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Abstract - Effective connectivity is the influence that a 

neural system exerts over another, either at a synaptic or 
cortical level. The study of effective connectivity in 
epilepsy was performed using simultaneously recorded 
electroencephalography and functional magnetic 
resonance imaging (EEG-fMRI) data, with the aim of 
identifying the focus and propagation network involved in 
an epileptic seizure. Data from five focal epilepsy patients 
undergoing pre-surgical evaluation were analysed. Three 
approaches for the effective connectivity analysis were 
investigated: a method based on the General Linear Model 
(GLM) at different neurophysiology regressor lags 
(LasgM), a connectivity model-based method, Dynamic 
Causal Modelling (DCM), and a data-driven method, 
Granger Causality (GC). The concordance of the LagsM 
results with the clinical expectation suggests that this 
method can be useful as a complementary approach when 
investigating seizure propagation using EEG-fMRI data. 
DCM analysis provided meaningful and significant results 
in cases where a sufficient number of seizure events were 
recorded, but suffered from the generally poor signal-to-
noise ratio (SNR) of the data. A simulation study was 
performed in order to establish the validity of the GC 
approach for the type of data and connectivity networks 
under investigation and the results showed that it is not 
appropriated to use in these cases. In summary, this work 
explored three different methodologies for studying 
effective connectivity in EEG-fMRI data of epileptic 
seizures and found that a simple GLM-based method may 
provide useful seizure focus and propagation information, 
while a DCM approach allows testing specific hypothesis 
when sufficient SNR is present in the data. 

Keywords - DCM, Effective Connectivity, Epilepsy, GC, 
Seizure 

I. INTRODUCTION 
Epilepsy is a brain disorder characterised by an enduring 

predisposition to generate seizures that occur occasionally and 
in most cases suddenly. The seizures disrupt normal brain 
activity; this can be manifest as behavioural disturbances 
including, in some cases, alterations of the state of 
consciousness [1]. In the focal seizures case, the paroxysmal 
activities originate from the epileptic focus (a neural network 
restricted to a particular cortical structure) and eventually 
spread to other structures of the brain [2]. The epileptogenic 
zone can be interpreted as the source of driving or origin of 
forward connections, of the pathological activity [3].  

EEG provides a measure of neuronal activity. fMRI 
techniques measure changes in cerebral haemodynamics that 
provide an indirect measure of neuronal activity. The 
dynamical properties of fMRI signals highly depend on the 
neurovascular coupling that relates vascular changes to neural 
activity [4]. Simultaneous EEG-fMRI recording is a promising 
technique that enables the combination of the good temporal 
resolution of the EEG with the good spatial resolution of the 

fMRI, and can be used to non-invasively record both interictal 
and ictal activity [5]. The analysis of simultaneous EEG-fMRI 
data potentially enables inferences about effective connectivity 
(i.e.: the influence that a neural system exerts over another at a 
cortical level [6]) between different regions within an epileptic 
network. Inferences on effective connectivity in epilepsy can be 
used in order to identify the seizure focus and to understand 
the causal chain leading to epileptic activity propagation 
patterns. This knowledge is useful in the pre-surgical 
evaluation of patients with focal epilepsies [7]. 

Empirical methodologies for dynamical analysis of the 
seizure over time were presented in [8-10]. The LagsM (mainly 
based on [9]) aims to localise the epileptic focus and the 
remaining areas in seizure involved. 

An useful model-based method to study effective 
connectivity is DCM [11], which purpose is to estimate, and 
make inferences about the coupling among brain areas, and 
how this coupling is influenced by changes in experimental 
context. A dynamic causal model comprises two 
complementary models: the neuronal model, a plausible model of 
interacting cortical regions, describing the neuronal activity in 
each brain area, and the hemodynamic model, a forward model 
that incorporates the information of how the neuronal activity 
is transformed into the response measured by a specific 
neuroimaging technique. The global model describes the 
dynamics of a network of n brain areas (VOIs), with m inputs 
and l outputs, which are the l first eigenvariate (or averaged) 
BOLD time-courses of the l VOIs, and can be defined as a set 
of differential equations, (1), where 

€ 

x = f {z,s, f ,v,q}  describe 

the neuronal and haemodynamic states, 

€ 

θ = {θ c ,θ h}  describe 
the connectivity and haemodynamic model’s parameters, and 

€ 

y  describe the BOLD signal such that: 

 

€ 

˙ x = f (x,u,θ )
y = λ(x)

 (1) 

The set of equations describes the dynamics of the neuronal 
activity 

€ 

z , the system’s input 

€ 

u , the normalised values of the 
vasodilatatory signal 

€ 

s, the normalised blood flow 

€ 

f , the 
normalised venous blood volume 

€ 

v , and the normalized 
deoxyhaemoglobin content 

€ 

q , for each VOI. The parameter 
set θ is estimated from the measured BOLD data, using a fully 
Bayesian approach with empirical priors for the hemodynamic 
parameters and conservative shrinkage priors for the coupling 
parameters [12]. DCM has been recently used to study 
effective connectivity in fMRI data from patients with 
refractory temporal lobe epilepsy [13] and idiopathic (from an 
unknown cause) generalized epilepsy (IGE) with frequent 
generalized spike and wave discharges (GSW) [14]. 

Granger Causality is an available data-driven method to 
study effective connectivity. Granger, the econometrist, 
proposed a definition of causality for temporally structured 
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data (time-series). The basic idea is that all events taking place 
at a certain point in time must have had their cause at an 
earlier stage.  Conceptually, if a time-series y causes (or has an 
influence on) x, then knowledge of y should help predict the 
future values of x better then the past values of x alone. 
Therefore, causality (or influence) is framed in terms of 
predictability [15,16]. The method, initially proposed by 
Granger, has even been generalized to a measure of the 
directed linear influence between two groups of time-series 
(possibly conditional on a third group) using vector auto-
regressive models (VAR) [17,18]. GC has been recently used 
to study effective connectivity in fMRI data from animal 
models [3,19,20] and patients with IGE with frequent GSW 
discharges [9]. 

II.  METHODS 

A. Data Characterization 
Data from 5 patients with distinct types of symptomatic 

epilepsies associated to cortical dysplasias and a patient with 
myoclonic-astatic epilepsy were analyzed. All patients were 
submitted to a 1-h of simultaneous EEG-fMRI recording. 
EEG was recorded with a 37-channel system, inside and 
outside the scanner. During the in-scanner recording, 5 
patients were anesthetized (sevoflurane at 1%). T1-weighted 
(3D spoiled gradient recovery, SPGR, 0.94x0.94x0.6mm3) and 
EPI images (Table I) were acquired in a 1.5T scanner. The 
neurophysiologist indentified ictal and interictal events, on the 
EEG recorded inside the scanner. These were compared to 
those identified on the EEG recorded outside the scanner for 
validation. 

TABLE I 
CHARACTERISATION OF EPI IMAGES AND ICTAL EVENTS. 

Resolution Ictal Events 
Patient Scans 

(voxels) (mm) 
TR (s) Onset 

(scans) 
Duration 

(scans) 

ABC 168 64x64x24 4.375x4.375x5 2.1 4 
44 

2 
18 

GM 100 64x64x16 3.75x3.75x7 3.12 71 30 
JB 150 64x64x24 3.75x3.75x5 2.33 42 109 

JQ 168 64x64x24 4.375x4.375x5 2.1 
11 
94 

138 

3 
3 
2 

RR 1 50 
132 

3 
4 

RR 2 
150 64x64x24 3.75x3.75x5 2.275 

22 
56 
 80 
111 
124 

4 
5 
5 
7 
8 

NL 150 64x64x24 3.75x3.75x5 2.33 - 

B. Data Processing 
The data pre-processing, the GLM analysis and the data 

post-processing were performed using either FSL (www.fmrib. 
ox.ac.uk/fsl/) or SPM (www.fil.ion.ucl.ac.uk/spm/). The 
considerations taken in pre-processing and GLM analysis were 
the same. Two volumes at the beginning of patients ABC and 
JQ funtional time-series were excluded from the analysis to 
allow for the MRI signal to reach the steady-state. In all 
datasets, data pre-processing included: motion correction 
(using MCFLIRT [21] from FSL; or Realign(estime&reslice) 
[22] from SPM8)); slice timing correction; non-brain removal 
(BET [23] from FSL); spatial smoothing using Gaussian kernel 

with 8mm FWHM; grand-mean intensity normalisation of the 
entire 4D dataset by a single multiplicative factor; high-pass 
temporal filtering (using Gaussian-weighted least-squares 
straight line fitting (100s cut-off) in FSL; or a residual forming 
matrix (128s cut-off) in SPM). The regressors for the (inter)ictal 
events were defined by the neurophysiologist, based on the 
EEG recording analysis and clinical information. The motion 
parameters were added as covariates of no interest to all 
models. For patient JB, two additional regressors were added 
to model two abrupt displacements in the functional time-
series, by placing a 1 at the critical temporal position. These 
displacements were visually identified as volumes standing out 
from the others. Motion detection confirmed that they were 
associated with mean displacement peaks. The regressors of 
interest, describing the (inter)ictal activity, were convolved 
with four different types of haemodynamic response functions 
(HRF): single gamma, canonical HRF, gamma bases functions 
and FIR bases functions [24-26]. The patient NL models were 
the exception; only gamma functions were used for lack of 
time to test all the four types used for the other 5 patients. The 
temporal derivative was further added in the cases where 
gamma or canonical HRF were used. When bases functions 
were used, the first three functions were convolved with the 
regressor of interest. Temporal filtering was applied in all 
cases. The GLM parameters were estimated using FILM (FSL) 
or classical ReML estimation (SPM) [27]. In all cases, 
contrasts were then defined between the (inter)ictal events of 
interest and the remaining baseline. In models that used 
gamma or canonical HRF, a T-test was performed to test for 
significant BOLD signal changes associated with these 
contrasts. For patient NL, two distinct T-tests contrasts were 
considered: an activation and a deactivation contrast. In 
models that used bases functions, F-tests were performed 
across the three regressors. In FSL, a clustering procedure was 
employed whereby each cluster is determined by a voxel 
z>2.3 and a (corrected) cluster significance threshold p=0.05 
[28]. In SPM, clusters with a minimum of 6 contiguous voxels 
were considered, without correction (p<0.01, 0.05, 0.075 and 
0.1). For patient NL models, clusters with a minimum of 6 
contiguous voxels were considered, without correction 
(p<0.01). For patient JB models with basis functions, Family-
Wise Error (FEW) correction was employed (p<0.025, 0.05, 
0.075 and 0.1). 

The final activation maps obtained using FSL and SPM 
were compared in terms of overlapping. The concordance 
between maps was visually verified. The number of activated 
voxels common to both maps was computed by counting the 
non-zero voxels in their intersection, NMUL, and, the number of 
activated voxels in either map was computed by counting the 
non-zero voxels in their reunion, NADD. The ratio between 
these two numbers, Overlap, offers a measure of the 
concordance between the maps. This measure was used to 
select the HRF that provided the highest concordance 
between the two methods, across all datasets. 

The clinical neurophysiologist identified the brain regions 
and propagation paths (Fig. 1) expected to be involved with 
the seizure, based on clinical knowledge and the comparison 
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between the EEG recordings inside the scanner with the ones 
outside. 

 
Fig. 1 Likely models of seizure propagation. Legend: LH - left hippocampus, 
LOL - left occipital lobe, ROL - right occipital lobe, LC - left cerebellum, 
CGPD - cingulate gyrus posterior division, FL - frontal lobe, LAHTP - left 
amygdale, hippocampus, and temporal pole, LPL - left parietal lobe, OL - 
occipital lobe, Hm – Hamartoma. 

Definition of VOIs - FS and preFpostFS approaches 
The several anatomic VOIs masks were obtain using the 

atlases included with the FSL tool. The anatomic VOI mask 
for the hypothalamic hamartoma (focal malformation) was 
designed in MATLAB®. The Hm was visually identified on 
the T1-weighted image of the patient RR and the mask was 
design to specifically match it. The anatomic images were 
originally in standard space or in anatomic space. Using the 
FSL tool FLIRT [21], they were registered in the respective 
patient functional space. In order to include all potentially 
functionally relevant voxels, each final VOI mask was defined 
as the intersection (multiplication) of the anatomic VOI mask 
with the union of two (de)activations maps: 
         

  

€ 

VOI mask = anatomicVOI mask∩ FSLmap∪SPMmap( ) (2) 

The FS final VOIs were spatially defined using the two 
(de)activation maps obtained by performing the pre-
processing, the GLM analysis and the post-processing 
independently in FSL and in SPM. The preFpostFS final VOIs 
were spatially defined using the two (de)activation maps 
obtained by performing the pre-processing exclusively in FSL 
and the GLM analysis and the post-processing independently 
in FSL and in SPM. The FS and preFpostFS time-series were 
selected from the data pre-processed in SPM and FSL, 
respectively. SPM8 uses motion parameters estimated in the 
pre-processing to correct each time-series. The time-series 
used in the FS and preFpostFS approaches were corrected using 
the motion parameters estimated by the SPM and FSL pre-
processing algorithms, respectively. 

C. Connectivity analysis 

1) Lags Methodology - LagsM 

The LagsM is a conceptually simple methodology based on 
time displacements of regressors. This methodology was 
designed to study epileptic ictal events (events longer than the 
interictal spikes) since these involve time displacements in the 
order of seconds. The LagsM was therefore not used for patient 
NL, for whom only interictal activity was studied. The 
difficulty in the determination of the exact time localization of 
the beginning/end of the ictal events introduces uncertainty in 
the definition of the regressors for the BOLD signal. The 
LagsM approach has the advantage that it may account for this 
uncertainty by considering regressors that are shifted in time 
relative to one another. Sixteen regressors were defined by 
shifting the reference regressor, originally defined by the 
clinical neurophysiologist, by lags ranging from -10s to +20s. 

The 1st regressor was defined by shifting the reference 
regressor backward by 10 seconds and each consecutive 
regressor was defined by shifting the preceding regressor 
forward by 2 seconds. The 16th regressor therefore 
corresponded to shifting the reference regressor forward by 20 
seconds. The regressors originally defined for patients GM and 
JB have a unique seizure that is ending in the final of BOLD 
signal. For these patients’ regressors, only the onset of seizure 
was displaced in time. Sixteen GLM analyses were performed 
in FSL. Cluster thresholding was performed, with voxel z 
threshold of 1.8, 2.0, and 2.3, according to the sensitivity of 
the analysis in each case. Each final activation map was 
associated with an instant in time. By visually analysing the 
maps, a qualitative evaluation of the activated regions in time 
was performed. The intention was to study the sensitivity of 
the final activation maps to small displacements in events 
onsets. With the multiplication of the final activation maps by 
each anatomic VOI, a quantitative evaluation of the activated 
regions was performed by computing the number of activated 
voxels per region as a function of time. Since no voxelwise 
comparisons of the multiple interdependent GLM analyses 
were performed, no further correction of voxel p values was 
required. Looking at the evolution of the number of activated 
voxels per instant and region for patients ABC, GM and RR 
(sequence 2), we found that it would be desirable to perform 
GLM analyses with regressors shifted backward even earlier in 
time, because the number of activated voxels in the first maps 
was not near zero as expected. In the end, 21 regressors were 
used for patient ABC and GM, and 19 regressors were used 
for sequence 2 of patient RR. 

2) Dynamic Causal Modelling 

DCM analysis was performed using routines implemented 
in SPM8. The model space for each patient was defined based 
on patient clinical information, functional anatomical 
considerations and number of VOIs. Two types of inferences 
on model structure were performed: inferences on individual 
models [29], and inferences on model space partition [30]. 
Inferences on model space partition concerned he comparison 
of disjoint families of models. The winning family was the 
family with highest posterior probability. For patients ABC, 
GM, JB and JQ, Bayesian model selection (BMS) was used to 
compare families of models. Fixed effects Bayesian model 
selection (FFX BMS) was used with the same purpose for 
patients RR and NL, who have more than one BOLD 
sequence of interest. Two distinct approaches were used for 
inferences on individual models/families of models: ModelsA, in 
which the connection between each pair of VOIs may or may 
not exist and the modulation of the connections by the 
system’s input is non-existent; and ModelsB, in which all the 
possible connections exist and each one of them may or may 
not be modelled by the system’s input. In both approaches, a 
single driving region is considered in the network. For patient 
RR, the system’s driving region (the epileptic focus) was 
known, thus the number of possible models was reduced by a 
factor of 4. 

ABC  JB 

GM JQ 

RR 



 4 

a) Inference on individual models 

Patient NL models  Initially, 8 models, then, 4 models (Fig. 2) 
were compared. The difference between the 8/4 models was 
the focal region. 

 

b) Inference on families of models 

General question for patients with 2 VOIs  What is the epileptic 
focus, i.e., the system’s driving region, and what is the 
direction of seizure propagation, i.e., the strongest coupling 
direction? (Fig. 4) 

General question for patients with 3 VOIs  What is the epileptic 
focus? (Fig. 5) All possible models were considered. 

General question for patient RR  What is the direction of seizure 
propagation? It is assumed that the focus is known. All possible 
models were considered. The first 16 families are illustrated in 
Fig. 3. The 17th family contains the models that do not belong 
to any other family and that are not consistent with a seizure 
propagation situation. 

Patient ABC specific question  Is the information flow from the 
left to the right or from the right to the left of the brain? (Fig.6) 
It is assumed that the LH and LOL are bidirectional 
connected. 

Patient JB specific question  Is the information flow from the 
LAHTP to the CGPD or to the FL? (Fig. 7) The clinical 
neurophysiologist had indicated that the focus might be the 
LAHTP region. 

Patient RR specific questions  A previous study of patient RR’s 
dynamic seizure is reported in [31]. This motivated two 
specific questions about patient RR: (i) Is the initial 
propagation from the Hm to FL or, is it from the Hm to the 
LH and/or the LOL? and (ii) Is the direction of propagation 
from the FL to the LH and/or to the LOL or is it from the LH 
and/or from the LOL to the FL? (Fig. 8) It is assumed that the 
initial propagation is from the Hm to the LH and/or the 
LOL. 

 

1   2 

3   4 
Fig. 4 Families considered for the general question for patients with 2 VOIs. 
Patients GM: region1=LC, region2=LOL. Patient JQ: region1=LPL, 
region2=OL. 

1 2 3 
Fig. 5 Families considered for the general question for patients with 3 VOIs. 
Patients ABC: region1=LH, region2=LOL, region3=ROL. Patient JB: 
region1=CGPD, region2=FL, region3=LAHTP. 

1   2 3 
Fig. 6 Families considered for the patient ABC specific question. The grey 
arrows may be concurrent or exclusive connections. 

1    2 
Fig. 7 Families considered for the patient JB specific question. The dotted lines 
may be non-existent, unidirectional in either ways or bidirectional 
connections. 

(i)    1 2 3 

(ii)   1 2 3 
Fig. 8 Families considered for the patient RR specific questions. On top: 
question (i). Down: question (ii). The dotted connections may be non-existent, 
unidirectional two-way or bidirectional. The grey arrows may be concurrent 
or exclusive connections. 

Patient NL specific questions  Concerning the result of 
inference on individual model, the PDMN region was assumed 
as focus. Questions: (i) What is the direction of propagation 
among the regions PDMN, BSC and Th? (ii) The propagation 
between the BSC and PDMN is non-existent or 
unidirectional? If it is unidirectional, in which direction is it? 
and (iii) What is the region that deactivates last? Initially, the 
activity propagates from the PDMN to BSC and Th. (Fig. 9) 

3) Granger Causality 

The analysis was performed using the GC connectivity 
analysis (GCCA) MATLAB toolbox (www.anilseth.com). The 
primary precondition for a GC analysis is that the variables 

1 2 

3 4 
Fig. 2 The four connectivity models compared for patient NL. 

 
       1          2         3       4          5        6       7          8 

 
       9        10            11          12        13           14         15        16 
 Fig. 3 First sixteen families considered for the general question for patient RR. The dotted lines may be non-existent, unidirectional in either ways or bidirectional 
 connections. The grey arrows may be concurrent or exclusive connections. 
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have stationary covariance (CS) (mean and variance constant 
in time). When this condition is not satisfied, the multivariate 
VAR (MVAR) models are invalid and may contain ‘spurious 
regression’ results (correlations that arise from non-
stationarities rather than from relations among variables) [32]. 
In a formal way, looking for ‘unit roots’ in data is a possible 
way to investigate deviations from CS. The ‘augmented 
Dickey-Fuller’ (ADF) test (available in the toolbox) was used to 
test the presence of ‘unit roots’ [33]. The non-CS variables 
could be pre-processed in order to achieve the CS. The pre-
processing involved the removal of determinist linear trends 
and ‘unit roots’ via differencing [33]. The mean removal from 
the entire time-series as well as the deviation through the 
temporal standard deviation was also performed [33]. The 
estimation of the MVAR models requires specifying the 
number of time lags to be integrated in model (model order), 
which was selected on the Bayesian information criterion 
(BIC) basis (available with the toolbox). 

The GC inferences could be valid when the MVAR model 
effectively captures the data correlation structure. The 
adjusted sum-squared-error (RSS ADJ) is a way to check the 
quantity of variance accounted by the model (it should be 
>0.3). The model ‘consistency’ [34] could also be checked 
with the same purpose (it should >80%). The residuals of a 
MVAR model should be serially uncorrelated to guaranty that 
the model adequately captures the data [35]. A possible way to 
check this is to use the Durbin-Watson statistic d value (it 
should be higher than 1). 

Using GC to analyse fMRI data faces distinctive challenges 
and constraints that arise from the fact that the BOLD signal 
has relatively poor temporal resolution (seconds), and that it is 
an indirect measure of neural dynamics usually modelled by a 
convolution of underlying neural activity with a HRF, which 

reflects aspects of neurovascular coupling. The delay 
embedded in the HRF is known to vary between subjects and 
among different brain regions within the same subject [36]. 
Such variability has the potential to introduce artefacts when 
assigning causality since GC is based on temporal precedence. 
The strategy proposed by [37] to minimize the impact of HRF 
variability, in the absence of a trustworthy deconvolution, 
consists in performing inferences on the differences of 
influence (

€ 

DOIx→ y =GCx→ y −GCy→ x ) instead on the GC log 

magnitudes. The DOI values were available with the GCCA 
toolbox but the DOI p values were not. 

One thousand of GCCA were performed using synthetic 
data (simulations based on [38]). The system modelled has two 
regions, a unidirectional intrinsic connection from region 1 to 
2 and an fMRI experiment applied on region 1 (an extrinsic 
connection). The weight of intrinsic and extrinsic connections 
was modelled as 1. The design of the fMRI experiment 
applied has 6 rest blocks separated by 5 activity blocks. Each 
block has 20s of duration and (the entire time course has 220s 
of duration). A TR of 2s was considered. Four distinct SNR, 
0.1, 1, 10 and 100, were simulated. Each connectivity model 
was estimated 1000 times (1000 separate sets of regional time-
series were obtained). The models were created and estimated 
using SPM8. First, a model was created with a SNR of 10000. 
Then, Gaussian Noise was added to each time-course. After 
pre-processing the data and selecting the model order, the 
absence of  ‘unit roots’ was confirmed. The GC log-
magnitude, the DOI values, and the GC p values (p value for x 
‘G-causing’ y) were computed for each simulation. The RSS 
ADJ, the model ‘consistency’, and the d value were checked. All 
the aforementioned validation approaches were individually 
applied to each one of the 1000 VAR models. 

GCCA Sensitivity and Positive Predictivity 
A model with a clear direction for connectivity was used to 

generate the time-series analyzed. The result of each GC 
analysis was classified as right (True positive: DOI12>0; GC12 
with p<0.05; GC21 with p>0.05), wrong (False positive: DOI21>0; 
GC21 with p<0.05; GC12 with p>0.05) or non-conclusive (False 
negative: GC12 and GC21 with p<0.05 or GC12 and GC21 with 
p>0.05). In order to quantify the performance of the GCCA, 
the sensitivity, 

€ 

S = Tp /(Tp +Fn), and the positive predictivity, 

€ 

PP = Tp /(Tp +Fp) , were calculated as function of the true 
positives, Tp, false positives, Fp, and false negative, Fn, [39]. 

III. RESULTS 
The gamma HRF was the one systematically producing 

better GLM analysis results (the higher overlap between the 
FSL and SPM maps, the higher concordance between the 
activated regions and the ones expected to be seizure 
involved). In general, this was the HRF that allowed achieving 
the greatest overlap between the FSL and SPM maps. The 
exception was the patient JB, for whom the FIR bases 
functions provided the best results. The concordance between 
the results and the expected regions was considered as an 
overriding criterion in the selection of the best HRF model. In 
general, the method preFpostFS was associated with a greater 
overlap. 

    1 2 

(i) 3 4 

  (ii) 1 2 3 

(iii) 1 2 3 
Fig. 9 Families considered for the patient NL specific questions ((i) on top, (ii) 
in the middle, (iii) on down). The dotted connections may be non-existent, 
unidirectional two-way or bidirectional. The grey arrows may be concurrent 
or exclusive connections. 
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Observing the LagsM analysis results (Figs. 11 e 13), the 
initial activation of a few voxels (in the seizure focus) precedes 
the within-region propagation, which is then followed by 
propagation to other brain regions [10]. In general, the 
number of activated voxels per region increases with time until 
it reaches a maximum and then decreases. The temporal 
sequence of the maxima of the number of activated voxels 
likely corresponds to the sequence of activated regions, 
therefore indicating the seizure propagation pathway. 

The model relative log-evidences and posterior family 
probabilities (PostFPs) (the DCM results) are presented in 
Table II. The winning model/family is, with ‘positive’ and 
‘strong’, the best model/family when its posterior probability 
is, respectively, between 0.75 and 0.95 and greater than 0.95 
(Will Penny, personal communication). The winning model is, 
with ‘strong’ evidence, the best model when its log-evidence is 
higher than three plus the 2nd highest log-evidence [29]. 

A. Patients ABC, GM, JB, and JC 
GLM analysis 
Considering the results of patients ABC and JB, the spatial 

location of the overlap of maps is concordant with the 
expected. Considering the results of patients GM and JQ, the 
expected regions only appear activated, respectively, in the z-
map (FSL) and t-map (SPM)(Fig. 11). 

 
Fig. 11 Final z - maps (clustering, voxel z>2.3, cluster p<0.05) obtained with 
FSL (yellow), final t-map (6 extent voxels, voxel p<0.01, uncorr.) obtained 
with SPM (blue), and overlapping map (green), overlaid on raw functional 
image, for patient ABC, GM, JB, and JQ, and method preFpostFS. The 
numbering of axial slices is referenced at the bottom of the brain volume. 

LagsM analysis 
The qualitative evaluation results are not presented. The 

quantitative evaluation results are presented in Fig. 10. 
Observing the patient ABC results, we note that the first 
activated region is, probably, the ROL. The following regions 
to become activated are the LOL and LH. The results are 
concordant with the expected. Observing the patient GM 
results, we note that the first activated region is, probably the 
LOL, which is concordant with the expected. Observing the 
patient JB results, we note that the number of activated voxels 
of the CGPD and the LAHTP regions starts increasing a few 
seconds before the 0s instant, however, after reaching the 

maximum, it stays constant over until 18s. This means that 
these areas remain activated, occupying a constant area, 
within the time interval analysed, which is consistent with the 
long duration of patient JB seizure. The number of activated 
voxels of the FL evolves slightly differently, having abrupt 
variations in the beginning and in the end of the time period 
analysed. The maxima values for the CGPD and the LAHTP 
are not evident and thus are also not distinguishable. The 
neurophysiologic indicated that, probably, the FL is the last 
region to be activated, which is concordant with the late 
maximum value for this region. The clinical neurophysiologist 
informed that, probably, the focus would be the LAHTP, 
followed by the CGPD and FL. However, it was not possible 
with this analysis to find a difference between the activation 
times of the LAHTP and the CGPD. 

 So, the late maximum value for the FL is expected. 
Observing the patient GM results, we note that the temporal 
sequence of maximum values is non-coherent with the 
direction of activity propagation expected. 

Dynamic Causal Modelling 
The general questions results for patients GM and JQ are 

non-conclusive (PostFPs are smaller than 0.75). The patient 
ABC general question results indicate, with a ‘positive’ 
evidence, that the most likely focus is the LH, which is 
concordant with the specific question result that still indicate, 
also with a ‘positive’ evidence, that the most likely direction of 
activity propagation is from the left to the right side of the 
brain. Nevertheless, these results are non-concordant with the 
expected. The patient JB general question results, for the 
ModelsA-FS and ModelsA-preFpostFS indicate, respectively, with 

 
Fig. 10 Number of activated voxels per VOI as function of regressor used (as 
function of ‘time’). The time points represented on the x-axis are the relative 
time instants of seizures onsets associated to each regressor. 
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‘positive’ and ‘strong’ evidence, that the CGPD is the epileptic 
focus. Yet, according to the neurophysiologist, the LAHTP is 
the most likely focus. Patient JB specific question result for 
ModelsA-FS indicates, with ‘strong’ evidence, that, the activity 
propagation is from LAHTP to CGPD and not to the FL, 
which is concordant with the expected. Nevertheless, ModelsA-
preFpostFS result is non-conclusive. 

B. Patient RR 
GLM analysis 
Only the GLM analysis results for the method preFpostFS are 

presented (Fig. 12). The overlapping was, in both sequences 
and methods, concordant with the expected. The more 
significant results obtained for sequence 2 are related with the 
fact this sequence has a higher number of seizure events. 

LagsM analysis 
Only the results for the sequence 2 are presented (Fig. 13). 

The sequence 2 comprises more events and thus provides the 
highest sensitivity. The maximum for the Hm precede the 
maxima for the FL. The maximum for the LOL is not well 
defined. The maximum for the LH precedes the maximum for 
the FL. So, the sequence recognized is HmLHFL, which 
is concordant with the expected. However, it should be noted 

that the number of activated voxels in the FL and LOL 
regions starts increasing before the two remaining ones. 

DCM analysis 
The general question results for ModelsA are non-conclusive 

using FS and conclusive using preFpostFS. The last result 
indicates that the three connections between the Hm and FL, 
LH, LOL, are bidirectional. 

The connectivity models of the 13th family are more 
restrictive than models of the 14th family since they have 
unidirectional connections instead of bidirectional. The results 
of the patient-specific questions for ModelsA are associated to 
‘strong’ evidences. The question (i) results indicate that the 
activity propagation is from the Hm to the LH and LOL. 
Assuming the question (i) results as true, the question (ii) results 
indicate that the activity propagation is from the Hm to the 
LH and LOL and, from the two latter to the FL. 

C. Patient NL 
GLM analysis 
Four BOLD sequences were considered of interest for 

patient NL. Only the sequence 1’s results for the method 
preFpostFS are presented (Fig. 14). Concerning the 4 sequences 
results, the overlap was slightly better for the method FS unlike 

TABLE II 
RESULTS OF DYNAMIC CAUSAL MODELLING (INFERENCE ON INDIVIDUAL MODELS AND FAMILIES OF MODELS). 

LEGEND:    HIGHEST RELATIVE LOG-EVIDENCE    SECOND HIGHEST LOG-EVIDENCE    POSTFP ABOVE 0.95    POSTFP BETWEEN 0.75 AND 0.95  
Approaches 

FS preFpostFS 
Question 

Id. 
ModelsA ModelsB ModelsA ModelsB 

Id. 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Inference on individual models / relative log-evidence 
NL 1.10 0.07 26.32 0.00 3.81 0.59 21.68 0.00 7.36 0.00 22.85 9.91 4.41 0.00 15.06 3.28 

Inference on families of models / posterior family probabilities 
General questions for patient with 2 VOIs 

GM 0.35 0.37 0.16 0.12 0.32 0.34 0.18 0.16 0.44 0.50 0.04 0.01 0.42 0.47 0.06 0.04 
JQ 0.09 0.08 0.09 0.75 0.09 0.09 0.39 0.43 0.20 0.20 0.00 0.60 0.16 0.16 0.33 0.36 

General questions for patient with 3 VOIs 
ABC 0.92 0.04 0.04 - 0.83 0.08 0.08 - 0.87 0.03 0.09 - 0.80 0.06 0.14 - 

JB 0.97 0.03 0.01 - 0.87 0.09 0.03 - 0.92 0.00 0.07 - 0.81 0.04 0.16 - 
Patient specific questions 

ABC 0.92 0.04 0.04 - 0.81 0.09 0.09 - 0.88 0.04 0.08 - 0.77 0.08 0.15 - 
JB 0.55 0.45 - - 0.73 0.27 - - 0.93 0.07 - - 0.68 0.32 - - 

(i) 0.00 1.00 0.00 - 0.25 0.46 0.29 - 0.00 1.00 0.00 - 0.37 0.29 0.34 - 
RR 

(ii) 0.03 0.94 0.03 - 0.34 0.32 0.34 - 0.00 1.00 0.00 - 0.36 0.27 0.37 - 
(i) 0.98 0.00 0.02 0.00 0.18 0.34 0.25 0.23 0.76 0.00 0.24 0.00 0.19 0.31 0.24 0.25 
(ii) 0.01 0.03 0.96 - 0.38 0.37 0.26 - 0.07 0.15 0.79 - 0.33 0.37 0.30 - NL 
(iii) 0.23 0.38 0.40 - 0.32 0.32 0.36 - 0.27 0.38 0.35 - 0.30 0.32 0.38 - 

Id.* 11 12 13 14 11 13 14 13 10 13 14 17 10 12 14 17 

General question for patient RR 
RR 0.08 0.09 0.30 0.37 0.09 0.09 0.07 0.07 0.01 0.01 0.93 0.04 0.15 0.08 0.35 0.09 

* Only the four higher posterior family probabilities are presented. 

 
Fig. 12 Final z - maps (clustering, voxel z>2.3, cluster p<0.05) obtained with FSL (yellow), final t - map (6 extent voxels, voxel p<0.01, uncorr.) obtained with 
SPM (blue), and overlapping map (green), overlaid on raw functional image, for the patient RR and method preFpostFS. On top and bottom are presented the 
maps for sequence 1 and 2, respectively. The axial slices presented are the 7-18 counting from the bottom of volume. 
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what was found for the other patients. 
 For patient NL, not all the interesting regions were known 

a priori. The deactivations maps were the ones with interest to 
be analysed. By spatially matching anatomic regions to the 
deactivations maps, it was possible to identify 8 VOIs (Brain-
Stem, Caudate, Cerebellum, Frontal Lobe, Inferior Temporal 
Gyrus, Posterior Parietal Cortex, Posterior Medial Cortical 
Region, Thalamus). In order to reduce the problem of 
estimating all the possible connectivity models to a feasible 
one, these VOIs were grouped into 4 new VOIs (Brain-
Stem/Caudate (BSC), Anterior DMN (ADMN), Posterior 
DMN (PDMN), Thalamus (Th)). The choice of these 4 VOIs 
was based on studies of patients with idiopathic or secondary 
generalised epilepsies [14,40] and with temporal lobe epilepsy 
[41]. In these studies, the default mode network (DMN) [41] 
was divided into both an anterior (ADMN) and a posterior 
region (PDMN). The ADMN region comprised the ventro-
medial prefrontal cortex or the entire frontal cortex. The 
PDMN region comprised the Posterior Cingulate Cortex, the 
Precuneous and/or the Posterior Parietal Lobe. The 
Thalamus (also considered in [40]), and the Pons (a 
deactivated brain-stem fraction) & Caudate Nucleus (as 
suggested by the neurophysiologist) were included in this 
connectivity study. The Inferior Temporal Gyrus and 
Cerebellum were not considered of interest by the 
neurophysiologist. 

DCM analysis 
The inferences on 8 models (results not presented here) and 

4 models (Table II) suggest, respectively, the Posterior Parietal 
Cortex and the PDMN as the epileptic focus. 

The results for the patient-specific questions (i), for ModelsA-
FS and ModelsA-preFpostFS, indicate, respectively, with ‘strong’ 

and ‘positive’ evidence, that the 1st family is the best family. 
This winning family includes the models with unidirectional 
connections from the PDMN to the BSC and Th. The 3rd 
family includes models with the BSCPDMNTh scheme 
for the activity propagation (assuming the PDMN as epileptic 
focus). The difference between these families is the direction of 
activity propagation between the PDMN and BSC. The 
patient-specific question (ii) aimed at clarifing this aspect and 
its results are concordant with those of (i), i.e., concerning the 
ModelsA-FS results, the direction of propagation is clearly from 
the PDMN to BSC, and concerning the ModelsA-preFpostFS 
results, the direction of activity propagation is not so clear. 
The ModelsB results for both the patient-specific questions (i) 
and (ii) are non-conclusive. All the results for the patient- 
specific question (iii) are non-conclusive. 

D. Granger Causality 
After selecting the MVAR model’s order, the presence of 

‘unit roots’ was checked and the result was 0 ‘unit roots’ for all 
the variables (i.e. the completely pre-processed time-series) and 
the simulations. Hence, we assumed that all the variables were 
CS.  

The GCCA results for the simulations performed are 
presented in box-and-whiskers diagrams (Fig. 15). The median 
DOI12 is positive for the higher SNR and it is approximately 
0 for the smaller SNRs. Concerning these median values, the 
direction of influence expected (12) was found only for the 
higher SNR. Nonetheless, for all the SNRs and directions, we 
note that the outliers’ number is large and also that one of the 
percentile edges is bellow zero while the other is above zero. 
The smaller median p values are the ones related with the 
higher SNR. The remaining median p values are identical to 
each other. For the higher SNR, it is noteworthy that the 
median p value for the connection 12 is smaller then the one 
for the connection 21, which means that the most probably 
direction of influence is from 1 to 2. This was the expected 
result. However, the range of values between the 25th and 75th 
percentiles is about 0.5, which is a large value. Ideally, we 
would like a large p value for the case 2>1 and a small p value 
(smaller than 0.05) for the case 1>2. The desired small p values 
(for 1>2) are only reached at a few simulations even when 
using the higher SNR (the median p value is above 0.1). The 
DOI and p value results are not encouraging and so the RSS 
ADJ, model consistency and d value results are not presented.  

The GCCA sensitivity and positive predictivity results are 
presented in Table III. The difference among the sensibility 
values for the three smaller SNRs is small and all them are 
almost zero. The sensitivity for the SNR 100 is higher then the 
other ones, even so, it is small. The sensitivity of the GCCA is 
very low, even for the highest SNR. The positive predictivity 
values increase with the SNR, as it was expected. 

 
Fig. 14 Final z - maps (clustering, voxel z>2.3, cluster p<0.05) obtained with FSL (yellow), final t - map (6 extent voxels, voxel p<0.01, uncorr.) obtained with 
SPM (blue), and overlapping map (green), overlaid on raw functional image, for the sequence 1 of patient NL and method preFpostFS. 
 

 
Fig. 13 Number of activated voxels per VOI as function of regressor used (as 
function of ‘time’) for patient RR. The time points represented on the x-axis 
are the relative time instants of seizures onsets associated to each regressor. 
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IV. DISCUSSION  
A standard gamma HRF convolved with the time series of 

(inter)ictal events defined by the neurophysiologist based on 
the EEG was, in general, used as the regressor of interest in 
the GLM analysis of the fMRI data. The exception was 
patient JB, for whom a standard gamma HRF did not allow 
the detection of the expected regions. The most meaningful 
activation map was found by modelling the HRF using FIR 
basis functions, which allowed accommodating its variability 
[24]. The FIR set implementation in a GLM effectively 
averages the BOLD response at each post-stimulus time [24] 
(without requiring counterbalancing of stimuli [43]. It is 
important to confirm that effects are haemodynamic rather 
than movement artefact [24]. Patient JB was anesthetised 
during the EEG-fMRI recording. The motion parameters and 
two auxiliary regressors were included as regressors of no 
interest in the GLM analysis. Therefore, the GLM analysis 
results, using the set FIR, were accepted as reliable. The FIR 
basis functions practical advantages were contrasted with the 
partial derivatives of a canonical function [24]. These authors 
found that more complex tasks that engage temporally 
protracted processes may be associated with BOLD responses 
that cannot be captured by the canonical set, and therefore 
benefit from the FIR set. The patient JB seizure is prolonged 
therefore the use of FIR set may be useful. The SPM results, 
which are concordant with the regions expected, suggest that 
using FIR basis functions may be useful in epileptic patients, 
whose BOLD impulse response shape can be different from 
the standard gamma or canonical HRF. 

The VOIs design in this work was, in part, unusual. The 
usual part was the combination of anatomical and functional 
criteria (anatomic atlas and activation maps). The intent of this 
combination was to select a representative time-course that 

was correct spatially and closely related to the seizure. The 
unusual part was the reunion of two independent activation 
maps, one from FSL and other from SPM processing, to 
achieve the final functional map. The processing algorithms 
used by the two software tools are different and thus, the 
results are expected to be different too. The most dramatic 
difference is the clustering type used. In fact, the activated 
regions found by both software tools were different but, in 
general, consistent with the expected epilepsy networks. The 
goal of taking the union of the two maps was to maximize the 
sensitivity of the analysis, in face of the very poor signal to 
noise ratio of the data and also the variability in the 
hemodynamic responses and the uncertainty in the timing of 
the (inter)ictal events. This approach is certainly questionable 
and the VOI definition based on only one of the maps should 
be considered in a revision of the current work. 

The seizure dynamics suggested by the LagsM results were, 
in general, consistent with the seizure propagation pathway 
expected by the neurophysiologist. Although these results are 
encouraging, it should be noted that they might be biased by 
differences in the hemodynamic delays in different brain 
regions and one should therefore be cautious in their 
interpretation. 

The DCM results for ModelsA-FS and ModelsA-preFpostFS 
approaches, which differed only in the pre-processing software 
used, were different. The differences in pre-processing led to 
spatial differences in VOIs, which could explain the observed 
results. Nevertheless, higher similarities in the results were 
expected and the observed differences suggest an extreme 
sensitivity of the connectivity analysis. 

A previous study of patient RR’s dynamic seizure is 
reported in [31]. The authors used the combination of the 
BOLD signal temporal dynamics (activations clusters 
representative BOLD signal) with the sequential temporal 
evolution of ictal spike activity (EEG power dynamics) to reach 
a model of seizure propagation from the hamartoma to the left 
hypothalamus, followed by the posterior temporal–occipital 
area and later the frontal, which suggest a propagation of 
epileptic activity through major white matter projection 
pathways: the left fornix (hypothalamus to posterior temporal 
area) and the left cingulate fasciculus (from posterior temporal 
to frontal lobe). These pathways overlap the circuit of Papez 
[44]. An alternative projection pathway for seizures (from the 
hamartoma to the cingulated gyrus mediated through a 
mammillo-thalamo-cingulate) in patient with hypothalamic 
hamartomas is reported in [45]. Our DCM results on a family 
level, using families defined from previous knowledge, are 
consistent with the [31] results, which were achieved based on 
the analysis of the EEG recorded outside the scanner. In 
general, comparing models based on previous patient’s 
anatomical/physiological knowledge proved to be a more 

 
Fig. 15 Box-and-whiskers diagrams illustrating the DOIs, and p values for the 
GCCA 1000 simulations. Each box has a central line representing the median, 
two edges representing the 25th and 75th percentiles, and two whiskers that are 
extend to the most extreme data points not considered as outliers. The outliers 
are plotted individually as black

€ 

× .  
 

TABLE III 
GCCA SENSITIVITY AND POSITIVE PREDICTIVITY 

SNR True 
Positives 

False 
Positives 

False 
Negatives Sensitivity Positive 

Predictivity 
0.1 53 61 886 0.0564 0.4649 
1 68 68 864 0.0730 0.5000 

10 62 48 890 0.0651 0.5636 
100 367 35 598 0.3803 0.9126 
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effective approach than testing all possible models for pre-
specified architectures [12]. This fact suggests that having well-
defined competing hypothesis regarding the seizure 
propagation pathways may be the most promising approach 
when using DCM to investigate effective connectivity. 

The patient NL study was exploratory. The results of model 
inference suggest that the PDMN region is the deactivation 
focus identified during interictal events. The authors of [46] 
analysed fMRI data from subjects with no history of 
neurological or psychiatric illness and found that the 
precuneus/posterior cingulate region might play a pivotal role 
in how intrinsic activity is mediated throughout the DMN. 
The authors of [14] analysed fMRI data from 7 patients 
affected by IGE with frequent GSW discharges and significant 
GSW-correlated haemodynamic signal changes in the 
thalamus, the prefrontal cortex and the precuneus. Their 
results provide strong evidence that activity in the precuneus 
gates GSW discharges in the thalamo-(fronto) cortical 
network. This study demonstrates a causal link between 
haemodynamic changes in the precuneus (an index of 
awareness) and the occurrence of pathological discharges in 
epilepsy. Our results are in line with these two cases briefly 
described. 

The GCCA positive predictivity is ~0.50 for the smaller 
SNRs (0.1, 1, 10) and ~0.90 for the higher SNR. Concerning 
the smaller SNRs, these values indicate that only half 
(approximately) of the conclusive GCCA results are, in fact, 
correct results. This conclusion is consistent with the one 
published in [38] (TR = 2s, considerations on task-related 
variance). These positive predictivity values are not 
encouraging. The positive predictivity for the SNR 100 is a 
slightly more encouraging result however; this value of SNR is 
not realistic in a context like the one studied. The actually 
small sensitivity is not so problematic as the small positive 
predictivity. The first one indicates that, when performing a 
GCCA, it is very likely to reach a non-conclusive result. 

V. FINAL CONSIDERATIONS 
The concordance of the LagsM results with the expected by 

the neurophysiologist suggests that this method, although not 
based on robust theoretical foundations, can be useful as a 
complementary approach when investigating seizure 
propagation using fMRI data. The DCM can as well be used 
as a complementary approach, provided clear hypothesis and 
sufficient data SNR exist. The patient with the highest number 
of seizures (patient RR) shows the most enlightening GLM 
and DCM analysis results. So, the number of events of interest 
is determinant in these cases in which a very noisy BOLD 
signal is recorded. The integration of neurophysiological 
knowledge when defining the questions to be investigated 
appears to lead to better results. The uncertainty in the 
neurophysiologist’s regressor definition strongly influences the 
DCM (in which is used as the system’s input) analysis results. 
Better results could be obtained by using more precise 
regressors. The GC seems to be not appropriated to use in 
cases similar to those analyzed in this work. Better results in 
studies of effective connectivity in fMRI data from epileptic 
patients will be, probably, achieved when the acquisition 

methodologies allow recording data with higher SNR. A better 
time resolution could as well be particularly useful. 

In this preliminary work, three non-invasive approaches 
were used whose validation is necessary and it could be 
achieved using more direct techniques for measuring brain 
activity, however invasive, as intracranial recordings. 

A major limitation of the current work is the small size and 
heterogeneity of the patient population studied. These are, 
however, the result of the great challenges posed by the 
recording and analysis of EEG-fMRI data of the epileptic 
seizures. From this point of view, the approaches explored 
here provide important insights into the applicability of 
existing effective connectivity analysis methods to the 
investigation of seizure propagation in difficult cases of 
patients undergoing pre-surgical evaluation.  
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