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Coherence in Consciousness: Paralimbic Gamma

Synchrony of Self-Reference Links Conscious Experiences
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Abstract: A coherent and meaningful percept of the world is essential for human nature. Consequently,
much speculation has focused on how this is achieved in the brain. It is thought that all conscious expe-
riences have reference to the self. Self-reference may either be minimal or extended, i.e., autonoetic. In
minimal self-reference subjective experiences are self-aware in the weak sense that there is something it
feels like for the subject to experience something. In autonoetic consciousness, consciousness emerges, by
definition, by retrieval of memories of personally experienced events (episodic memory). It has been
shown with transcranial magnetic stimulation (TMS) that a medial paralimbic circuitry is critical for self-
reference. This circuitry includes anterior cingulate/medial prefrontal and posterior cingulate/medial
parietal cortices, connected directly and via thalamus. We here hypothesized that interaction in the
circuitry may bind conscious experiences with widely different degrees of self-reference through syn-
chrony of high frequency oscillations as a common neural event. This hypothesis was confirmed with
magneto-encephalography (MEG). The observed coupling between the neural events in conscious
experience may explain the sense of unity of consciousness and the severe symptoms associated with
paralimbic dysfunction. Hum Brain Mapp 31:185-192, 2010.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION

When we are awake we may be engaged in an activity
demanding retrieval of memories and estimation of the
future, such as writing, which is at the focus of our atten-
tion. Still we continue to receive a number of unattended
sensory stimuli, like hearing the rain outside the window,
a bird singing, feeling the comfort or discomfort of the
chair, etc. Such sensory input, like our memories, feelings,
and emotions, can be conscious when they are attended
to, and preconscious when not attended to [Kircher and
Leube, 2003]. Together, it is all experienced as a single
scene, coherent in space and time. Even when someone



¢ Lou et al. ¢

enters the room, or the phone rings, and the scene and our
focus of attention shifts completely, we usually experience
the changed scene as continuous with the preceding
[Edelman, 2004]. The self offers a possibility to understand
this coherence: per definition, we cannot have free-floating
sensations with no self to experience them, and we cannot
have a self completely devoid of qualia, i.e. sensory experi-
ences, memories or feelings. In other words: qualia and the
self are complementary [Ramachandran, 2004]. If each of the
different, ever-changing qualia is attached to the same
coherent self-structure across space and time, qualia will be
bound to each other via the self. We have previously argued
that a circuitry of paralimbic prefrontal and parietal regions
might qualify for such binding. This was based on the find-
ing that the circuitry is integrated as a common feature in
the different patterns of regional hemodynamic interaction
in different mental states and experiences [Cabeza and
Nyberg, 2000; Greene et al., 2004; Kjaer and Lou, 2000; Kjaer
et al., 2002; Lou et al., 2005; Northoff and Bermpohl, 2004].
The concept is further supported by studies with transcra-
nial magnetic stimulation, showing that activity in this cir-
cuitry is critical for self-awareness and retrieval of memories
of personal experiences, i.e. episodic memory [Kwan et al.,
2007; Lou et al., 2004]. Episodic memory retrieval is by defi-
nition an indispensable component of the more complex
forms of self-awareness and consciousness with a coherent
self across time, which are described in various terms such
as extended self [Neisser, 1988], autonoetic consciousness
[Gardiner, 2001; Tulving, 1985], or narrative self [Gal-
lagher, 2000]. In fact, “episodic memory is identified
with autonoetic, or self-knowing, consciousness”
[Gardiner, 2001]. In contrast to autonoetic self-aware-
ness, the minimal self is prereflexive, immediate, and
normally infallible. It involves the sense of ownership of
experiences [Gallagher, 2000]. For the minimal self, data
on the neural organization are scarcer, but indicate that
the same paralimbic structures are active here [Kjaer et
al., 2001; Vogeley et al., 2004]. A critical role in con-
sciousness for the medial parietal cortex and its connec-
tions with medial prefrontal cortex, directly and via
thalamus, is also suggested by the fact that their default
is closely correlated with the vegetative state, and their
recovery with recovery of consciousness [Laureys et al.,
2006].

The focus of the present study is to investigate how
these three structures are functionally integrated in a para-
limbic circuitry. Theoretically, tight functional integration
would be reflected in synchrony in the high frequency
range [Jensen et al., 2007; Rodriguez et al., 1999; Tononi
and Edelman, 2000]. To test this hypothesis, we examined
synchronization in the gamma range (30-100 Hz) during
three tasks with widely different degrees of self-reference,
assuming that the degree of self-reference would be
reflected in the degree of gamma synchronization. The
beta frequency band (15-30 Hz) was used for comparison.
Our hypotheses were tested with MEG and dynamic imag-
ing of coherent sources (DICS) [Gross et al., 2001].

SUBJECTS AND METHODS
Subjects

Recordings were obtained from 12 healthy, right-
handed, gender-matched German subjects with the local
ethics committee’s approval. All subjects gave their
informed consent.

Experimental Procedures

Three conditions were used. Two of these were exam-
ples of autonoetic consciousness [Gallagher, 2000;
Gardiner, 2001], requiring episodic retrieval of the sub-
jects” previous personal judgment on two subjects: one-self
(“Self’-condition), and a well-known public figure in
Germany, the football star Franz Beckenbauer (“Franz”-
condition). The third condition, “Syl”, required calculation
of syllables with minimal self-reference and memory. The
three conditions were chosen to represent maximal self-
reference (“Self”), and minimal self-reference (“Syl”), as
well as a condition of intermediate self-reference
(“Franz”).

In each trial a series of adjectives were presented
sequentially on a back-projection screen at a distance of
1.2 m from the subject [Anderson, 1968]. Sensory input
and motor output were similar in all three conditions. For
Self, an initial task required encoding of personal judg-
ment of one-self by recording how well each adjective of a
series fitted one-self. For Franz, word presentation was
preceded by encoding of personal judgment of Franz Beck-
enbauer, preceded by a 500-ms long presentation of a fixa-
tion cross and a 500-ms presentation of a blank screen.
The presentation time for each word varied randomly
between 2,000 and 2,500 ms to make it less straightforward
for the subject to predict when to respond. Immediately
after word offset, a response screen was presented
consisting of the four choices for the judgment condition
[— (meaning: does not match at all), — (matches rather
not), + (matches reasonably well), +++ (matches abso-
lutely)]. The subject was allowed to take as long as he
wished up till 5 s for the decision. Then the series was
shown again in the same order, and again with up to 5 s
to make the response. Each word was presented again ran-
domly for 2,000-2,500 ms, and up to 5,000 ms allowed for
the response. The subjects were here required to respond
as to whether the adjective had previously been judged to
be rather fitting or not. For retrieval, each word appeared
again in the same sequence as encoding. The response was
done on a two-point scale (yes/no). Each response elicited
immediate presentation of the next adjective. The approxi-
mate time interval between judgment and retrieval of
judgment for each adjective was 4 min. This delay, the fact
that in the meantime 40 different adjectives had been pre-
sented, and the requirement to choose between two
options vs. four for encoding, ensured that “retrieval
response” was dependent on episodic memory. This
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procedure required explicit introspection and was closely
related to the one described earlier for evaluating episodic
memory retrieval of words [Gardiner and Java 1991;
Tulving, 1985]. The encoding process was excluded from
analysis, as autonoetic consciousness specifically involves
retrieval [Gardiner and Java, 1991; Tulving, 1985].

In contrast, the third condition required only minimal
self-awareness. It involved the same steps as the Self and
Franz conditions: fixation, blank screen, stimulus presenta-
tion (adjectives), and response. Here the subject was
required to report on a yes/no keyboard response as to
whether each of a different set of adjectives similarly pre-
sented had an even or odd number of syllables. No encod-
ing or retrieval tasks were applied and analysis was done
during determination of whether the adjective had an
even or uneven number of syllables took place.

Time-lines of the tasks of episodic memory retrieval and
the syllable task are shown in Figure 1. For the first subject
in the study, judgment and retrieval of judgment of one-
self was followed by judgment and subsequent retrieval of
judgment of Franz Beckenbauer, and, finally the syllable-
counting task with minimal self-reference, each evaluating
a series of 40 adjectives. This sequence was repeated twice.
For the next subject, the order was reversed, and reversed
again for the third subject, etc. to avoid any order effect.

MEG

Neural activity was recorded with a Neuromag
(Helsinki) 122 whole-scalp neuromagnetometer [Ahonen,
1993] in a magnetically shielded room. MEG signals were
recorded with a passband of 0.03-333 Hz and digitized
with 1,000 Hz. High-resolution T1-weighted magnetic res-
onance images were obtained for each subject for anatomi-
cal coregistration. For each condition, trials were extracted
time-locked to the onset of the word and visually
inspected for artifacts. Trials with artifacts were rejected.
Three midline regions were analyzed. These were situated
between the left and right of the medial paralimbic regions
of interest (ROIs) identified in a previous study with posi-
tron emission tomography (PET): anterior cingulate/
medial-prefrontal 0, 59, 40; pulvinar thalami: (0, —38, 8);
and posterior cingulate/medial parietal region (0, —50, 28).
[Talairach coordinates; Lou et al., 2004]. For each ROI,
Talairach coordinates were transformed into individual
coordinates using the deformation toolbox in SPM2
(www fil.ion.ucl.ac.uk/spm). Time courses of activity were
extracted individually for each subject, ROI and condition
using a spatial filter [Gross et al., 2001; van Veen et al.,
1997; Sekihara et al., 2002]. Conservatively estimated, this
method has a spatial resolution of ~10 mm for the cortical
regions, and 20 mm for thalamus [Gross et al. 2003]. The
time courses were subjected to spectral analysis as a func-
tion of time based on multitaper using the fieldtrip toolbox
(F. C. Donders Centre for Cognitive Neuroimaging,
http:/ /www.ru.nl/fcdonders/fieldtrip). The phase syn-

Fixation Blank Response
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lS‘fllablc - Task J + |
Figure I.

Time lines of experimental tasks. Upper line: Judgment of pre-
sented adjectives for fitting one-self, or, alternatively, Franz
Beckenbauer, preceded by fixation cross. Middle line: Autonoetic
consciousness by retrieval of previously judged fitting of each
adjective: “Self” and “Franz” conditions. Lower line: cognitive
task, requiring subject to calculate if presented adjectives have
an even or odd number of syllables. This task is without
intended memory component and only minimal self-awareness.
“Syl” condition.

chronization index (SI) [Varela et al., 2001] was computed
for all one by one combinations of the three sites (anterior
cingulate/medial prefrontal, posterior cingulate/medial
parietal, and thalamus) in the paralimbic loop. SI was not
computed on the original time-series with millisecond
resolution. Instead we used the Fourier transformed data
(Time-frequency representation). The Fourier coefficients
were used to compute either power or SI. Thus the 400-ms
window and 20-ms spacing refer to the computation of
time-frequency representation containing the Fourier coef-
ficients. We chose this approach to keep power and SI
results comparable. Increases in SI were observed with all
three conditions in all one by one sets of interactions
between the three regions in the loop during the 2-s obser-
vation periods (Fig. 2, P < 0.001, Wilcoxon). SI quantifies
the phase coupling between different regions. It is com-
puted as the absolute value of the sum of the complex
phase differences of both regions divided by the number
of epochs and is bordered between 0 (indicating no phase
locking at all, and 1 (indicating complete phase locking).
Synchronization index was computed during a 2-s stimu-
lus presentation and the preceding 500-ms prestimulus
baseline 2 to 100 Hz in 400-ms-long windows with a space
of 20 ms between windows. A 400-ms time window was
chosen to allow a multitaper frequency smoothing of
+5 Hz [Gross et al., 2001]. Computations of gamma syn-
chrony with shorter windows of 200 ms were also done as
a control of interaction between window length and
gamma synchrony. Identical results were obtained. The
interdigitating and balanced design of the experiment
should preclude any difference between prestimulus base-
line for the synchronization indices of the three conditions:
Self, Franz, and Syl. Computation confirmed this assump-
tion (P > 0.25, Wilcoxon). Phase synchronization and
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Figure 2.

Synchronization between individual paralimbic regions. Increase
in synchronization indices between each set of two of the three
paralimbic regions in each of the three conditions (P < 0.001
for all values). The numbers close to the arrows indicate per-
cent increase in synchronization in each set of two regions con-

power results (normalized to per cent change with respect
to baseline) were separately subjected to ANOVA analysis.
Values were averaged separately for each subject and ex-
perimental condition from 0 to 2 s during stimulus presen-
tation in gamma and beta bands. A two-way ANOVA was
computed with factors frequency (gamma, beta) and con-
dition (Self, Franz, Syl). The multicompare function in
Matlab (www.mathworks.com) was used with multiple
comparison correction (Tukey-Kramer correction) to com-
pute population marginal means.

RESULTS
Behavioral Analysis

In the Self-condition, mean correct episodic retrieval rate
was 94.9% (range 88.3-100%), and in the Franz condition a
mean correct response of 90.4 (range 76.7-96.7%). The syl-
lable task produced a mean correct response rate for even
or odd number of syllables of 94.7% (range 86.6-99.2%).
These high and quite similar numbers indicate that the
experimental procedure was adequate. This allowed us to
be confident that the subjects did their best to comply
with the requirements of the tasks.

MEG

The ANOVA results for phase synchronization (SI)
revealed a significant effect of frequency (P < 0.001) and
condition (P = 0.028), but no significant interaction. Popu-
lation marginal means revealed a significantly stronger
increase of phase synchronization with respect to baseline
for gamma band than for beta band. Marginal means for
condition factor showed a gradual increase of SI change
from low values of self-reference in the Syl condition,
through medium values for the Franz condition, to the
highest values for the Self-condition. SI increased signifi-
cantly more for Self than Syl. However, SI increased signif-
icantly in all three conditions.

nected by the arrow (means of 12 subjects) to illustrate the
effect of stimulus presentation on neural synchrony. Normaliza-
tion to percent increase are chosen to facilitate comparisons of
synchronization effects. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

For power, there was a significant effect of frequency
(P < 0.001), no significant effect of condition, and no
significant interaction between frequency and condition.
Further inspection of the frequency factor showed a signif-
icant suppression of beta power with respect to baseline
and no significant change in gamma power (Figs. 3 and 4).
Depression of power in the low frequency range has also
been observed in other mental tasks [Neuper, et al., 2006].

DISCUSSION

Thus the increase in synchronization occurred in all con-
ditions and in both frequency bands. The power analysis
suggests that these changes are not the effect of volume
conduction [Gross et al., 2001]. The gamma band syn-
chronization occurred preferentially as a function of self-
reference. This preference suggests a role for paralimbic
gamma synchrony in self-reference and is in agreement
with the specificity of the paralimbic circuitry for self-ref-
erence documented elsewhere with transcranial magnetic
stimulation (TMS) [Kwan et al., 2007; Lou et al., 2004].

As the study exclusively attempted to test the hypothe-
sis of interaction of three paralimbic regions, the results do
not exclude that other interactions occur. This seems, in
fact very plausible, considering the hemodynamic interac-
tion of several other regions shown previously [Lou et al.,
1999, 2004]. It would be in agreement with the influential
“global workspace” theory of conscious experience [Baars,
2002; Dehaene et al., 2003].

Anatomically, the medial prefrontal/anterior cingulate
and medial parietal/posterior cingulate regions are con-
nected directly via the band of white matter in the cingu-
late gyrus called cingulum, and indirectly, through their
rich connections via the “limbic” and intralaminar tha-
lamic nuclei, located centrally at the base of the forebrain
[Parvizi et al., 2006]. The connections are reciprocal (i.e.
“re-entrant”), forming a limbic/paralimbic loop [Tononi
and Edelman, 2000]. We here confirm our hypothesis that
the circuitry is preferential for extended self-awareness in
the gamma range. Relatively weak paralimbic gamma
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Figure 3.

Overall changes in paralimbic synchronization and power in con-
scious experiences. MEG signals were sampled from midline
between bilateral paralimbic regions defined previously in a
regional cerebral blood flow study of self-reference: anterior
cingulate/medial-prefrontal 0, 59, 40; pulvinar thalami: (0, —38,
8); and posterior cingulate/medial parietal region (0, —50, 28)
[Talairach coordinates; Lou et al., 2004]. (a—c) Time-frequency
maps, showing increased synchrony in gamma frequency band
(30-100 Hz) in all three conditions compared to baseline, a
500-ms period of rest with open eyes before word onset. The

synchronization is, however, also seen during a condition
with minimal self-awareness. Being preferential for self
and a common neural path for conscious experiences with
widely differing degrees of self-orientation, paralimbic
gamma synchronization may be instrumental in coherence
of consciousness through self-reference. Previous hemody-
namic studies indicate that this paralimbic circuitry inter-
acts with different cortical regions depending on the
contribution of the environment to the content of
consciousness [Lou et al., 2004].

The duration of several hundred milliseconds of task-
elicited changes in gamma frequency synchrony and
power was a general feature in our experiments (see
Fig. 3). They were independent of the duration of the win-
dows (400 and 200 ms), being considerably shorter than
the effect on gamma synchrony. The long duration of

increase depends on the degree of self-reference (In decreasing
order: Self = Retrieval of self-judgment, Franz = Retrieval of
personal judgments of Franz Beckenbauer and Syl = calculation
of number of syllables in presented adjectives). (d—f) Time-fre-
quency maps of power showing low power in beta frequency
band for all conditions. Time-frequency plots are grand-averages
over all subjects and the three pair-wise connections between
paralimbic regions Maps are compilations of 12 subjects. Color
scales to the right indicate changes as fraction of I.

gamma synchrony is in agreement with global workspace
models for consciousness based on sustained activity in
long-range neuronal interaction, and is consistent with the
prediction by Dehaene and Naccache [2001], providing suffi-
cient time for consciousness to emerge [Libet et al., 1991].
Each structure in the paralimbic circuitry contributes
fundamental properties of extended self-awareness [North-
off and Bermpohl, 2004]: the medial prefrontal cortex is a
classical region involved in self-reference: the orbito-
medial prefrontal region at the base of the frontal lobes
is a site for convergence of intero-ceptive and extero-
ceptive stimuli. It has been called the “entrance door to
self-awareness” based on EEG and MEG studies showing
comparatively early engagement after onset of emotional
stimuli [Northoff and Bermpohl, 2004]. Self-referential
stimuli are then monitored in the dorsal anterior cingulate
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30-100Hz  15-30 Hz Self

Franz Syl.

Figure 4.

Increase in synchronization index during conscious experience
depends on frequency band and condition. Figure 4 shows
results from ANOVA analysis of population marginal means, i.e.,
means after removing the main effects of all other factors in the
ANOVA model. The ANOVA factors frequency and condition
are computed with multicompare function in Matlab (Math-
works). (a) Sl increases (%, error bars: standard error of the
mean) predominantly in gamma band (P = 0.0001, ANOVA). (b)
Sl increases (%, error bars: standard errors of the mean) in all
conditions. The increase depends on the degree of self-
reference (Self > Franz > Syl; P = 0.028, ANOVA).

cortex in the sense that stimuli are selected here among
competing stimuli for access to consciousness. The supple-
mentary motor area is closely functionally related to the
anterior cingulate cortex in preparation for action, in par-
ticular when there are no external cues to tell the subject
what to do. Self-referential stimuli are evaluated in the
dorso-medial prefrontal cortex in the sense that stimuli are
here judged to be pertaining to one-self or other persons
[Amodio and Frith, 2006]. “Theory of the mind,” or attrib-
uting mental states to others, is also associated with activ-
ity in the region, which therefore may constitute a link
between introspection and understanding others [Amodio
and Frith, 2006].

These frontal monitoring and evaluative functions of
self-awareness are complemented by functions in the pos-
terior midline establishing spatial and diachronic unity of
self and of consciousness: spatial organization in a first
person framework involves posterior cingulate/medial pa-
rietal cortex [Vogeley et al., 2004] which is also active in
linking new information with prior knowledge on the sub-
ject matter [Maguire et al., 1999]. In autonoetic conscious-
ness, the region is active in retrieval of episodic memory
for autobiographical self-consciousness [Cabeza and
Nyberg, 2000]. The functional integrity of medial parietal
cortex is critical for extended self-awareness. This has been
shown by TMS, targeting precuneus, to transiently disrupt
the normal function of this region [Kwan et al., 2007; Lou
et al, 2004]. Thalamus, including intralaminar nuclei,
medial pulvinar, and the dorso-medial nuclei, is connected

with paralimbic cortical regions by reciprocal, reentrant
connections [Tononi and Edelman, 2000]. The central role
of the intralaminar nuclei for consciousness is illustrated
by the fact that even minute lesions here may cause loss of
consciousness [Mesulam, 2000]. Activity in the limbic cir-
cuit with associated neocortical regions is modulated by
loops through the striatum and through the cerebellum.
One function of the striatum is dopaminergic sensory gat-
ing [Horvitz, 2002], and the cerebellum is participating in
attention, monitoring and sequencing of events [Allen
et al., 1997].

We may now ask: what happens if the paralimbic cir-
cuitry is impaired in disease? The present study alone
does not allow us to answer this question, but recent stud-
ies of pathological conditions have indicated that impair-
ment of coherence of consciousness and self-awareness are
indeed associated with dysfunctional paralimbic circuitry,
for instance in autism, a relatively common multigenetic
disorder, and in particular in its high-functioning variant
Asperger syndrome. Individuals with Asperger syndrome
clearly have a problem with reflecting upon themselves
and gaining a coherent overview of their world. In partic-
ular they have difficulty identifying and reflecting on their
own emotional states. They also have peculiar concrete
thought patterns and a tendency to focus on external
events rather than inner experiences [Hill and Frith, 2003].
In other words: introspection, self-awareness, and coher-
ence of consciousness are deficient. In autism, low activity
and underconnectivity are seen in the medial paralimbic
regions [Just et al., 2004; McAlonan et al., 2005]. This find-
ing is in agreement with evidence for volume reduction
and reduction in glucose metabolism in the entire cingu-
late gyrus in autism [Haznedar et al.,, 2000] and neuro-
pathological studies [Palmen et al., 2004].

Even more pervasive disturbances of consciousness
may, of course, be seen in brain damage with coma. If and
when coma resides, the patient may attain the vegetative
state where he is awake but without awareness of self or
environment. The hallmark of the vegetative state is a
dysfunction of the polymodal association cortices with
posterior cingulate/medial parietal—medial prefrontal dis-
connection, and intralaminar thalamo-cortical disconnec-
tion. Of special interest is that it has been shown that
recovery of consciousness in vegetative patients is linked
to restoration of impaired metabolism in paralimbic
medial prefrontal and parietal cortices. More specifically,
low metabolic activity in medial parietal cortex is the best
indicator separating the minimal conscious state from the
vegetative state [Laureys et al., 2006].

CONCLUSION AND PERSPECTIVES

It is concluded that widely different conscious experien-
ces are linked by increased synchrony in a paralimbic cir-
cuitry which has previously been shown to be critical for
self-reference [Kwan et al., 2007, Lou et al., 2004]. The
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synchronization is preferential for self-reference in the
gamma range.

In pathology, its dysfunction is linked to fractionation
and impairment of consciousness, which may be amelio-
rated by thalamic stimulation [Schiff et al., 2007]. At term-
equivalent age functional magnetic resonance imaging
(fMRI) studies show nascent synchroneous hemodynamic
paralimbic activity independent on external stimuli in
these regions [Fransson et al., 2007], and the connections
are anatomically available at around the 24th week of ges-
tation [Lee et al., 2005]. Our discovery that interacting par-
alimbic regions provide a neural basis of coherence in
consciousness therefore may become useful in defining the
time of transition for the fetus into a viable, self-aware
individual [Lagercrantz, 2007].
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