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Abstract

Continuous spike-wave of sleep (CSWS) is an age-related epileptic syndrome that affects mainly
children. Although it has idiopathic etiology, an involvement of thalamic lesions has already been
reported and accounts for 14% of the CSWS cases, representing the most common etiology. Leal et al.
(2018) proposed a model for the genesis of CSWS in patients with unilateral thalamic lesions that
consists of a partial thalamic-cortical disconnection, which expresses a frequency-dependent excitability
at sleep spindle frequencies and therefore is able to create an augmenting response during the non-rapid
eye movement (non-REM) sleep stages, potentially leading to CSWS. Diffusion-weighted imaging (DWI)
is a technique sensitive to the microstructural organization of the tissues, that has been widely used to
map the white matter pathways of the brain. It also enables to parcellate brain structures according
to its connectivity profile, in a method known as connectivity-based parcellation. Four patients were
selected from a population of children with CSWS associated with strictly unilateral thalamic lesions.
The aim of this thesis was to use DWI to parcellate their thalamus into nuclei and therefore infer
on the structural connectivity between each thalamic nucleus and the different regions in the cortex.
Electroencephalogram (EEG) and functional magnetic resonance imaging (fMRI) data were also used
to support the interpretations made. Results showed a posterior brain region more disconnected from
the thalamus, in the hemisphere ipsilateral to the thalamic lesion, as well as more prone to paroxysmal
activity. This supports Leal et al. (2018) hypothesis of a causal relationship between thalamocortical
disconnectivity and the epileptic events.
Keywords: Diffusion-weighted MRI, tractography, CSWS, thalamic lesion, thalamus parcellation

1. Introduction

The thalamus is an important brain structure
known to as a relay station or a hub and is com-
posed of several nuclei, each relaying information
to different cortical regions (Sherman and Guillery,
2013). During early neonatal development, these
nuclei can be damaged, for instance due to thala-
mic hemorrhage and potentially lead to epileptic ac-
tivity (Kersbergen et al., 2013). Continuous spike-
wave of sleep (CSWS) is an age-related rare condi-
tion and important treatable epileptic encephalopa-
thy and its connection to thalamic lesions has al-
ready been reported (Incorpora et al., 1999; Mon-
teiro et al., 2001; Kelemen et al., 2006; Guzzetta
et al., 2005). Thalamic lesions have been demon-
strated to be the most common etiology, affect-
ing 14% of a group of 100 children with CSWS,
as demonstrated by Fernández et al. (2012b). The
exact location of the thalamic lesion, or the nucleus
affected, if mentioned in the study reports, is not
always in agreement between cases. Nevertheless,
recent studies suggest the involvement of the dorso-

medial nucleus. Indeed, Losito et al. (2015) showed
that thalamic lesions with predominately involve-
ment of the mediodorsal nuclei lead to higher inci-
dences of CSWS, in a ratio of 61% to 39%, when
compared to other thalamic lesions.

CSWS is characterized, as described in Singhal
and Sullivan (2014), by (1) seizures, (2) neurocogni-
tive regression and (3) a specific EEG pattern called
electrical status epilepticus in sleep (ESES). The
latter, in its turn, is characterized by (1) the activa-
tion of epileptiform discharges during sleep, (2) the
presence of continuous or near-continuous, bilateral
or occasionally unilateral, slow-spikes-waves, and fi-
nally (3) the occurrence of these slow-spike-waves
during a significant proportion (85%) of the non-
rapid eye movement (non-REM) sleep. Discharges
generally present a frequency between 1.5 to 3 Hz.

This syndrome, more than the other types of
epilepsy, exhibits a very particular relationship with
sleep. Actually, the classic hypothesis for the gen-
esis of spike-waves during sleep (Fernández et al.,
2012a) resides on a corruption of the physiological
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mechanism of sleep spindles - a physiological oscil-
lation of the brain occurring at around 10 to 15
Hz observed essentially in the non-REM sleep; the
thalamus is a critical structure for its generation.

Sleep spindles are thought to provide a corti-
cal stimulus with an appropriate frequency to po-
tentiate a cortical augmenting response (Timofeev
et al., 2002), which are progressively growing po-
tentials elicited in the cerebral cortex with optimal
frequency around 10 Hz (Steriade and Timofeev,
1997).

Leal et al. (2018) proposed a model for the gen-
esis of CSWS in patients with unilateral thalamic
lesions that consists of a partial thalamic-cortical
disconnection expressing a frequency-dependent in-
creased excitability at sleep spindle frequencies,
which is able to create an augmenting response dur-
ing the non-REM sleep stages, potentially leading
to CSWS. Under this hypothesis, the identification
of the several nuclei that compose the thalamus is
necessary to infer on the structural connectivity be-
tween each thalamic nucleus and the several cortical
regions.

To identify those nuclei, a conventional magnetic
resonance image (MRI) is not adequate, since these
images do not present sufficient contrast to enable
distinguishing their boundaries. However, thalamic
nuclei can be identified through a method known
as connectivity-based parcellation (Cloutman et al.,
2012). This approach parcellates brain structures
into subregions, according to the distinct connec-
tions they make to the cortex, or, more generally,
to other brain regions. For this purpose, it is nec-
essary to map the white matter (WM) pathways
running from that structure - in this case the tha-
lamus - to the cortex. Diffusion-weighted magnetic
resonance imaging (DWI) is a sensitive technique
to diffusion of water molecules within the different
biological compartments in the brain, therefore it is
the MRI technique better suited for this WM map-
ping (Bastiani and Roebroeck, 2015).

The main objective of this thesis was to perform
thalamic segmentation using DWI data collected
in infants with CSWS associated with unilateral
early thalamic lesions. This result was used to infer
on the structural connectivity between each thala-
mic nucleus and the different cortical regions, sup-
ported by the hypothesis of a neocortical area par-
tially deafferented from the thalamus, as suggested
by Leal et al. (2018). To complement this anal-
ysis, results were also interpreted in conjunction
with additional data acquired on the same patients,
namely whole-night electroencephalography (EEG)
recordings and simultaneous EEG-functional MRI
(fMRI).

2. Implementation

2.1. Data acquisition

A group of four children were selected from a pop-
ulation of children with CSWS, evaluated by Dr.
Alberto Leal at the Clinical Neurophysiology Lab-
oratory of Hospital Júlio de Matos. All the pa-
tients presented a strictly unilateral thalamic lesion
as assessed by the brain MRIs performed for clinical
care.

For all patients a T1-weighted and a DWI were
acquired. Imaging was performed on a 3T Siemens
Verio scanner for subjects 1 and 2, and on a 1.5T
GE Medical Systems Signa HDxt MR scanner for
subjects 3 and 4.

For subjects 1 and 2, diffusion-weighted data
were acquired using Echo Planar Imaging (EPI):
TR/TE=7200/97 ms; fifty 2.3-mm-thick axial
slices; matrix size, 96x96; field of view, 220.8 x 220.8
mm2; giving a voxel size of 2.3 x 2.3 x 2.3 mm3;
with an isotropic distribution along 64 directions,
using a b-value of 1000 s/mm2. A volume with no
diffusion-weighting was acquired at the beginning
of the acquisition. The total scan time for the DWI
protocol was ∼ 8 min. T1-weighted anatomical im-
ages were acquired with a gradient-echo MPRAGE
sequence, using the following parameters: voxel size
of 1 x 1 x 1 mm3; in-plane matrix resolution 160 x
228, 220 slices and 160 x 240, 256 slices, for subjects
1 and 2, respectively; field of view 160 x 228 mm2,
160 x 240 mm2, for patients 1 and 2, respectively.

For subjects 3 and 4, diffusion-weighted
data were acquired using an EPI sequence:
TR/TE=9050/99.6 ms, forty 2.5-mm-thick axial
slices for subject 3 and TR/TE=8450/105.5 ms,
forty two 2.5-mm-thick axial slices for subject 4;
matrix size, 256x256; field of view, 240.60 x 240.60
mm2; giving a voxel size of 0.94 x 0.94 x 2.50 mm3;
with an isotropic distribution along 35 directions,
using a b-value of 1000 s/mm2. A volume with no
diffusion-weighting was acquired at the beginning
of the acquisition. The total scan time for the DWI
protocol was ∼ 10 min. T1-weighted anatomical
images were acquired with an ultrafast gradient-
echo with magnetization preparation sequence
(IR-FSPGR), using the following parameters:
voxel size of 0.94 x 0.94 x 0.60 mm3; in-plane
matrix resolution 256 x 256; 292 and 284 slices, for
subjects 3 and 4, respectively; field of view 240.60
x 240.60 mm2.

For subject 2, a resting state functional MRI
(rsfMRI) was also collected, in a 3 Tesla Siemens
Verio scanner using a 2D multi-slice gradient-
echo EPI sequence with the following parameters:
TR/TE=2500/30 ms; in-plane matrix resolution
64 x 64; 40 slices (interleaved acquisition); voxel
size = 3.5 x 3.5 x 3.0 mm3. Session time con-
sisted of 20 min. The EEG was recorded simul-
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taneously using a 32-channel MR-compatible EEG
system (BrainAmp MR plus amplifier, Brain Prod-
ucts, Germany). A BrainCap MR model (EasyCap,
Herrsching, Germany) was used, with a standard
montage according to the 10-20 system.

Whole-night EEG recordings were collected for
all patients. The electrodes were placed directly
on the subject’s head following the 10-20 system.
For patient 2 subtemporal electrodes (F9/10 and
P9/10) were also used.

The main steps of the processing pipeline used
in this work are depicted in Fig. 1. Analysis was
performed using tools from the FMRIB Software Li-
brary (FSL) (www.fmrib.ox.ac.uk/fsl) and other
softwares identified throughout the text.

2.2. Diffusion data analysis

Preprocessing. For each subject, DWI and T1-
weighted images were skull-stripped with FSL’s
Brain Extraction Tool (BET) (Smith, 2002). T1-
weighted scans were submitted to FMRIB’s Auto-
mated Segmentation Tool (FAST) (Zhang et al.,
2001) to derive partial volume estimates for grey
matter (GM) and an anatomical scan corrected for
the bias field. DWI data was corrected for geo-
metrical distortions, using the eddy tool from FM-
RIB’s Diffusion Toolbox (FDT) (Andersson and
Sotiropoulos, 2016).

Thalamic seed masks and cortical target re-
gions. In all patients, a mask of the whole tha-
lamus was manually drawn in the T1-weighted im-
age, following the methodology described in Power
et al. (2015), with MRICron software (University
of South Carolina). Cortical masks, to be used
as targets in tractography, were defined using the
Brainnetome atlas (Fan et al., 2016), according
to known thalamic connection sites, as in Behrens
et al. (2003a). Seven regions were delineated: Tem-
poral, Prefrontal, Premotor cortex, Primary Motor
Cortex, Somatosensory Cortex, Posterior Parietal
and Occipital zones, illustrated in Fig. 2. Given
that the masks obtained are in the MNI space, reg-
istration was applied to, firstly, transform them to
the T1 space and, secondly, to the diffusion space
(where tractography takes place). The first step
was achieved through a linear followed by a non-
linear registration with the Advanced Normaliza-
tion Tools (ANTs) software (Avants et al., 2011).
This algorithm appears to perform better when
compared to some other softwares, such as FM-
RIB’s Non-linear Image Registration Tool (FNIRT)
(Klein et al., 2009). To include as targets only vox-
els with an estimated percentage of GM of more
than 30%, this tissue, previously obtained with
FAST, was thresholded at 30% and was then used to
mask the resulted structural cortical regions. The

second registration was carried out with a linear
algorithm, using FMRIB’s Linear Image Registra-
tion Tool (FLIRT) (Jenkinson and Smith, 2001).
Thalamus masks were linear transformed into the
diffusion space of each individual, using FLIRT.

Tractography and connectivity-based classification
Initially, bedpostx (Behrens et al., 2007) was used
to determine the diffusion parameters per voxel.
This approach, also called, Balls & Sticks model,
assumes a fully isotropic compartment - the ball
- mixed with a perfectly anisotropic compartment
- the stick. The orientation of the stick provides
the preferred orientation of a fiber within a voxel.
More than one stick can be considered by the model,
which represents more than one fiber orientation
per voxel. Only two fibres were modelled per voxel,
given that in order to resolve more than 3 fibers per
voxel, the algorithm would require b-values of more
than 1000 s/mm2. Also, since, some of the subjects
DWI were acquired with 35 directions (less than the
60 recommended), a burn-in of 2000 was chosen, in-
stead of the default 1000. This value refers to the
number of iterations discarded before starting the
sampling, which reduces the amount of saved data
and ensures convergence of the Markov Chains used
by the algorithm when the data is noisy, since it is
unlikely that the initial simulations came from the
intended distribution. This step was followed by
probtrackx (Behrens et al., 2003b), where a total
of 5000 samples were drawn to generate a connec-
tivity distribution from voxels within the thalamus
and each of the cortical masks previously defined.
An additional mask of the middle sagittal plane
was given, which prevented the pathways found to
cross to the contralateral hemisphere. Hard seg-
mentation was executed with find the biggest func-
tion (Behrens et al., 2003a), which classifies each
thalamic voxel according to target mask which it
had more connectivity to. The volume of each nu-
cleus in each of the hemispheres was calculated in
the diffusion space, to assess volume differences be-
tween hemispheres.

2.3. EEG data analysis

Spike detection. EEG data from all patients were
submitted to a low-pass and notch filter of 70 Hz
and 50 Hz, respectively, and underwent spike de-
tection using the Persyst software (Scheuer et al.,
2017).

Spike clustering. Spike clustering was also per-
formed in the Persyst software. Spikes were
grouped based on topology and morphology fea-
tures - height, duration and tip angle - in an hi-
erarchical fashion. The resulting dendrogram was
opened until a leaf node (cluster) with degree of dis-
similarity equal or inferior to 4 was found. These
final clusters were visually inspected: bipolar clus-
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Figure 1: Schematic diagram of the processing pipeline. Firstly, image data had to be preprocessed. Thalamic
seed and cortical masks needed to be created and transformed into the diffusion space. Finally, DWI scans were
submitted to tractography and the thalamus was parcellated in a hard segmentation way. Whole-night EEG
recordings underwent spike detection, followed by spike clustering and finally, source analysis. Regarding the
functional images, two EEG regressors of interest were extracted from simultaneously recorded EEG signal in
order to perform an EEG-correlated fMRI analysis, to identify the network of brain regions correlated with the
occurrence of epileptic activity as measured by the EEG.

(a) (b)

Figure 2: (a) 3D lateral view of the cerebral cortex con-
sidering the 7 divisions according to Brainnetome atlas
in the MNI space. The color scheme is as in (b).

ters were coarsely inspected to identify single parox-
ysmal events that might be corrupting the results;
the remaining clusters were subjected to a more de-
tailed analysis, in order to evaluate the consistency
of its spikes and the signal to noise ratio, that is,
if a spike was easily distinguishable from the back-
ground. Spikes within each cluster that survived
the previous criterion were averaged, yielding a time
course of 1 second each.

Source analysis. Localization of the spike activ-
ity of CSWS was performed using a realistic bound-
ary element model (BEM), obtained from segmen-
tation of the anatomical T1 image for each patient.
Source analysis was computed with the standard
low-resolution tomography (sLORETA) method in
the cortex found with the BEM. For all individuals,
scalp maps of each cluster, along with the source
analysis were recorded at half-peak - or, if present,
at the peak of the short spike that preceded the
main one - and peak amplitude of the global field
power (GFP). This was done using the CURRY 6.0
software (Compumedics-Neuroscan).

2.4. fMRI data analysis

The fMRI data used here - only available for pa-
tient 2 - had already been preprocessed for motion
correction and slice timing (Abreu et al., 2018) and
therefore no more corrections were applied.

EEG metrics extraction. Phase Synchronization
Index (PSI) predictor was calculated between two
pairs of electrodes, the first yield the highest am-
plitude on the average interictal epileptiform dis-
charges (IED) - which in this case corresponds to
Fp2 - and the other is the one which, together with
the first channel exhibited the highest temporal
variance - FC6 for this dataset. Unitary Regressor
(UR) consists of visually inspect the epileptiform
discharges and then model them as stick functions.

EEG-correlated fMRI analysis. The rsfMRI data
analysis was performed using a general linear model
(GLM) framework. Two GLMs were built, after ex-
tracting two EEG regressors of interest from simul-
taneously recorded EEG signal - the UR and PSI.
Each regressor had already been computed and con-
volved with a canonical, double-gamma hemody-
namic response function (HRF) for the purpose of
Abreu et al. (2018) study. Both the HRF-convolved
regressor and the respective time derivative - to ac-
count for some degree of intra-subject HRF variabil-
ity - were included in the model. Statistical signifi-
cance levels were cluster-corrected, procedure based
on Random Gaussian Field theory for correction of
multiple comparisons, with voxel Z > 2.3 and clus-
ter p < 0.05. This was conducted using the FEAT
tool (Woolrich et al., 2001).

Correlation with DWI analysis. In order to un-
derstand in which brain regions the network ac-
tivation is more prone to occur, for each tar-
get ROI, the number of voxels significantly ac-
tive within each region was computed. To ad-

4



just for the volume of the target ROIs, those val-
ues where divided by the target’s number of vox-
els. The ROIs used here consist of a finer division
of the 7-fold cortex parcellation previously made,
with 13 distinct and non-overlapping areas: Tempo-
ral Superior (TS), Temporal Inferior-lateral (TIL),
Temporal Medial (TM), Prefrontal Medial (PFM),
Prefrontal Orbitofrontal (PFO), Prefrontal Dorso-
lateral (PFD), Premotor (PMC), Primary Motor
(M1), primary and secondary Somatosensory (S12),
Posterior Parietal Medial (PPM), Posterior Parietal
Lateral (PPL), Occipital Medio-ventral (OM) and
Occipital Lateral (OL).

3. Results

3.1. Thalamus parcellation

Final thalamic parcellation is depicted in Fig. 3 and
the quantification of each thalamic nucleus is pre-
sented in Fig. 4. A nuclei organization similar to
Behrens et al. (2003a) can be identified.

Given that all subjects present a functional in-
tegrity of the sensory and visual thalamocortical
relays and absence of afferent somatic-sensory or vi-
sual deficits (Leal et al., 2018), somatosensory, pre-
motor and primary motor thalamic nuclei are not
considered so relevant for this analysis as the re-
maining areas. As a consequence, these groups were
added in order to be represented together. This pro-
cedure also had the advantage of waning the differ-
ences in size between the different targets, therefore
avoiding that small differences in small thalamic nu-
clei could yield substantial percentage differences.

In the light of bigger differences between hemi-
spheres corresponding to larger disconnections, one
can interpret Fig. 4 as follows: subject 1 presents
more disconnection to the prefrontal, temporal and
occipital lobes; subject 2 to the temporal and pos-
terior parietal; subject 3 has larger disconnections
to the temporal and occipital regions and subject
4’s temporal and posterior parietal regions are the
most disconnected from the thalamus.

Fig. 5 depicts the same results as figure Fig. 4,
however, in this case, imposing a 50% threshold
of probability of connection to cortex, prior to the
hard segmentation.

When this threshold is applied, only probabilities
of connection to each target mask above 50% are
considered. This step improves the confidence on
the clusters obtained. Considering that in this case
the nuclei appear smaller, small differences between
hemispheres could yield bigger percentual differ-
ences, nonetheless, this difference, with this thresh-
old, is likely to be more reliable. These results are
in agreement with the previous ones: the tempo-
ral nucleus is still the most affected in all patients
and the posterior parietal nucleus seems to be more
disconnected than before, in particular for subject

3, almost to equal extents as the previously found
for the occipital nucleus. The preponderance of the
occipital nucleus, in this analysis, is more evident
in subject 4 - even more than the posterioparietal
region previously found - and less evident in sub-
ject 1, where frontal and temporal regions seem to
be the most affected.

3.2. EEG results
A summary of the source analysis for each patient
and each cluster can be found in Fig. 6.

A spike concentration in the temporal lobe was
found for patient 1, both at the half peak and peak
amplitudes. A localization near the borders of the
temporal with the posterior parietal cortex was de-
tected for half of the clusters analyzed at the peak.
All spikes were present in the hemisphere of the
thalamic lesion, the right one.

A more distributed pattern of clusters was found
for subject 2. One cluster showed signs of propa-
gation, that is, the intracranial generator did not
remain in the same position (or orientation) during
the entire epileptiform discharge. In this case, it
suffered a shift from the posterior parietal to the
prefrontal cortex. Another one seemed to be initi-
ated at the prefrontal cortex with propagation to
the central region of the brain and other single case
suggested a propagation from the occipital region
to the temporal cortex. The other 4 remained at
the occipital region during the paroxysmal event.
The spike sources for this patient were not restricted
to the lesioned hemisphere (right), indeed some of
them were localized in the healthy left hemisphere,
but, always adjacent to the medial plane. At the
peak, there were 3 spikes in this situation and at
half peak only one. It is also worth pointing out,
that the topographic maps suggested a frontal foci,
in clusters 1 to 5. However this was not depicted
in the source maps obtained, which can be due to a
mislocation due to the small number of electrodes
used for the source analysis.

As for subject 3, a propagation of the epileptic
activity from the posterior to the anterior region
was clear. From the 16 clusters analyzed, 14 moved
from the occipital to the prefrontal cortex, whereas
the other two remained in the frontal cortex during
the entire IED. In all cases, spikes were localized in
the left (lesioned) hemisphere. Occiptal spikes, de-
spite being located in the occipital lobe, showed a
position which is near the borders between the oc-
cipital and temporal lobes and the posterior parietal
lobes.

Subject 4 had a substantial concentration of
spikes in the occipital cortex at half peak. Only one
cluster was localized in the prefrontal cortex at this
time point and during the peak it suffered a shift to
a more posterior region, near the central brain. The
remaining 13 clusters continued to appear in occip-
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Figure 3: 7-fold thalamic parcellation for each subject. Slices are shown 4 mm apart from each other, along the
vertical axis of the reference system. Below each set of images there is the corresponding volumetric results (in
mL) of each group identified in the thalamic parcellation. In brackets is shown the relative volume of the nucleus
in the hemisphere ipsilateral to the thalamic lesion compared with the unaffected one in the healthy contralateral
hemisphere. * symbol identifies the AC-PC plane in each subject. Note that subject 3 has a lesion in the left
hemisphere, as opposed to the remaining subjects where a right lesion is present.

tal positions, nevertheless a slight shift towards the
the anterior direction seemed to be visible. Indeed,
5 out of those 13, at the peak, assumed a position
at the border between the temporal and occipital
regions. Spike foci for subject 4 were confined to
the hemisphere of the thalamic lesion (right).

3.3. fMRI results

Results for the use of UR and PSI metrics as pre-
dictors to the epilepsy-related rsfMRI fluctuations

are shown in figure Fig. 7.

Results are consistent with Abreu et al. (2018)
work. Equally to their results, the epileptic net-
works obtained using the UR or the PSI predic-
tors yielded slightly different results. Overall, the
networks of brain regions correlated with the occur-
rence of epileptic activity were in agreement with re-
sults from the whole-night EEG recordings for this
patient (Fig. 6). Indeed, these showed evidence of
epileptic activity propagation from the posterior to

6



Absolute differences - S1

-100 0 100 200

Number of voxels

Temporal

Prefrontal

Motor and Somatic

Posterior parietal

Occipital
N

u
c
le

u
s
/c

lu
s
te

rs

Absolute differences - S2

0 50 100

Number of voxels

Absolute differences - S3

-200 0 200 400

Number of voxels

Absolute differences - S4

-200 0 200 400

Number of voxels

Percentage differences - S1

-100 0 100

Percentage

Temporal

Prefrontal

Motor and Somatic

Posterior parietal

Occipital

N
u

c
le

u
s
/c

lu
s
te

rs

Percentage differences - S2

-100 0 100

Percentage

Percentage differences - S3

-100 0 100

Percentage

Differences between healthy and non-healthy hemispheres

Percentage differences - S4

-100 0 100

Percentage

Figure 4: Volume differences between the healthy and non-healthy hemispheres. Absolute values - top row and
percentage values - bottom row. Absolute values are expressed in number of voxels. Notice that absolute numbers
are calculated in the space of each subject, whereby comparison between subjects is not adequate as it does not
take into account differences in total brain volumes.
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Figure 5: Volume differences between the healthy and non-healthy hemispheres for thalamic clusters thresholded
at 50% probability of connection to cortex. Absolute values - top row and percentage values - bottom row.
Absolute values are expressed in number of voxels. Notice that absolute numbers are calculated in the space of
each subject, whereby comparison between subjects is not adequate as it does not take into account differences
in total brain volumes.

the anterior lobes and a bilateral involvement of the
occipital cortex.

4. Discussion

4.1. Thalamic lesions overview
It is important to notice that, while, in general,
the healthy hemisphere contains bigger nuclei than
the lesioned hemisphere - a result which is not sur-
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Figure 6: 3D inferior and right views of the 7-fold cortical parcellation for each patient. Color scheme in agreement
with the one in figure 2. For each subject and for two distinct time points - half peak and peak amplitudes of
the GFP - it is displayed in green the dipoles obtained from the source analysis with sLORETA. Each dipole
corresponds to one cluster of IEDs. There are some dipoles which overlap spatially. Images obtained with software
MRICroGL (University of South Carolina).

prising given that the the thalamus of the latter
hemisphere suffered a wide spread volume loss, from
19% to a massive 94%, as calculated by Leal et al.
(2018), for these patients - there were some nuclei
where the opposite occurred, namely, the posterior
parietal, the motor and somatic and the prefrontal
thalamic nuclei in subjects 1, 3 and 4, respectively.
This might be explained by the loss of corticotha-
lamic or thalamocortical fibers in adjacent regions
of a given nucleus, in the non-healthy hemisphere,
which may have resulted in a decrease in compe-

tition when applying the ”winner takes-it-all” al-
gorithm. This can lead to the classification of the
neighbouring voxels of those nuclei as also belong-
ing to the nucleus itself. As a consequence, they
appear bigger in volume, with respect to those in
the contralateral hemisphere.

Thalamocortical connections with the temporal
cortex were mainly affected in all the study pa-
tients, followed by the posterior parietal cortex and
occipital cortex in half of the patients. Prefrontal
cortex connections with the thalamus seemed to be
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Figure 7: Radar plots using UR (left) and the PSI
(right). The values indicate the relative number of vox-
els significantly activated in left (blue) and right (or-
ange) hemispheres in each of the cortical targets. Tar-
gets correspond to the 13-fold cortical parcellation pre-
sented in Implementation.

affected only in patient 1. This is the subject with
the most severe CSWS, also the one presenting the
greatest enlargement of the ventricles. Inspecting
Fig. 4 closely, one realizes that 3 of the 4 main brain
lobes (parietal, frontal and temporal) present an al-
most 50% reduction in the volume of its respective
thalamic nuclei in the lesioned hemisphere.

On the whole, the results obtained here show di-
minished thalamic nuclei volumes on the lesioned
hemisphere. In addition, nuclei with main connec-
tions to the temporal, posterior parietal and occip-
ital cortical regions seemed to be mostly affected
in the majority of the subjects. This observation
correlates well with the fact that in all cases the
thalamic lesion affects mostly the mediodorsal and
pulvinar nuclei. Indeed, it is the pulvinar which
typically presents the most connections with the
temporal and posterior parietal cortex. Mediodor-
sal nuclei project mainly to the prefrontal cortex,
and despite being affected, seems to be to a lesser
extension when compared to the pulvinar.

4.2. Cortical origin of spikes

Our results suggest the involvement of the posterior
brain quadrant before the occurrence of the spike
peak. At the spike peak amplitude, however, evi-
dence points towards the involvement of both the
anterior and posterior quadrants. This change in
electrical scalp configuration suggests a shift of the
intracranial generators from the posterior brain ar-
eas early in the spike to more anterior brain gener-
ators later on, at spike peak.

Its is worth pointing out the method used to map
the paroxysmal events. Given that the paroxysmal
activity, in these patients, is multifocal, it is naive
to derive the epileptic activity distribution from just
one spike, even if one finds it representative of all
spikes present in a typical EEG recording. This a
priori choice of a given paroxistic event, may lead

to serious problems of representativeness. On the
contrary, if all the spikes are taken into account
in a non biased method to derive a spatial repre-
sentation of the epileptic activity, a more accurate
and more realistic image should be obtained and
its relationship with corticothalamic disconnection
evaluated.

Regarding the epileptic networks obtained for
subject 2 using the UR or the PSI predictors, it can
be noted that while the UR demonstrates clearly ac-
tivated regions both in the frontal and occipital me-
dial cortex, the PSI predictor shows activation es-
sentially in the occipital area, more predominantly
on the left side. This might be explained by IEDs
of considerably higher amplitude being located in
the frontal region, despite the hypothesized epilep-
tic focus being located in posterior regions (Abreu
et al., 2018). Fig. 6 also illustrates the presence of a
cluster in the frontal cortex and the remaining 6 on
the posterior lobes. Regarding the presence of ex-
tensive activation in the left side, even though the
lesion is in the right thalamus, these authors also
presented a source analysis for this patient, using a
different algorithm from the one used here, where
an occipital right region is identified as being in the
origin of this epileptic activity, despite the left ac-
tivation.

4.3. Model of origin of CSWS
Leal et al. (2018) postulated that the corticothala-
mic brain disconnection in the patients with uni-
lateral thalamic lesions might express a frequency-
dependent increased excitability around the 10 Hz
of sleep-spindles. This is supported by the pre-
served sleep spindles in the hemisphere of the tha-
lamic lesion in these patients (Leal et al. (2018)).
Also, as observed by these authors, when subjected
to corticocortical stimulation of 10-20 Hz, these
patients demonstrated a frequency-dependent in-
creased excitability. Previous literature also sup-
ports this hypothesis: Battaglia et al. (2009) ob-
served the disappearance of CSWS after an hemi-
spherectomy - surgical procedure which discon-
nects the cortex from the thalamus, and so, from
sleep spindles. Furthermore, these patients show
no frequency-dependent excitability at spindle fre-
quency, after CSWS resolution (Leal et al., 2018).

The variation of sleep-spindles through the wake-
sleep cycle is explained by the low cholinergic tonus
present in stages of non-REM sleep. (Fernández
et al., 2012a) The augmenting response has also
been shown to be dependent on the cholinergic
tonus of the cortex, which typically is high in wake-
fullness and REM sleep, and low in non-REM sleep
(Timofeev and Steriade, 1998). Because augment-
ing responses typically is increased at low choliner-
gic tone, this could be an additional factor explain-
ing the increased susceptibility of non-REM sleep
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to this pathological synaptic plasticity. The dis-
appearance of CSWS with wakefulness and REM
sleep, was again verified in this case by Leal et al.
(2018).

The combination of the previous observations,
lead these authors to propose a model for the gen-
esis of CSWS in patients with unilateral thalamic
lesions that consisted on having a cortical area par-
tially deafferented from the dorsal thalamus, spar-
ing the ventral thalamus (which includes the retic-
ular nucleus, one of the structures of the sleep-
spindles generator). This disconnection between
the thalamus and the cortex would express a patho-
logically increased augmenting response at the fre-
quencies of the sleep-spindles. This growing cortical
potential, which underlies a more robust and highly
synchronized neural activity, in turn, leads to the
spike-wave paroxysmal events.

5. Conclusions

The etiology of CSWS is currently unknown but the
thalamus has been demonstrated to play a key role
in its genesis. The objective of this thesis was to
parcellate the thalamus of 4 individuals with uni-
lateral thalamic lesions, into its nuclei. This parcel-
lation was used to infer about the structural con-
nectivity between each thalamic nuclei and different
cortical regions of the brain.

The results obtained in this thesis seem to corrob-
orate the hypothesis proposed by Leal et al. (2018)
for the genesis of CSWS in patients with unilat-
eral thalamic lesions. Firstly, in general, for all pa-
tients, results from tractographic parcellation iden-
tified the posterior regions as the brain areas with
most thalamic disconnectivity. Secondly, EEG re-
sults found a posterior brain pattern for the parox-
ysmal activity of these children.

Taking both these points into consideration, the
overall pattern of thalamocortical disconnectivity
found in this thesis is fairly in line with the distribu-
tion of epileptic activity observed, consistent with a
posterior brain region more disconnected from the
thalamus, as well as more prone to paroxysmal ac-
tivity. These results provide further support to the
hypothesis of a causal role of a cortex partially dis-
connected from thalamic inputs being responsible
for the genesis of epileptic activity, in patients with
this pattern of thalamic lesions. Patient 1, however,
has clear signs of disconnectivity from the prefrontal
cortex; nevertheless, epileptic activity is not appar-
ent in the anterior quadrant, which suggests that
other factors may exist promoting epileptic foci in
the posterior, rather than the anterior brain.

Despite the results obtained, more work should
be done in this field to validate this hypothesis.
Testing this model in other etiologies, such as the
Landau-Klefener syndrome would be of interest.

Children with this syndrome, similar to CSWS,
possess verbal agnosia; this is, an inability to un-
derstand spoken language that can mimic deafness
(Fernández et al., 2012a). A thalamocortical dis-
connection limited to the spatial extent of the lan-
guage processing areas would help to validate the
applicability of this model and the used parcella-
tion methodology.

In addition, WM atrophy quantification for each
brain region, which was not conducted in this the-
sis, could be implemented. This course of action
would be essential to prove the concept of a neo-
cortical area partially deafferented from the thala-
mus and would be complementary to the analysis
already performed using the diffusion principle.

Since the subjects under analysis are children, it
would be recommend that the delimitation of the
cortical areas would be done manually in an infant
template, as the one provided by McConnell Brain
Imaging Centre. Finally, future prospective works
should address and overcome the fact that not all
patients underwent the same investigation and that
the data was not acquired in an equal manner for
every patient, due to the retrospective exploratory
character of the present study and to patient coop-
eration constraints.
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