support-
ing coherent gamma-band oscillations as a general
synchronized event during sensory or cognitive
processing (Ribary et al., 1987; Llinas and Ribary,
1993; Llinas et al., 1994; Llinas et al., 1998a;
Ribary et al., 1999). In addition, mathematical
modeling of the thalamo-cortical system (Destexhe
and Babloyantz, 1991; Wright et al., 2001; Rennie
et al., 2002) showed that the dynamics of the sys-
tem was turbulent and desynchronized when in-
trinsic thalamic activity was excluded from the
model (Destexhe and Babloyantz, 1991). The onset
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Fig. 1. Magnetic field tomography (MFT) images of steady-state gamma-band activity from a normal elderly adult and two age-
matched patients with Alzheimer dementia (AD; moderate AD: Global Deterioration Scale (Reisberg et al., 1982) GDS-5, and severe
AD: GDS-6) within the thalamo-cortical system. The location of the cylindrical source space is outlined on the 3D reconstructed MRI
scan (left). The top face of the cylinder is close to the temporal area around the auditory cortex, while the bottom face is close to the
thalamus (T). The axis of the cylinder is the midpoint of the MEG-probe placement. The MFT images are shown at 1 ms steps within a
time window of 50 ms. The onset of activity at the thalamic level precedes the onset of activity at the cortical level by ~ 3 ms. Note the
altered gamma-band activation in AD patients, especially at cortical level.

of a pacemaker input organized the system into a
more coherent spatio-temporal behavior and indi-
cated further evidence for a coupling of oscillatory
activity within thalamo-cortical systems (Steriade
et al., 1993a, b; Llinas et al., 1994; Barth and
MacDonald, 1996).

Earlier, we indicated that the auditory steady-
state gamma-band response also reflected a com-
plex, time-locked sequence of intrinsic network
activations involving most probably thalamo-cor-
tico-thalamic pathways, with a focus on temporal
sensory areas resulting in increased synchroniza-
tion of cortical gamma band activity, driven by
subcortical areas (Ribary et al., 1988, 1989). A
model for the cortico-thalamo-cortical resonance
(Fig. 2) and electrophysiological temporal coinci-
dence was proposed (Llinas, 1990; Llinas and
Ribary, 1993), which supports gamma-band oscil-
lation at the cortex and was recently demonstrated
in vitro using voltage-dependent dye imaging in
brain slices of thalamus and cortex (Llinas
et al.,, 2002). Thalamic projection neurons sy-
napse onto GABAergic inhibitory interneurons in
layer IV. These interneurons, which have intrinsic

membrane oscillations in the gamma band (close
to 40 Hz), can elicit inhibitory post-synaptic po-
tential (IPSP) in pyramidal neurons. Such input
results in a 40-Hz rebound firing of the pyramidal
cells (Pedroarena and Llinas, 1997).

Moreover, input from layer VI pyramidal cells
terminate on thalamic neuron dendrites and gen-
erate gamma band activation of thalamic projec-
tion neurons. This thalamic oscillation is then
signaled back to the cortex, establishing a large
resonant oscillation between the thalamus and the
cortex (Ribary et al., 1991), which can recruit suf-
ficient elements to generate the synchronicity ob-
served at both intracellular and extracellular levels
in the cortex and thalamus. In addition to the
thalamo-cortical resonance of specific thalamo-
cortical neurons, we earlier suggested a second
system (Llinas and Ribary, 1993), represented by
the intralaminar cortical input to layer I of the
cortex and its return-pathway projection via layers
V and V1 of pyramidal systems to the intralaminar
nucleus, directly and indirectly, via collaterals
to the nucleus reticularis. The cells in this system
have been shown to oscillate in 40-Hz bursts



130

LAYER | [ CORTEX
v
LAYER V
v A
R
>
- —

\)(THALAMUS

specific non-specific
nuclei nuclei

Fig. 2. Diagram of two thalamo-cortical systems proposed to
generate gamma-band activity and subserve temporal binding
(Llinas and Ribary, 1993). Left: Specific thalamo-cortical cir-
cuit: projection of sensory or motor nuclei input to layer IV of
the cortex, producing cortical oscillation by direct activation
and feed-forward inhibition. Collaterals of these projections
produce thalamic feedback inhibition via the reticular nucleus.
The return pathway (circular arrow on the right) re-enters this
oscillation to specific and reticularis thalamic nuclei via layer VI
pyramidal cells. Right: Non-specific thalamo-cortical circuit:
Second loop shows nonspecific intralaminar nuclei projecting to
the most superficial layer I of the cortex and giving collaterals
to the reticular nucleus. Pyramidal cells return oscillation to the
reticular and the non-specific thalamic nuclei, establishing a
second resonant loop. The conjunction of the specific and non-
specific loops is proposed to generate temporal binding.

(Steriade et al., 1993a) and were shown to synapse
directly on the apical dendrites of layer V of py-
ramidal cells (Llinas et al., 2002). (For detailed
projections in thalamus, see also Steriade and
Llinas, 1988).

Finally, it is also evident from the literature that
neither of these two circuits alone can directly re-
late to cognitive events and conscious perception.
Indeed, damage of specific systems produces loss
of the particular modality, while damage of the
non-specific thalamus produces lethargy and coma
(Fagon et al., 1958; Castaigne et al., 1980) and
disturbances in visual perception (Purpura and
Schiff, 1997). As such then, the resonant gamma-
band co-activation of both, the specific and non-
specific thalamo-cortical system, may contribute

to conscious perception (Llinas and Ribary, 1993),
and may relate to the binding of sensory informa-
tion (Gray, 1999).

Network dynamics and sensory perception

It was further proposed that coupling of thalamo-
cortical oscillatory activity support the temporal
binding mechanism responsible for bringing to-
gether information from various sensory modali-
ties into one single percept (Llinas and Ribary,
1993). Indeed, MEG recordings on control sub-
jects demonstrated that such precise timing of
thalamo-cortical network activity, originally de-
scribed during auditory temporal processing
(Joliot et al., 1994), was also present in the
somatosensory (Sauve et al., 1999) and visual
modality (Ramirez et al., 2000, 2002) in the
healthy human brain. In particular, we have pro-
vided evidence that the reset of the gamma-band
magnetic signal correlated with sensory percep-
tion, namely with the minimal interval required to
identify separate sensory stimuli.

Coherent gamma oscillations vs. auditory perception

The auditory system is known for its excellent time
resolution (Teich et al., 1993; Carr, 1993). Indeed,
the system can localize sound in space by detecting
delays on the order of microseconds (Carr and
Konishi, 1990). In addition, neuropsychological
and psychophysical observations indicated that
the auditory system is capable of tonality discrim-
ination of two stimuli separated by only 1-2ms
(Miller and Taylor, 1948), while 15-20ms is re-
quired for the perceptual identification of two
stimuli (Hirsh, 1959).

Using functional brain imaging, such as MEG,
earlier data indicated a clear time-locked oscillato-
ry activity in the gamma band in response to one
auditory stimulus (Ribary et al., 1991; Pantev
et al., 1991; Barth and MacDonald, 1996). This
reset was defined as a 2.5 cycle gamma-band os-
cillation (Joliot et al., 1994). Results further indi-
cated that this coherent gamma-band activity is
related to the temporal binding of incoming sen-
sory stimuli (Joliot et al., 1994). In particular, it



was determined that the minimal interval required
to identify separate auditory stimuli is correlated
with the resetting of the gamma-band magnetic
signal. In young subjects, experimental and mode-
ling results indicated a stimulus-interval-dependent
response with a critical interval of 12—15ms (Joliot
et al., 1994), which occurred specifically in the
gamma range only. At shorter intervals, only one
gamma-band response occurred following the first
stimulus. With longer intervals, a second gamma-
band response appeared, which coincided with the
subject’s perception of a second distinct auditory
stimulus. These results indicated that gamma-band
oscillation recorded during the first 100 ms post
stimulus represent a functional correlate to the
early temporal processing of auditory stimuli.

Specifically, MEG activity was recorded in re-
sponse to two clicks presented at various inter-
stimulus intervals (ISI). A power spectral analysis
of the raw MEG data in response to a single click
showed activation at lower frequency (9-10 Hz)
and at gamma-band frequency (25-50 Hz) (Joliot
et al., 1994). In response to the two clicks with
increasing ISI, data indicated a distinct temporal
coherent pattern in the gamma range only, and no
clear temporal characteristics in the lower frequen-
cy range. In particular, data indicated only one
gamma-band response following the presentation
of two auditory stimuli at ISIs of less than 12 ms.
Indeed, the response was identical to that follow-
ing a single stimulus (Joliot et al., 1994). When the
stimuli were presented at longer intervals, a second
gamma-band response abruptly appeared. This
second response overlapped that elicited by the
first stimulus.

To investigate the underlying mechanism of
these results we tested two possible models (Joliot
et al., 1994): The first model posited that the first
stimulus triggers a gamma-band oscillation event
and the second stimulus would induce a similar
response only after a given time interval. The sec-
ond model posited that both stimuli produced a
separate gamma-band oscillation event, independ-
ently of the ISI. The results predicted by the two
models were compared with the electrophysiolog-
ical data obtained from all MEG recording posi-
tions. Statistical analysis of nine young subjects
(2040 years old) indicated that the first model
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fitted the experimental data significantly better
than the second one. A two-tailed Student’s z-test
on the criteria value (x) indicated that the depend-
ent model was not significantly different below the
IST of 14.2ms for all nine subjects (Joliot et al.,
1994).

This finding indicated that at ISIs of 14.2ms or
less, only the first stimulus induced a gamma-band
response, while with longer intervals a second reset
in gamma-band activity occurred. Thus, in this
case each stimulus induced its own gamma-band
activity. A similar set of stimuli was presented fol-
lowing MEG recordings, and the perceptual
threshold for identifying two clicks was estab-
lished. Perceptual responses from all subjects in-
dicated that stimuli presented at an ISI longer than
13.7ms could be identified as two clicks. The in-
terval between stimuli required for the second
MEG response and that required for the percep-
tion of a second auditory stimulus as a distinct
event were not statistically different (interval
difference = 1.32ms, n =9, p = 0.309, two-tailed
Student’s z-test). No regression between the two
variables was significant, indicating a cluster-like
correlation near 12-15ms (Joliot et al., 1994).
These findings correlated well with neuropsycho-
logical and psychophysical observations.

The ability to judge the temporal order of a se-
quence of sounds was reported to depend on
whether the task required actual identification of
the individual elements of the sequence or whether
it could be performed by discrimination of their
global pattern. While the finest acuity for discrim-
ination tasks occurred on the order of 1-2ms
(Miller and Taylor, 1948), the identification of in-
dividual elements was on the order of 15-20ms
(Hirsh, 1959). Brain-imaging results coincided
closely to the classical ISI required to identify in-
dividual stimuli. In addition, other observations
concluded that sensory information was processed
in discrete time segments (Poppel, 1970; Madler
et al, 1991) as low as 12.5ms (Kristofferson,
1984). This indicated that stimuli coming within
one perceptual “quantum” (12—15 ms) were bound
into one cognitive event, rather than perceived as
separate entities (Llinas and Ribary, 1993).

These findings indicated that gamma-band os-
cillatory activity is not only involved in primary
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sensory processing per se (Pantev et al., 1991), but
also forms part of a time conjunction or binding
property that amalgamates early sensory informa-
tion in perceptual time quanta (Llinas and Ribary,
1993). The results further indicated that binding
can occur in steps or ““‘quanta” of 12-15ms, and
further support our hypothesis that gamma-band
oscillatory activity could serve a broad cognitive
binding function of multi-sensory information into
a single percept (Llinas and Ribary, 1993).

Coherent gamma oscillations versus somatosensory
and visual perception

Furthermore, functional imaging data have shown
that this minimal interval to identify two distinct
sensory events is similar in other sensory modali-
ties, demonstrating that such precise timing of
thalamo-cortical network activity was also present
in the somatosensory (Sauve et al., 1999) and vis-
ual modality (Ramirez et al., 2000, 2002) and cor-
related well with the perceptual identification of
somatosensory or visual stimuli.

Somatosensory oscillatory cortical representa-
tions in the contra-lateral primary somatosensory
cortex have been characterized using EEG and
MEG (Desmedt and Tomberge, 1994; Sauve,
1999, 2003). Functional somatotopic reorganiza-
tion in animals and humans has further been ob-
served (Merzenich et al.,, 1987; Ramachandran
et al., 1992; Mogilner et al., 1993; Yang et al.,
1994; Elbert et al., 1995). However, relatively few
experiments have examined the underlying net-
work dynamics and the binding of somatosensory
input. In recent experiments, six sighted and six
blind subjects were stimulated with taps of 2ms
duration from two piezoelectric stimulators, held
between the thumb and index finger of each hand
(Sauve et al., 1999; Ribary et al., 2002). Both
hands were stimulated synchronously with one tap
each, or with an ISI of 2, 4, 6,..., 26, 30, 34 ms.
MEG results indicated a specific time pattern of
coherent oscillatory gamma-band activity, which
correlated with the perception of somatosensory
input (Sauve et al., 1999). In particular, data in-
dicated that the temporal processing of tactile
stimuli occurred in discrete time quanta of

12-15ms, as originally observed in the auditory
modality (Joliot et al., 1994).

Recent findings indicated that a similar precise
timing of thalamo-cortical networks was also ob-
served in the visual system, responsible for the in-
tegration of visual input (Ramirez et al., 2000).
The human visual system is hypothesized to code
motion in discrete time quanta. To investigate the
neurobiological correlates of apparent visual mo-
tion perception, we recently designed a paradigm
in which the neuromagnetic responses to local ap-
parent motion stimuli were recorded using MEG
(Ramirez et al., 2000). Subjects were recorded
while stimulated in the periphery with two bars of
light separated by 1° at a distance of 45 cm, flashed
for 3ms, with stimulus onset asynchrony (SOA) of
0, 3,..., 27ms. Psychophysical analysis indicated
that the subjects perceived apparent motion more
than 50% of the time for SOAs longer than
15-18 ms. For shorter SOAs, subjects perceived
two simultaneous bars of light rather than a single
moving bar. MEG results therefore indicated that
apparent visual motion perception is processed in
quanta of 12-15ms as well, and correlated with
increased gamma-band activity in the visual sys-
tem. Dynamic gamma-band source activations
were reconstructed in many of the motion-sensi-
tive visual areas, particularly in area V3A, hMT +,
parictal and temporal cortex (Ramirez et al., 2000,
2002; Ribary et al., 2002).

These data further indicated that the same fun-
damental processing mechanism seems to be func-
tioning for the three sensory modalities, namely a
precise timing of thalamo-cortical network acti-
vations in the gamma-band in the healthy human
brain, in order to bind sensory input into one sin-
gle percept (Llinas and Ribary, 1993).

Altered gamma oscillations versus altered
perception in dyslexia and normal aging

Previous studies have shown that the minimal in-
terval to identify two separate sensory events is
altered in subjects with language-based learning
disabilities (LLD or dyslexia) (Llinas et al., 1998b;
Ribary et al., 2000) and in normal aging (Sauve
et al., 2003; Ribary et al., 2004). Such correlation is



observable independently by either psychological
means or functional MEG imaging. Also, there is
an excellent correlation between these two differ-
ent measurement techniques (Llinas et al., 1998b;
Ribary et al., 2004). As such, MEG imaging may
offer an objective measure that is correlated with
normal and slightly altered sensory cognitive ex-
perience (Nagarajan et al., 1999). We previously
proposed that gamma-band binding abnormalities
could be one of the neurophysiological correlates
of the temporal deficits recorded in LLD (Llinas,
1993). Indeed, in subjects with dyslexia, altered
MEG data correlated with a delayed perceptual
threshold above 20 ms for the identification of a
second auditory stimulus (Llinas et al., 1998b;
Ribary et al., 2000), compared to 12-15ms in
healthy controls. This dyschronia is consistent
with other findings concerning LLD (Tallal et al.,
1993, 1996; Merzenich et al., 1996; Salmelin et al.,
1996; Nagarajan et al., 1999; Helenius et al., 1999;
Simos et al., 2000; Heim et al., 2000; Benasich and
Tallal, 2002; Tallal, 2004). MEG recordings fur-
ther indicated a large variation in the time interval
necessary for the appearance of a second gamma-
band wave (Llinas et al., 1998b; Ribary et al.,
2000). More specifically, MEG data suggested the
existence of two different sub-groups of LLD sub-
jects (Fig. 3).

Magnetic recordings from one group indicated
an increased processing latency for the first stim-
ulus, consistent with increased temporal binding
(dyschronia). MEG data recorded from the other
group indicated an incomplete processing of the
first stimulus and a discontinuity of the binding
mechanism resulting in a background masking ef-
fect (dysrhythmia). These findings (Ribary et al.,
2000) remained the same by using a new state-of-
the-art whole head MEG system and by increasing
the number to a total of 16 controls and 13 LLD
subjects (Fig. 3).

In addition, there is increasing evidence that
sensory processing is also altered in the aging
brain, although sensory physiological thresholds
remain at normal levels. Psychophysical thresholds
in many simple auditory tasks deteriorate indeed
with age. For example, auditory fusion thresholds
for gaps between two long tones have been shown
to increase with age, particularly for subjects aged
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Fig. 3. Altered auditory binding and perception in subjects
with language-based learning disabilities (LLD or dyslexia).
Perceptual thresholds plotted as a function of MEG thresholds
obtained from 16 control (open circles/triangles) and 13 LLD
or dyslexic (filled circles/triangles) subjects. Dyschronic (DC)
subjects display delayed MEG and perceptual thresholds, while
dysrhythmic (DR) subjects display slightly shorter MEG
thresholds in conjunction with delayed perceptual thresholds,
which may relate to background masking.

over 60 (McCroskey and Kasten, 1980; Robin and
Royer, 1989). Temporal order judgments of audi-
tory stimuli also become less accurate with age
(Fitzgibbons and Gordon-Salant, 1998). Such de-
clining auditory acuity has been hypothesized to
relate to declining speech processing that has long
been evident in elderly subjects. In those studies,
however, the discrimination time windows were set
above 25ms. Recent critical discrimination para-
digms can produce a more precise measure of per-
ceptual and functional imaging change because the
intervals are set between 0 and 36 ms (Ribary et al.,
1999, 2004; Sauve et al., 2003).

Preliminary MEG data on elderly subjects that
have been tested so far indeed suggested that (1) a
distinct gamma-band oscillatory reset within tha-
lamo-cortical systems by sensory stimuli is altered
in the aging human brain and (2) an altered reset
of gamma-band activity is related to a correlation
between delayed MEG thresholds and delayed
perceptual thresholds to identify two distinct sen-
sory events during early sensory processing (Sauve
et al., 2003; Ribary et al., 2004). In particular,
there was a delay of approximately 3—12ms com-
pared to thresholds in younger control subjects.
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Using similar paradigms as mentioned above,
two auditory clicks were delivered at different ISIs.
MEG activity was recorded and the subjects were
asked if they heard one or two clicks (Fig. 4). The
gamma-band reset activity was delayed in the five
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Fig. 4. Altered auditory binding and perception in the aging
brain. (A) Effect of increasing the interstimulus interval on
MEQG activity in the higher (20-50 Hz) gamma band frequency
range in an older subject (75 years). As the interval increased
> 18 ms, a second, delayed gamma band response appeared. (B)
Perceptual thresholds plotted as a function of MEG thresholds
obtained from 16 younger (20-40 years, open circles) and 5
older (69-79 years, filled circles) subjects. Note that the ten-
dency of an increased MEG threshold is correlated with an
increased perceptual threshold.

elderly subjects that have been tested (aged 75, 79,
79, 75, 69 years). In particular, at ISIs of 18 ms or
more, there was a second reset of gamma-band
activity indicating a delayed processing of a second
distinct auditory stimulus. Preliminary data fur-
ther suggested a correlation between delayed per-
ceptual and delayed MEG thresholds in the elderly
group. These results strongly suggest a delay dur-
ing early sensory information processing of senso-
ry stimuli in normal aged subjects.

Network dysrhythmia in neurology and psychiatry

Earlier MEG studies, as mentioned above, pro-
vided evidence for a slight dysrhythmia within
thalamo-cortical systems in subjects with LLD
(Llinas et al., 1998b; Nagarajan et al., 1999).
Clearly an alteration of precise timing of thalamo-
cortical networks correlated to altered behavioral
patterns, namely to altered perception of sensory
input (Ribary et al., 1999). In unconscious hu-
mans, magnetic resonance imaging (MRI), MEG,
and positron emission tomography (PET) data in-
deed indicated a massive fracture of thalamo-cor-
tical systems, as observed in patients in a
vegetative state (Schiff et al., 1999, 2002, this vol-
ume). These findings suggested that a dysrhythmia
within thalamo-cortical systems could represent a
key issue underlying various pathological behavi-
oral symptoms (Llinas et al., 1999). Recent MEG
results, combined with findings based on electrical
recordings from human thalamus (Jeanmonod
et al., 1996, 2001; Sarnthein et al., 2003) and
physiological findings on animals (Jahnsen &
Llinas, 1984; Llinas et al., 2002), indeed indicated
that a severe and sustained dysrhythmia within
thalamo-cortical systems could underlic various
positive symptoms observed in a subset of neuro-
logical and psychiatric patients (Llinas et al., 1999,
2001; Schulman et al., 2000, 2001, 2003; Sarnthein
et al., 2003; Jeanmonod et al., 2003; Timmermann
et al., 2003).

Spontaneous MEG activity was recently record-
ed in patients suffering from neurogenic pain,
tinnitus, Parkinson’s disease, schizophrenia, de-
pression, or refractory obsessive compulsive dis-
ease (Llinas et al., 1999, 2001; Schulman et al.,



2000, 2001, 2003). Compared to healthy controls,
patients showed increased low-frequency theta
rhythmicity in conjunction with a widespread
and marked increase of power correlation among
high- and low-frequency oscillations consistent
with other reports (John et al., 1988; John, this
volume). These data indicated the presence of a
thalamo-cortical dysrhythmia, which we propose
is related to all the above-mentioned conditions
(Llinas et al., 1999). Such dysrhythmia can be ex-
plained by either excess inhibition or disfacilitation
of the thalamo-cortical system in these patients,
inducing the generation of low-threshold calcium
spike bursts by thalamic cells as seen in animals
(Llinas et al., 2001) and humans (Jeanmonod
et al., 1996). The presence of these bursts in human
thalamus (Jeanmonod et al., 2001) directly relates
to thalamic cell hyperpolarization and low fre-
quency generation within thalamus (Jahnsen and
Llinas, 1984). This produces coherent theta activ-
ity, the result of a resonant interaction between
thalamus and cortex. The emergence of positive
clinical symptoms is then viewed as resulting from
increased gamma-band activation due to de-
creased inhibition between high- and low-frequen-
cy thalamo-cortical modules at the cortical level,
which we refer to as the “edge effect” (Llinas et al.,
1999). This effect is observable as increased cor-
relation between low- and high-frequency oscilla-
tions resulting from such inhibitory asymmetry at
the cortical level.

The description of such thalamo-cortical dys-
rhythmias (Llinas et al., 1999) also provides a
conceptual framework for evaluating slight alter-
ations in resting brain activity in the normal aging
brain or in dyslexia. These alterations are expected
to be smaller compared to the severe thalamo-cor-
tical dysrhythmia observed in more invalidating
neurological and psychiatrical diseases, or com-
pared to selective fracture of thalamo-cortical net-
works in unconsciousness (e.g., in vegetative
patients; Schiff et al., 2002). In states of thalamo-
cortical ~ dysrhythmia, ongoing theta-range
(4-8Hz) thalamic activity serves as the trigger
for cortical dysfunction, in which a core region of
cortex functions at low frequency, surrounded by a
region of activation in the normal waking gamma
(25-50 Hz) range (Llinas et al., 2002). In addition,
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the connectivity of the thalamo-cortical system not
only maintains this pathological dynamics, but al-
so causes it to become distributed throughout wide
areas of cortex representing a large-scale coupling,
which allows such activity to constrain thalamo-
cortical dynamics so efficiently. This adds consid-
erable weight to the question of whether some of
the slight cognitive deficits of aging and dyslexia
are based upon varying degrees of a slight dysrhyt-
hmia (Llinas et al., 1998a; Schulman et al., 2003;
Ribary et al., 2004).

Fracture of thalamo-cortical networks during
unconsciousness

Earlier, we speculated that if the dynamics of tha-
lamo-cortical network oscillations is indeed crucial
for early sensory processing relating to perception,
then we should expect a massive fracture within
these thalamo-cortical systems during unconscious-
ness (Plum et al., 1998), such as during the vege-
tative state (Jennett and Plum, 1972). In a series of
studies on patients in a vegetative state (Schiff and
Plum, 2000), using MRI, PET, and MEG, we in-
deed found that there was a massive structural
damage within thalamo-cortical systems, combined
with a massive shutdown of brain metabolism, and
a massive shutdown in neural connectivity (Plum
et al., 1998; Schiff et al., 1999, 2002; Schiff, this
volume). These studies were in accordance with
other functional brain imaging studies, demon-
strating consistently diffuse and uniformly reduced
cerebral metabolic activity (Levy et al., 1987,
DeVolder et al., 1990; Tomassino et al., 1995;
Rudolf et al., 1999; Laureys et al., 1999). In addi-
tion, a selective disappearance of sensory midla-
tency responses and early evoked potentials were
reported in comatose patients (Pfurtscheller et al.,
1983) and during general anesthesia (Madler et al.,
1991). Recent studies also indicated the importance
of coherent gamma-band activity in relation to
different functional states during general anesthesia
(John et al., 2001; John, this volume).

Recent findings demonstrated that although the
vegetative state is characterized by massively re-
duced brain metabolism and connectivity, some pa-
tients may express isolated meaningless fragments
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of behavior that can be related to islands of residual
metabolic and physiologic brain activity (Schiff
et al., 1999, 2002). An earlier case study consisted of
such a unique vegetative patient who randomly
produced occasional single words (Schiff et al.,
1999). In this patient, isolated regions of preserved
cerebral metabolic activity and thalamo-cortical
transmission associated with remnants of the lan-
guage system. These findings led us to evaluate ad-
ditional vegetative patients with multi-modal
imaging techniques in order to determine in detail
what cerebral activity may remain in patients with
catastrophic brain damage. We reported evidence of
reciprocal clinical-pathological correlation with re-
gional differences of quantitative cerebral metabo-
lism (Schiff et al., 2002). We also employed MEG to
analyze dynamic aspects of source activations in
such patients, namely to identify spatio-temporal
sources, if any, of brain activations associated to
specific frequency bands as seen during normal sen-
sory processing (Regan, 1989; Ribary et al., 1991,
1999; Baumgartner et al., 1995; Llinas et al., 1999).
This diagnostic protocol was designed to examine
the possible persistence of remaining coherent neu-
ronal network activity. The MEG data from the
vegetative patients indicated partially preserved but
abnormal, delayed, incomplete or absent coherent
dynamic brain activity (Schiff et al., 2002). Restrict-
ed sensory representations evidenced by slow
evoked magnetic fields and gamma-band activity,
were uniquely expressed in each patient, and cor-
related with isolated behavioral patterns in two pa-
tients. These isolated and abnormal residual MEG
activations were further correlated with locally pre-
served metabolic activity. The combination of MRI,
PET and MEG techniques allowed us to assess the
residual network properties that underlie the ex-
pression of meaningless fractional behavior ob-
served in three of the five chronic vegetative patients
reported (Schiff et al., 2002; see also Schiff, this
volume).

In the intact, normal healthy brain, these mod-
ular networks do process selective sources of in-
formation and are typically integrated into large,
coherent or coupling patterns of activity (Llinas
and Ribary, 1993; Friston et al., 1993; Bressler
et al., 1993; Zeki and Bartels, 1998; Tononi and
Edelmann, 1998.; Van Essen et al., 1998, Singer,

1998; Raichle, 1999; John, 2002; see also John, this
volume). These novel findings on patients in a
vegetative state (Schiff et al., 2002) collectively
provide a foundation for identifying mechanisms
underlying complex brain injuries and may lead to
more objective diagnostic procedures for the fu-
ture. In particular, these studies may represent a
first step toward characterizing patients with var-
ying degrees of functional recovery beyond the
vegetative state. Such steps will be necessary to
appropriately risk-stratify patients for future stud-
ies of outcome or therapeutic interventions.

Summary: interaction and dynamics of large-scale
network oscillations in the normal and pathological
brain

All the above-mentioned findings, within the con-
text of the current literature, suggest that non-
invasive brain imaging techniques available today
and combined with highly sophisticated signal
processing and analysis techniques are providing
complementary, and very useful information re-
garding brain structure, and brain function with
detailed spatial and temporal constraints. These
findings further suggest that these objective brain
imaging measurements may already be correlated
with various broad cognitive processing and path-
ological states. A better characterization of un-
derlying extended large-scale networks and the
detailed analysis of the temporal dynamics is very
important in order to better understand normal
human brain function such as perception and
memory and the many pathological alterations.
Recent improvements in signal processing and
analysis techniques (Dale and Sereno, 1993;
Makeig et al., 1997, 2002; Pascual-Marqui et al.,
1995; Mosher et al., 1999a, b; Gross et al., 2002;
Jensen et al., 2002b; Ramirez et al., 2003, 2004;
Michel et al., 2004) indeed provide confidence that
non-invasive functional human brain imaging
techniques may soon be capable of extracting
the various network functions (Ribary et al., 1991;
Schiff et al., 2002; Gross et al., 2002) and mon-
itoring their detailed network dynamics and
interactions in relation to specific cognitive tasks.
In addition, specific time sequences or quantal



time windows (Joliot et al., 1994) were already
mentioned, in relation to normal or altered early
sensory processing, which further suggests that
normal brain function may indeed be quantified as
non-continuous time sequences (Lehmann et al.,
1987; Ribary et al., 1991; Llinas and Ribary, 1993;
Michel et al., 2004) based on detailed spatial and
temporal constraints. Such a quantification strat-
egy of normal brain function could now be ap-
plied in various neurological and psychiatric
patient populations, as mentioned here specifical-
ly in traumatic brain injury, and the alterations
could be specified. I would call such techniques
diagnostic brain sequencing procedures. As such
then, a “normal” brain sequencing procedure in
healthy control subjects would represent an anal-
ysis of a normalized series of multiple quantal
time windows describing a non-continuous evolu-
tion of large-scale network oscillations and cou-
plings, laid out over a time period of several
100 ms and directly correlated to sensory process-
ing and memory. Diagnostic brain sequencing
procedures in brain pathologies would then rep-
resent a quantitative comparison and a quantita-
tive deviation of such normalized time series
having shorter, longer, abnormal, or missing
quantal time windows and describing an abnor-
mal non-continuous evolution of large-scale net-
work oscillations and couplings. Detailed analysis
of such individual quantal time windows would
then specify changes within local networks or be-
tween large-scale networks, such as changes in
oscillation frequency, changes in spectral power,
changes in synchronization, coherence, coupling,
etc. Such diagnostic brain sequencing procedures
may then lead to better objective diagnostic pro-
cedures for various brain pathologies and for bet-
ter treatment strategies in the future, including
dyslexia (Merzenich et al., 1996; Tallal, 2004),
neurology (see Schiff, this volume), and psychia-
try (Jeanmonod et al., 2003).
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