Good temporal resolution of the electro-
encephalogram (EEG) permits good in-
terpretation of different parts of neuronal
networks, such as the separation of brain
areas involved in the generation of epi-
leptic activity from regions of propaga-
tion [1, 2, 3]. However, EEG signals mea-
sured on the scalp surface do not direct-
ly indicate the location of the active neu-
rons in the brain due to the vagueness
of the underlying static electromagnet-
ic inverse problem [4]. It is particularly
challenging to measure electric sources
in deep brain structures: Previous stud-
ies on EEG source analyses in general-
ized spike and wave activity did not de-
tect thalamic sources which, however,
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Dynamic imaging of
coherent sources

Identification of neuronal networks
underlying frequency-associated EEG patterns

is crucially important for the complete
representation of the neuronal networks
including both cortical and subcorti-
cal structures [5, 6, 7]. Recent achieve-
ments in the development of EEG in-
verse and forward solutions substan-
tially improved the localization power
of the EEG. Dynamic imaging of coher-
ent sources (DICS) is one of these solu-
tions. DICS is a source analysis method
which is able to detect brain regions that
are coherent, hence functionally related
to each other [8]. DICS works in the fre-
quency domain for EEG and magnetoen-
cephalographic (MEG) data and is able
to describe neuronal networks by imag-
ing power and coherence of oscillatory

brain activity [8] (for illustration of the
method please see @ Fig. 1). Applied to
different types of tremor and voluntary
motor control, DICS was able to char-
acterize networks including deep struc-
tures, such as thalamus, cerebellum and
brainstem in MEG [8, 9, 10, 11, 12, 13] as
well as in EEG studies [14, 15, 16]. The
DICS method employs a spatial filter al-
gorithm [17] to identify the spatial power
maximum or coherence in the brain for a
particular frequency band. It uses a reg-
ularization parameter which determines
the spatial extent of source representa-
tion. The brain region representing the
strongest power in a specific frequency
band can subsequently be used as a ref-
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erence region for cortico-cortical coher-
ence analysis [8]. In order to create topo-
graphic maps, the spatial filter is applied
to a large number of voxels covering the
entire brain. For the detailed description
of the spatial filter see Muthuraman et al.
[18]. The forward problem is solved by
estimating the lead-field matrix (LFM)
with specified models for the brain. The
LEM contains information about the ge-
ometry and the conductivity of the mod-
el; it is calculated using the boundary-el-
ement method (BEM) [19]. For a com-
plete description of the solution for the
forward problem see Muthuraman et al.
[20].

However, DICS does not provide in-
formation regarding the effective con-
nectivity between the signals. In order
to study the direction of informational
flow between the signals, the method of
renormalized partial directed coherence
(RPDC) [21] can be applied. RPDC is a
technique performed in the frequency
domain to detect the direction of infor-
mation flow from one signal to the oth-
er and vice versa. The pooled time cours-
es of all the voxel source signals identi-
fied in a source need to be taken for the
calculation of the RPDC. This method
applies a multivariate (MVAR) model-
ling approach which uses an autoregres-
sive process to obtain the coefficients of
the signals in the predefined frequency
band [21].

This focus article summarizes stud-
ies representing the ability of DICS and
RPDC to detect cortical and subcortical
neuronal sources and describes networks
underlying different frequency-associat-
ed EEG abnormalities, thus contributing
to the better understanding of the these
epilepsies.

DICS in absences and
generalized photoparoxysmal
responses

In the study of Moeller et al. [14] DICS
was applied to different types of general-
ized epileptiform discharges, such as ab-
sence seizures (10 patients) and photo-
paroxysmal responses (PPR; 8 patients)
to describe the representation and propa-
gation of these discharges in the brain. In
order to validate the source localization

DICS analysis was performed on EEGs
recorded in EEG-fMRI studies [22, 23,
24, 25]. Thus it was possible to directly
compare the results of the DICS analy-
sis with EEG-fMRI results for the same
events and patients. Generalized spike-
and-wave discharges (GSW) is a high
amplitude oscillatory activity with a well-
defined frequency range, which makes it
an ideal condition to perform DICS. The
study showed that similar networks were
detected by EEG-fMRI and DICS in ab-
sence seizures, PPR and PPR preceding
a generalized tonic—clonic seizure. Inter-
estingly, the best concordance between
the two methods was found in the thal-
amus which was involved in all absence

patients and in none of the PPR patients
as revealed by both methods. However,
both DICS and EEG-fMRI showed tha-
lamic involvement when PPR preceded
a generalized tonic-clonic seizure. Con-
cordant results were also found for the
default mode network and the occipital
cortex in the case of absences and for the
occipital cortex and the parietal and pre-
motor regions in PPR. Thus this study
confirmed that in case of high amplitude
epileptic activity DICS is able to detect
networks similar to EEG-fMRI including
subcortical structures. However, the spa-
tial resolution of both methods is differ-
ent and the BOLD activation and oscilla-
tory activity are not equivalent. This may
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Fig. 2 A Renormalized directed partial coherence (RPDC). Left RPDC for all directions of connections
are shown in bar graphs. Directions which were significantly stronger are indicated by an asterisk. right
RPDC connections which were significantly stronger are shown schematically for all sources overlaid
on the brain. a Cortical-cortical connections of the sources in absences: information flow from the
frontomedial cortex via the prefrontal cortex to the parietal cortex. b Thalamo-cortical connections of
the sources in absences: RPDC from the thalamus to all other sources are stronger. ¢ Cortical connec-
tions of the sources in PPR: information flow from the occipital cortex via the intraparietal sulcus to
the premortor cortex. d Cortical-cortical and thalamo-cortical connections of the sources in a patient
in whom PPR was followed by a generalized tonic—clonic seizure. (Adapted from [14], with permission

from John Wiley & Sons)

be the reason for a few discordant results
of EEG-fMRI and DICS [14]. On the one
hand this challenges a one-to-one valida-
tion of DICS by EEG-fMRI; on the oth-
er hand it might indicate that both meth-
ods provide complimentary information
about the epileptic network.

Valuable additional information could
be derived from the analysis of the inter-
action between the sources. The signal of
the sources was used to analyze the direc-
tion of information flow between the dif-
ferent sources by RPDC. In absences RP-
DC demonstrated an information flow

from the prefrontal sources to the pari-
etal sources on the cortical level. Howev-
er, all cortical sources were similarly in-
fluenced by the thalamic source. In PPR,
the flow of information between the cor-
tical sources was dominated by the op-
posite posterior-anterior direction, from
the occipital cortex via the parietal cortex
to the frontal cortex. The signal from the
thalamic region seems to act as a pace-
maker during absences, whereas it seems
to be recruited secondarily by occipi-
tal cortical activity in the photically in-
duced seizure. For illustration please see
O Fig.2.

DICS reveals neuronal
networks in west syndrome

The aim of this study [26] was to describe
neuronal networks underlying hypsar-
rhythmia, an EEG pattern characteristic
for the West syndrome, using DICS. RP-
DC was also applied in order to investi-
gate the effective connectivity and direc-
tion of informational flow within the de-
tected network. DICS was applied to del-
ta () activity (1-4 Hz) in 8 patients with
West syndrome and in 8 patients with
drug-resistant partial epilepsies (control
group). The brain area with the strongest
power in the given frequency range was
defined as the reference region. The co-
herence between this reference region
and the entire brain was computed using
DICS. The results of electric source imag-
ing were compared to results of a previous
EEG-fMRI study [27] which had been
performed using the same cohort of pa-
tients. The EEG-fMRI results had shown
that multifocal epileptiform discharges
within the hypsarrhythmia were associat-
ed with a complex and diverse pattern of
cortical activations, whereas the high-am-
plitude slow activity in hypsarrhythmia
correlated with BOLD signal changes in
the putamen and brainstem [27]. Con-
cordant with the EEG-fMRI study DICS
showed that § activity in hypsarrhythmia
was associated with coherent sources in
the occipital cortex (main source) as well
as the parietal cortex, putamen, caudate
nucleus and brainstem. In patients with
partial epilepsies, § activity was attribut-
ed to sources only in the cortical regions
(occipital, parietal and sensory-motor



Fig. 3 A DICS grand average analyses for the sources described in both groups. Color bars demon-
strating the power and the coherence of the first source and subsequent sources respectively. a West
syndrome patients showing sources in cortical (occipital, parietal and frontal) as well as in subcortical
(Ienticular nucleus, brainstem) regions. b Control group patients showing sources in cortical regions

(occipital, parietal and frontal). (Adapted from [26])

cortex; see @ Fig. 3). In West syndrome
patients, RPDC showed the strongest and
most significant direction of ascending
information flow from the brainstem to-
wards the putamen and cerebral cortex.
These results are supported by consider-
able evidence suggesting that the brain-
stem is the area from which the spasms
and the hypsarrhythmic EEG pattern
seem to arise [28, 29, 30, 31, 32]. Hrachovy
and Frost [33] published a model of infan-
tile spasms suggesting that disruption of
certain monoaminergic or cholinergic ar-
eas within the region of the pontine retic-
ular formation involved in the control of
the sleep cycle could be the primary de-
fect in this disorder.

Methodological considerations

DICS is a powerful technique of electric
source imaging which investigates neu-
ronal interactions by imaging power and
coherence estimates of oscillatory brain
activity [8]. Studies had shown that DICS
can localize sources and describe neuro-
nal networks in cortical as well as in sub-
cortical structures involved during cer-
tain rhythmic EEG patterns [8, 9, 10, 11,

12, 13, 14, 26]. It has been a matter of de-
bate whether subcortical sources can be
detected in EEG signals recorded from
the skull surface. An important concern
might be that DICS is locating artificial
midline sub-cortical sources due to dis-
tributed activity in the cortex. However,
a simulation described by Moeller et al.
[14] demonstrated that DICS does not lo-
cate any artificial sources. A second con-
cern could be that the application of in-
verse algorithms to 32-channel EEG is
unable to correctly locate sources in the
deep structures of the brain like the thala-
mus, cerebellum, and brainstem. Howev-
er, simulation described by Japaridze et
al. [26] indicated that in the cases of high
signal to noise ratio and certain dipole
orientation deep sources like the brain-
stem can be identified. In order to vali-
date the source localization the results of
EEG-source analysis were compared to
results obtained by a second technique
with a better spatial resolution also deep
in the brain. Therefore DICS was applied
to EEGs recorded in EEG-fMRI studies
in patients with West syndrome [26] and
generalized epileptiform discharges [14].
Thus, it was possible to directly compare

the results of DICS to EEG-fMRI results
in the same events and patients. The com-
parison revealed a high correspondence
between the methods applied. Howev-
er a limitation of the described studies is
that a standard head model was used with
standard electrode locations. To increase
the localization accuracy of the sources,
the individual electrode locations can be
used in the estimation of the individual
lead field matrixes.

Conclusion

DICS and RPDC methods can give a new
perspective and contribute to a better
understanding of neurophysiological
background of epilepsies. Using scalp
EEG recording these methods enable

us to locate cortical as well as subcorti-
cal sources and describe neuronal net-
works and effective connectivity within
the networks.

Based on the DICS analysis it was pos-
sible to describe interrelation and in-
formational flow (effective connectivi-
ty) between different sources using the
method of the RPDC [21]. In case of ab-
sences RPDC analyses showed the infor-
mational flow from anterior to posterior
regions; whereas in case of PPR posteri-
or to anterior propagation was shown.
RPDC in West syndrome patients sug-
gests that brainstem could have a key
role in the pathogenesis of West syn-
drome. This study supports the theory
that hypsarrhythmia results from as-
cending brainstem pathways that proj-
ect widely from the brainstem to basal
ganglia and cerebral cortex [28, 29, 30,
31,32].
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