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ABSTRACT

Due to the complexity of focal epilepsy and its risk for transiting to the generalized epilepsy, the development of
reliable classification methods to accurately predict and classify focal and generalized seizures is critical for the
clinical management of patients with epilepsy. In order to holistically understand the seizure propagation
behavior of focal epilepsy, we propose a three-node motif reduced network by respectively simplifying the focal
region, surrounding healthy region and their critical regions as the single node. Because three-node motif can
richly characterize information evolutions, the motif analysis method could comprehensively investigate the
seizure behavior of focal epilepsy. Firstly, we define a new seizure propagation marker value to capture the
seizure onsets and intensity. Based on the three-node motif analysis, it is shown that the focal seizure and
spreading can be categorized as inhibitory seizure, focal seizure, focal-critical seizure and generalized seizures,
respectively. The four types of seizures correspond to specific modal types respectively, reflecting the strong
correlation between seizure behavior and information flow evolution. In addition, it is found that the intensity
difference of outflow and inflow information from the critical node (connection heterogeneity) and the excit-
ability of the critical node significantly affected the distribution and transition of the four seizure types. In
particular, the method of local linear stability analysis also verifies the effectiveness of four types of seizures
classification. In sum, this paper computationally confirms the complex dynamic behavior of focal seizures, and
the study of criticality is helpful to propose novel seizure control strategies.

1. Introduction

anxiety, and cognitive impairment). Besides, surgery or stimulus treat-
ment can cause severe side effects, particularly for drug-resistant pop-

Focal epilepsy originates from a neural network confined to one
hemisphere and is primarily classified as focal conscious seizures, focal
impaired conscious seizures, and focal to bilateral tonic-clonic seizures
(Ioannou et al., 2022; Lamy et al., 2022; Gauffin et al., 2022). Moreover,
generalized epilepsy originates at a point within the bi-hemispheric
distribution network. It rapidly becomes involved in the more compre-
hensive bilateral distribution network, with simultaneous bilateral sei-
zures and synchronous epileptiform discharges as its main
characteristics (Lamy et al., 2022; Gauffin et al., 2022; Bank et al.,
2022). Focal seizures constitute 61% of the epilepsy population (Gupta
et al., 2017). They are associated with high mortality, morbidity, eco-
nomic burden, low quality of life, and high comorbidities (depression,

ulations. However, current treatments do not adequately address these
issues, highlighting the need to develop new therapies for enhancing
epilepsy management and reducing patients’ economic burden.

A comprehensive understanding of the underlying cause of focal
versus generalized seizures and the pathophysiologic mechanisms
behind their interconversion remains a top priority. On the one hand,
focal epilepsy can spread into generalized seizures. In addition to
structural and genetic aetiologies, the neural networks and molecular
pathologies involved in epileptogenesis are widely studied as epilepsy
causes, e.g., the diagnosis of focal epilepsy may involve a variety of
neural networks and is not limited to isolated brain regions (Raga et al.,
2021). On the other hand, generalized epilepsy is inextricably linked to
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focal seizures. It has been hypothesized that the focal theory may be a
potential epileptogenic cause of primary generalized absence epilepsy,
in which absence epilepsy is caused by the cortico-thalamic system
(Ba-Armah et al., 2020). Moreover, focal epilepsy can also induce
secondarily generalized absence seizures (Yang and Robinson, 2019).
Seizures in infantile absence epilepsy (coexistence of generalized and
focal epilepsy) may be caused by micro development of the local cortex
or self-limited increased excitability in localized low-threshold regions
(Yuetal.,, 2019). In some cases, despite significant advances in detection
and imaging techniques, the pathophysiologic mechanisms underlying
focal versus generalized seizures remain obscure (Lamy et al., 2022;
Vaca and Park, 2020; Nascimento et al., 2023).

Accurately classifying patients with epilepsy as focal or generalized
is one of the current clinical challenges (Chen et al., 2016; Aung et al.,
2022). Traditionally, the International League Against Epilepsy (ILAE)
indicates and characterizes the division between focal and generalized
epilepsy by analyzing EEG signals. Primary generalized epilepsy is
characterized by interictal epileptiform discharges with the highest and
most extensive distribution on both sides of the brain (manifested as
spikes and polyspikes with frequencies exceeding 3 Hz) (Pan-
ayiotopoulos et al., 1994). Focal epilepsy presents as seizures in only one
brain region. Unfortunately, EEG categorization is far from satisfactory,
and there is a risk that epilepsy key signatures will over- or
under-interpret EEG findings (Vaca and Park, 2020; Nascimento et al.,
2023; Aung et al., 2022). In modern times, machine learning techniques
such as principal component analysis, independent component analysis,
wavelet variational decomposition, adaptive mode decomposition,
k-nearest neighbor (KNN), and Bayesian classifiers can be used to
automatically identify and differentiate between focal and generalized
epileptic seizures (Panayiotopoulos et al., 1994; Michelle et al., 2012).
Despite the classification accuracy of the method, signal length, number
of channels, and number of subjects significantly impact the results
(Panayiotopoulos et al., 1994; Michelle et al., 2012; Luders et al., 1984).
Overall, two types of pressing issues need to be addressed to improve
classification accuracy. The first and foremost is blurring the boundary
between focal and generalized epilepsy (Seneviratne et al., 2014). Due
to multiple epileptic foci and the high likelihood of secondary seizures,
there may be continuity between focal and generalized epilepsy (Vaca
and Park, 2020; Bancaud et al., 1974). Also, focal EEG features have
been found in generalized epilepsy (Vaca and Park, 2020; Aung et al.,
2022; Kim et al., 2016). Secondly, there are effects of the nature of the
EEG itself, such as differences in thresholds in waveform classification
(Murariu et al., 2023; Lian et al., 2018). Therefore, further development
of reliable neuroimaging-based assessment modalities is needed;
otherwise, EEG signals can only be used as a classification aid for sei-
zures (Raga et al., 2021).

Basic motifs in directed brain functional networks characterize the
information flow of intrinsic activity and may reflect the synchronous
excitation of functional modules in epileptic oscillatory networks
(Bhattacharyya et al., 2018; Zhang et al., 2018). Cortical motifs repre-
sent networks’ generalized categories and underlying generative pro-
cesses (Gollo et al., 2014). The structural motifs of neuronal networks
are the physical base of diverse functional information processing pat-
terns. Functional motifs are distinct combinations of nodes and con-
nections that can be selectively recruited or activated during neural
information processing, and they are more prevalent in real brain net-
works. Cortical motifs permit the detection and comprehension of
network topics and offer insight into the network’s dynamic behavior
(Wei et al., 2017). Three-node cortical motifs can effectively charac-
terize how complex information flows evolve in brain networks. Ac-
cording to the theory of cortical foci, epileptic foci generate rapid and
extensive epileptic discharges, and spatial interactions are associated
with complex connectivity between cortical regions.

In addition, cortical patterning has a strong relationship with syn-
chronization and delayed synchronization during epileptic seizures
(Yang and Robinson, 2019; Aung et al., 2022). Mean field theory has
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also been utilized to examine the transition from focal to generalized
seizures and their intrinsic dynamical (Bhattacharyya et al., 2018;
Zhang et al., 2018; Sporns and Kotter, 2004). Therefore, beginning with
the three-node cortical motifs, on the one hand, studying the composi-
tion of complex networks through smaller network building blocks can
provide insights into the control laws of complex network structures.
Then allow one to comprehend focal seizures’ intrinsic information flow
evolution mechanism fully. Cortical motifs, on the other hand, represent
the structural and functional properties of genuine brain networks (Yang
and Robinson, 2019). The same focal seizure may spread variably under
distinct cortical motifs. Furthermore, whether it will expand into a
full-blown seizure and to what extent is crucial to analyze. Combining
cortical modalities with epilepsy dynamics modeling may therefore be a
novel method for resolving the issue of focal seizure complexity and
comprehending the information flow evolution and conversion mecha-
nism in epileptic seizures.

This paper investigates a system consisting of a cortical motif and the
Epileptor model for investigating seizure propagation and critical dy-
namics. The system possesses the spatial heterogeneity of focal epilepsy,
incorporates focal, critical, and healthy regions, and simulates the
propagation of focal seizures throughout the entire system. Further, the
propagation of focal seizures and their underlying dynamic mechanisms
were studied using seizure propagation marker values and local linear
stability analysis. The findings suggest that the potential cause of focal
seizures spreading into generalized seizures may be associated with the
cortical primordium instead of the critical region. Moreover, this pro-
cedure considerably enhances the interpretation of complex focal sei-
zures and may provide promising diagnostic biomarkers for clinical
decision-making in epilepsy patients.

2. Materials and methods
2.1. Seizure and critical dynamics system

Large-scale neural networks are highly complex, notably directional
complex networks; the complexity and diversity of information trans-
mission directions and huge parameters can make it difficult for work to
begin. Existing methods make it difficult and inefficient to explicitly
examine the evolution of information flow. Therefore, it is necessary to
identify a method that effectively reflects the overall characteristics
while reducing the computational cost. In this paper, to fully understand
the seizure propagation behavior of focal epilepsy as a whole, we
compressed the focal region, the surrounding healthy region, and the
critical region between them into three nodes and, based on these three
nodes, constructed a model of seizure propagation. As shown in Fig. 1,
the cortical motif dynamics analyses the evolution of critical dynamics
for seizure propagation. Similarly, cortical motifs can frequently refine
and categorize alterations in information flow, as depicted in Fig. 2A.

We constructed a seizure system (Fig. 2B(a)) for a preliminary
qualitative analysis of whether focal seizures exhibit spreading
behavior, considering the simplicity of the two-node cortical motif.
Because the two-node cortical motif only comprises the focal and sur-
rounding healthy regions, focal seizure transmission cannot be quanti-
fied in greater detail, and the transmission mechanism remains to be
discovered. Consequently, based on the two nodes, we introduced a
third node, a virtual node representing the critical region between the
focal region and the surrounding healthy region, constituting the critical
dynamical system (Fig. 2B(b)), corresponding to three-node cortical
motifs. The three-node cortical motifs in Fig. 2A are identical to the
network motifs detected in the mammalian brain (Wei et al., 2017),
making this experiment more physiologically relevant and providing an
excellent basis for comparison and thoroughness.

2.2. Epileptor dynamic model

We investigate networks with, N, nodes (N = 2, 3) whose dynamics
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Fig. 1. Main flow diagram of the seizure and critical dynamics system. Seizure system: the directed connectivity matrix of the two-node cortical motif is input into
the Epileptor model, including the focal and surrounding healthy regions. Critical dynamics system: A critical region is introduced between the focal and surrounding
healthy regions. Again, based on the Epileptor model, the input is the directed connectivity matrix of the three-node cortical motif.
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Fig. 2. Cortical motifs and seizure and critical dynamics systems are depicted in a schematic diagram. (A) Diagrammatic depiction of cortical motifs. (a) Cortical two-
node motifs. Mj, refers to a two-node unidirectional cortical motif, whereas, Mj, refers to a two-node bidirectional cortical motif. The two specific nodes represent
the focal and the surrounding healthy regions. (b) Cortical three-node motifs. The ordinal numbers M1 through M13 represent distinct connectivity patterns. The
three separate nodes correspond, respectively, to the focal, critical and healthy regions. (B) Schematic of the system for seizure and critical dynamics. (a) The seizure
system. (b) The critical dynamics system. Schematic representation of the containment relationship between specific focal, critical and healthy regions.

are described by the epileptor model (Jirsa et al., 2014), with,i =1,2,...,
N. Table 1 lists the parameters considered in this paper.

Epileptor is a phenomenological model in which the physiological
mechanism of seizure generation is replaced by the equivalent dynamic
mechanism (Jirsa et al., 2014). It comprises one subsystem (subsystem
1) with two state variables (x; &y;) responsible for generating fast os-
cillations related to the potential activity of the neuronal membrane

with the shortest time scale. And another subsystem (subsystem 2) has
two state variables (x2&y>) generating SWE (sharp-wave events) and
interictal spikes, with a slower time scale, 75, compared to subsystem 1,
simulating the membrane potential. The variable, z;, has the most sig-
nificant time scale and represents the slowly varying permittivity vari-
able responsible for guiding the two subsystems. During epileptic-like
seizures, 2; is associated with slowly changing processes outside the cell,
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Table 1
Main parameters of the Epileptor models.
Parameter Meaning Value
I, Passive current of subsystem 1 3.1
L Passive current of subsystem 2 0.45
Ty Time scale of the permittivity variable 2857
T Time scale of subsystem 2 10
b4 Time constant in function g(x) 0.01
Xoi Excitability parameters of region i [-3.0, —1.0]
w Network Coupling Strength Threshold 20

such as ion levels, energy metabolism, oxygen content, etc. The function,
&(x1;) is a low-pass filtered excitatory coupling from subsystem 1 to 2 to
generate the SWE and interictal spikes. The function, f; (xl_yi,xz_l-, zl-), isa
linear inhibitory coupling from subsystem 2 to 1. f(x2;) represents a
linear suppression coupling between the two subsystems. The param-
eter, xo;, represents the neural excitability of the node as an “epileptic
element” in the model that controls state switching, which can be used
as the threshold to control the onset of the model (according to the
current model, Xgreshota = — 2.1). When the Xo; > Xhreshotd, the system
will transit to the seizure phase.

X =y, —h (xl.nxz.i,Zi) —zi+1h

Vi =1=5%; -y

1 N
Zi=— {4(}6“ 7x0.,-) —z— WZ W,j(xIJ 7x1.,-)

To =

K==yt X — 0, + L +2g(x;) —0.3(z—3.5) + &(1)

)'12‘1, = 1_12 |:—y2‘,' -‘rfz (x2‘i) ] + éi(t)

of
g(xli,‘) :/ e 9x, (s)ds

fo

£,=32, i x,<0

Silxni X2, 2) =
]( o ) [Xz,i —0.6(z; — 4)2])51,1 if x1,>20
_ Olf X < -0.25
ﬁ@ﬁ)—{é@w+oaﬁ if x> 025 )
In subsequent studies, in the two-node seizure system, the excit-
ability of the focal region (xo; = — 1.6) makes it has a seizure. At the
same, the excitability of the healthy region (xo, = — 3.0) makes it no

seizure. Therefore, by regulating the characteristics of the system, it is
possible to observe whether the healthy region that does not have sei-
zures will be affected by focal seizures. Similarly, in the three-node
critical dynamics research system, the excitability of regions is xo; =

—1.6,x02 = —3.0,x03 = — 3.0. The critical region is in a no-seizure
state and less stable than the healthy one. Therefore, we can explore
whether the critical region promotes focal seizure and then affects
healthy regions, prevent its transmission, or reverses the health inhibi-
tory information to prevent focal region seizure, which requires further
exploration. Additionally, random white Gaussian noise, &(t), is added
to the model with mean 0 and standard deviation 0.05, and the time step
of the numerical simulation is 0.01. In this model, x; ; +x,; can represent
the electrographic signature of an epileptiform event and serve as initial
data for the next section.

Suppose we want to combine cortical motifs with the model. In that
case, we need to pay attention to the bidirectional connectivity of
cortical motifs, so we replace the coupling weights with the directed
connectivity matrix, Wj. In the seizure system, the directed connectivity
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0 by
by O
region, “h” stands for the healthy region, and the front and back
sequence represents the direction. For example, by represents the
connection strength from the focal region to the healthy region. Simi-
larly, in the critical dynamics system, the directed connectivity matrix is,
0 ar.  am
Wiree = | @s 0  ac |, where the abbreviation “f” stands for the
Apf Apc 0
focal region, the abbreviation “c” stands for the critical region, the
abbreviation “h” stands for the healthy region, and the order from front
to back represents the direction to point. For example, a, stands for the
connection strength from the critical region to the healthy region. This is
used to simulate various cortical motif patterns. Since the three-node
cortical motif network contains six parameters, we classify four
connection strength types for subsequent analysis and comparison to
better quantify the overall changes and define multiple information
flows. We make three connection strength parameters become a group
(ag, ach, agm), representing the epileptogenic information flowing out
from the focal region, which is defined as “forward.” On the contrary,
three connection strength parameters become the other group (ac, @y,

matrix is, Wy =

}. The abbreviation “f” stands for the focal

ays), representing the information that prevents seizures from the
healthy region, which is defined as “backward.” After that, we define
four connection strength types: I. forward=backward = 0.2; II. for-
ward = 0.2, backward= 0.8; III. forward = 0.8, backward = 0.2; IV.
forward=backward = 0.8, to explore the effect of the strong and weak
relationship between the positive epileptogenic information flow and
the negative seizure-preventing information flow on the outcome of
seizure propagation.

2.3. Seizure propagation marker values

The time series containing seizures and the external influence of
various noises are highly complex and irregular. The existing time series
analysis methods misunderstand the noise and transient spikes as sei-
zures. Therefore, to effectively distinguish seizures from non-seizures in
a time series, we developed a seizure propagation marker value, sp,y, to
index the intensity and timing of seizures in a time series. As shown in
Fig. 3, the data used in this study comes from the simulation result, x(t),
generated by the epileptor model, but this method can also be used for
real EEG data.

First, the time series of seizures usually have a vast amount of data,
and hundreds of thousands of data make the analysis task even more
difficult. Under the simulation of the Epileptor model, the seizure series
contains 229888 data for 449 s with a time step of 512. First, we per-
formed slice discretization. For the whole series, one point was selected
for each interval of 100, and the difference between the maximum and
minimum values (Xnax, Xmin) Was calculated. The total amount of data
after processing is 2298. In addition, for interval 100, we also performed
a detailed sensitivity analysis to demonstrate its validity and persua-
siveness (See Figs. S1 and S2).

'

X (l) = Xmax — Xmin» (2)

which not only retains the data characteristics but also shortens the data
length. Secondly, we binarized the data to avoid the influence of noisy
and non-useful data, specifically avoiding the interference of some no-
seizure spikes and measuring the sudden transition of seizures. If the
difference between the current and previous values is greater than 0.2,
then the result is 1. Further, by choosing various differentials and
sensitivity analysis, we verified that 0.2 is the preferred value for smay,
(as shown in Fig. S3 and Fig. S4) getting

. {Lgﬂg>02

x(i) = ! ! 3)
0,x,, —x;,<0.2
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Fig. 3. The construct flowchart of seizure propagation marker value, ;.. (a) First, the simulation result of the epilepsy model is x(t). (b) x/(i), the difference between
the maximum and minimum values within each interval. The interval is 100. (c) The inter-parameter, x"(k). Data binarization: If the difference between the current
and previous values is bigger than 0.2, the result is 1. Otherwise, the result is 0. (d) the degree of variation, s(k). The Data binarization of inter-parameter x” (k). If the
value of the previous and later moment is 1, the final value is 1; otherwise, the final value is 0. Secondly, sum all the values at every sliding window to get s(k). The
sliding window length is 50, and the overlap is 0. Finally, the maximum value of s(k) is smax. We mark the onset time of epilepsy as the previous time of value, which is
the first value bigger than 0 in s(k). The last word picture shows the processing results of selecting different difference values. In the end we chose 0.2.

Next, we perform another binarization to reflect the continuity of the
oscillations during the seizure and avoid the influence of sudden short
spikes during seizures. If the values of the previous and later moments
are 1, then the final value is 1; otherwise, the final value is 0. Getting

x”’(i) _ { Lx,_ =land x,, =1 @

0, otherwise

Likewise, to determine seizure persistence, we set the sliding window
size to 50 and compute the sum of all values in each time window to
obtain the degree of variation. Longer than 50 may ignore more detailed
features, while shorter than 50 may not achieve our goal of reducing the
amount of data and finding representative values for onset times and
spikes. Therefore, by choosing different window values and sensitivity
analyses, we verified that 50 was the best for s, as shown in Figs. S5
and 6. In addition, the overlap is chosen as 0 here. At the same time, we
have verified that different overlap values have a relatively small impact
on s, to ensure the accuracy of subsequent experiments. The specific
sensitivity analysis is shown in Figs. S7 and 8.

s(k) =300, ®)

Finally, the maximum value of s(k) is s., and k is the sereval number
of the sliding window. In addition, the time delay in different regions

can also reflect the degree of spread of seizures to a certain extent.
Therefore, we mark the onset time of epilepsy as the previous time of
value, which is the first value bigger than 0 in s(k). In order to demon-
strate the validity of our designed flag value for the judgment of epi-
lepsy, we implemented the same calculation procedure on the no-seizure
time series generated by the epilepsy model. The results are shown in
Fig. S9.

Various experiments have proved that the s,,,x value of the sequence
without epileptic seizure is no more than 3. Therefore, in order to better
classify and distinguish epileptic seizures, we define that if sy, < 3 it
proves that the time series has no seizures, and if s,,,x > 3, it indicates
that the time series has seizures, and the larger the value of s, the
more severe the seizures. Furthermore, in our paper, the time-series
output of each node in the epilepsy model can be assigned a value,
Smax, Which is a crucial metric for determining the spread of seizures.
Meanwhile, the s,,,,x can recognize the main feature of a seizure, which is
sudden spike discharges lasting 1-2 s, which can be observed in the EEG.
Also, we proved the robustness and reliability of the metric s, after
extensive experiments. In the future, responding to different other
models and EEG data, we can adjust the threshold space of the metric to
make it flexible to adapt to a wide range of tasks. Therefore, we
comprehensively consider the seizure and spread of the entire system
and define a new judgment value of seizure or non-seizure, dif ;.-
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In the seizure system, we set the marker value of the focal region to
Smax1, Which is obtained from the model simulation output time series.
Similarly, the marker value of the healthy region is s;,x2. Afterward, to
distinguish numerically for subsequent statistical analysis, we corre-
spond to different situations with different values of, dif ;. to quantify
the degree of spread of focal seizures. dif,;,,, = — 1, neither focal nor
healthy regions have seizures; dif,;,,,. = 0, only focal region have sei-
zures; dif ;... = 2, both focal and healthy regions have seizures. See
Table 2 for details. Similarly, in the case of three-node system, the
critical dynamics system sets the sign values of the focal, critical, and
healthy regions as smax1,Smax2,Smax3, respectively. Similarly, use dif ;. to
quantify the degree of spread of focal seizures. dif ;,,,, =1, no seizure in
the focal, critical and healthy regions;dif,;,,. = 2, only focal region
seizures;dif ;.. = 5, only focal and critical regions seizures; dif ;.. =
8, focal, critical and healthy areas both seizures. See Table 3 for details.

2.4. Local linear stability analysis

In the previous section, we set the result-oriented flag value, s, as
the seizure propagation marker. Considering that if epileptic seizures
occur, the system is unstable. Therefore, we use the Jacobian matrix of
the state variables of the dynamical system to calculate all its eigen-
values and sort them by the size of the real part. The system is considered
stable if the biggest real part is less than 0. Otherwise, it is unstable
(Njitacke et al., 2019). Based on this, we perform a local linear stability
analysis.

First, for a seizure system, we select a noiseless Epileptor model
whose state variables are x11,X21,21,Y11,Y21,81; X12,X22,22,Y12,Y22,82, and
the overall Jacobian matrix is Jo;.

Then we calculate the biggest real part of the eigenvalues, Ez;, to

represent the global stability of the system. However, we wish to
quantify the spread of seizures. In addition, we take only the portion, A4,
of the second node (healthy region) as the local Jacobian matrix, Joo,
and calculate the biggest real part of the eigenvalues, Es;, to determine
the local stability of the system. Similarly, the state variables of a three-
node critical dynamical system are, x11,X21,21,Y11,Y21,81; X12,X22,22,Y12,
¥Y22,82; X13,X23,23,Y13,Y23,83- J31 is the comprehensive Jacobian matrix.
We calculate the biggest real part of the eigenvalues, E3;, to represent
the global stability of the system.
Bs Bg
Bs By
(critical and healthy region) as the local Jacobian matrix, Jsz, and
computes the biggest real part of the eigenvalues, E3p, to represent the
system’s local stability. Consequently, the judgment can be broadly
classified into three categories. There are no seizures if global system
and local system is stable; The seizure is local if global system is stable
and the local system is unstable; The seizure is global if both global
system and local system is unstable. Similar to the previous section, we
also provide the epileptic seizure judgment value, dif,,,,., and the
corresponding criteria, which is shown in Table 4 and Table 5. Detailed
formulas can be found from Egs. (S1) and (S2) in the appendix A.

Also, we adopt only the { } of the second and third nodes

Table 2
Seizure judgment table of the seizure system. No seizure (NSE), Seizure (SE), No
spread (NSP), and Spread (SP).

Seizure Spread Focal Health Judgment condition  dif
result result region region

NSE NSP NSE NSE Smaxt < 3MNSmax2 < 3 -1
SE NSP SE NSE Smax1 > 3N Smn2 <3 0

SE SP SE SE Smax1 > 3MSma2 >3 2
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3. Results
3.1. A preliminary exploration of the spread of focal seizures

Several circumstances influence the extent and propagation of focal
seizures, and the ultimate result of each seizure remains uncertain.
Hence, the identification of the internal mechanism and external result
via theoretical approaches will contribute to the following management
of epilepsy, have possessed practical importance. In order to achieve this
objective, firstly, we investigate the propagation of seizures from the
focal region to the healthy region, as well as identifying the factors
which are critical to this phenomenon. This paper analyzed alterations
in the strength of connections and the excitability of regions within a
seizure system.

First, within the unidirectionally connected cortical motif, M7, the
system had a different intensity and time delay. Fig. 4 depicts the
recruitment of the healthy region into the secure system of, M;. The
connectivity strength of cortical motifs was proportional to the severity
of seizures and inversely proportional to the time delay. Therefore, we
hypothesized that focal seizures could spread to the whole system.
However, these findings were constrained by unidirectional connectiv-
ity, resulting in fixed effects. In addition, the bidirectionally connected
cortical motif, M5, the system was analyzed. As shown in Fig. 5A, the
influence of various significant parameters on focal seizure spread was
also evaluated. When the forward and backward information trans-
mission between focal and healthy regions were equal, the law of focal
seizure spread followed diagonalization; i.e., if the excitability of the
two regions increases equally, the focal seizures will spread to the whole
system. Moreover, when the forward and backward connection
strengths between regions were unequal, if the forward connection was
strong, the excitability of the focal region, x;, was decisive; otherwise, if
the backward connection was strong, the excitability of the healthy re-
gion x,, was decisive. When the backward connection was more sig-
nificant, focal seizures were prevented, and the entire system was no
seizures.

As a result of the mutual influence and check and balance of focal
and healthy regions within the system, the exchange and evolution of
information flow were complex, resulting in various spread results of
focal seizures. In order to observe the seizure results as a whole, we
classified them into three major categories: (1) The seizure information
in the focal region may be insufficient in other regions, resulting in focal
seizures termed focal seizures; (2) It may be because the prevent seizure
information of other no-seizure regions is too strong and transmitted to
the focal region, resulting in no seizure. Then the entire system does not
seizure, termed inhibitory seizures; (3) Focal seizures result in the
intense transmission of information to other regions, which leads to
systemic seizures, termed generalized seizures. Tables 2 and 3 present
the focal seizure spread results for the two-node seizure system, which
are determined by the seizure propagation marker value, s, and the
local linear stability analysis, respectively.

In addition, numerical quantification was provided to facilitate sta-
tistical analysis. dif,,,,, = — 1, corresponds to inhibitory seizures,
dif coizure = 0, corresponds to focal seizures, and dif,;,,,, = 2, corre-
sponds to generalized seizures. Fig. 5B depicts the results of the system’s
classification of focal seizures spread in response to changes in regional
excitability, while Fig. 6 depicts the results which changes in connection
strength. As a result, we observed that the degree of focal seizure
dissemination was strongly correlated with system excitability and
connection strength. Moreover, the transformation of focal seizures into
generalized seizures was directly related to the intensity of the focal
region excitability. In contrast, the transformation into inhibitory sei-
zures was closely related to the stability of the healthy region. Using the
two methods’ results and theoretically, we confirmed the complex di-
versity of focal seizures and found that the local linear stability analysis
was more sensitive to critical states (focal regions have seizures, but
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Table 3
Seizure judgment table of the critical dynamics system. No seizure (NSE), Seizure (SE), No spread (NSP), and Spread (SP).
Seizure result Spread result Focal region Critical region Health region Judgment condition dif e
NSE NSP NSE NSE NSE Smaxd < 3N Smaxz < 3N Smaxs < 3 1
SE NSP SE NSE NSE Smax1 > 3N Smaxz < 3N Spaxz < 3 2
SE SP SE SE NSE Smaxl > 3N Smax2 > 3N Smaxs < 3 5
SE SP SE SE SE Smax1 > 3 N Smax2 > 3N Smaxz > 3 8
bl 3.2. Significant contribution of cortical motifs to classification of focal
Table 4

Stability analysis table of the seizure system. No seizure (NSE), Seizure (SE), No
spread (NSP), and Spread (SP).

Seizure Spread Focal Health Judgment dif iure
result result region region condition

NSE NSP NSE NSE Ey; <0NExp <0 -1
SE NSP SE NSE Ey >0NEy»n <0 0

SE SP SE SE Ey; >0NEy» >0 2

healthy regions did not, orange area in Fig. 5B and green area in Fig. 6).
Precisely, the seizure propagation marker value, s, that we devised
can quantify seizures’ intensity and time delay with a certain degree of
rationality, laying a solid foundation for future complex systematic
research.

seizure spread

After preliminary research, we discovered that focal seizures could
develop into various types but were limited to two regions and unable to
detect more complex situations. In order to investigate seizure results in
greater detail, we introduced a critical dynamic system for a compre-
hensive investigation of 13 cortical motifs. Specifically, we analyzed the
spread results of focal seizures for each cortical motif under four kinds of
connection strength, as depicted in Fig. 7. Initially, in Fig. 7A, based on
the seizure propagation marker values, s;,x, Wwe determined four classes
of seizure, judged by dif ;. and the specific meanings were shown in
Table 6. It was possible that the seizure information transmitted by the
focal region was insufficient to cause seizures in the healthy region or
that the critical region transmits information to prevent the spread of
epilepsy, thereby, blocking seizures. Consequently, we termed this type
as a focal-critical seizure. Nonetheless, the local linear stability analysis
in Fig. 7B only reflected three seizure results: focal seizures, inhibitory

Table 5
Stability analysis table of the critical dynamics system. No seizure (NSE), Seizure (SE), No spread (NSP), and Spread (SP).
Seizure result Spread result Focal region Critical region Health region Judgment condition dif e
NSE NSP NSE NSE NSE E3; <0NEs <0 1
SE NSP SE NSE NSE E3; >0NEs; <0 2
SE SP SE SE SE E3; >0NE3p >0 8
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Fig. 4. Change plot of the leading indicators of the two-node cortical motif, M7,

system. (A) The focal region marker value, sy, varies with the connection strength,

a1, and a value less than three on the vertical axis indicates no seizure, otherwise seizure. (B) The healthy region marker value, sy,x2, varies with the connection
strength, a;. (C) The onset time delay between the focal and healthy regions varies with the connection strength, a;, where, a; is the magnitude of the connection
strength from the focal region to the healthy region. Numbers in the legend represent excitability for focal and healthy regions. The four broken lines represent four

different excitability values.
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Fig. 5. Map of index changes in the seizure system of the two-node cortical motif, M. (A) (a—d) Excitability, x1, in the focal region, x», in the healthy region, and
seizure intensity of the focal region, sm.x1, changes. (e-f) Excitability in the focal region, x;, and, x2, in the healthy region, and seizure intensity of the healthy region,
Smax2, changes. ag,: The connection strength from the focal region to the healthy region. aj.: The healthy region points to the focal region. (a, €) a;, = ap. = 0.2. (b, f)
acy, = ap. = 0.5. (¢, g) asp, = 0.2,ap, = 0.8. (d, h) a;, = 0.8,an, = 0.2. (B) The changes of the focal region excitability, x;, the healthy region excitability, x, and
seizure judgment value, dif ;.. (@-d) dif 50, judged by the seizure marker value spa. (e-f) dif .., judged by local linear stability analysis. a.,: The connection
strength from the focal region to the healthy region. a;.: The healthy region points to the focal region. (a, €) a;, = ay. =0.2. (b,f) a;p =ap. =0.5. (¢, 8) asn = 0.2,an.
=0.8. (d, h) a;, = 0.8,ap. = 0.2. See Tables 2, 3 for definitions of, dif ;.-

seizures and generalized seizures because the local stability was
constituted of both the critical and healthy regions.

Different cortical motifs and categories of connection strength led to
distinct results in focal seizure spread. In the condition M2 and M8

cortical motifs, seizures were consistently inhibited; In terms of the
condition M1 and M4 cortical motifs, the class of seizure were prone to
be focal-critical seizures; In the condition M5 and M11 cortical motifs,
the class of seizure were more prone to be generalized seizures; and for
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Fig. 6. Seizure judgment plot of connectivity strength variations in the seizure system of the two-node cortical motif, M;. The changes of connection strength of the
focal region and healthy region, a.,ax., and seizure judgment value, dif ;.. (A-D) dif ;e judged by the seizure marker value, Spax. (E-F) dif o500, judged by local

linear stability analysis. x;, represents the focal region excitability, and, x,, represents the healthy region excitability. (A,E)x; = —1.6,x; = —23.(B,F)x; = —
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Fig. 7. The indicator statistics plot for the critical dynamical system of the three-node cortical motif. M1-M13 correspond to thirteen three-node cortical motifs
corresponding to different column colors. The vertical axis is the seizure judgment value, dif ;,, .. (A) The seizure value, dif ;... is judged by the seizure propagation
marker values, s, 1 indicates inhibitory seizures; 2 indicates focal seizures; 5 indicates focal-critical seizures; 8 indicates generalized seizures. The four bar graphs
of every cortical motif correspond to four different categories of connectivity strength; see Methods for details. The error bars are represented as the difference
between two sets of values for different connection strength types, the first being 0.2 for forward and 0.8 for backward, and the second being 0.4 for forward and 0.6
for backward. (B) Seizure value, dif ., judged by local linear stability analysis. 1 indicates an inhibitory seizure, 4 indicates a focal seizure, and 8 indicates a
generalized seizure. The rest of the description is the same as A.
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Table 6
Seizure outcome classification table for 13 cortical motif systems (the seizure
propagation marker values, Syax).

Connection  Inhibitory seizures  Focal Focal- Generalized
seizures critical seizures
seizures
C-type-1 M2,M7,M8,M13 M3 M1,M4, M5,M11,M12
M6,M9,
M10
C-type-2 M2,M4,M6,M7, M1,M3 None M5
M8,M9,M10,M11,
M12,M13
C-type-3 M2,M3,M8 None M1,M4 M5,M6,M7,M9,
M10,M11,M12,
M13
C-type-4 M2,M3,M4,M7, None M1 M5,M6,M11
M8,M9,M10,M12,
M13

case of M3, the system tended to maintain focal seizures. In addition, the
results obtained based on s,z and local linear stability analysis were
approximately the same, and the error of the former was minor. And the
results maintained above was rarely affected by the connection strength
between regions. This demonstrated the validity of our designed, Spax,
value to some extent.

Thus far, we had concentrated on the spread effects of focal seizures,
which could be broadly categorized into four categories.

(1) Inhibitory seizures (No seizures in the focal, critical and healthy
regions).

(2) Focal seizures (Seizures only in the focal region).

(3) Focal-critical seizures (Seizures only in the focal and critical
regions).

(4) Generalized seizures (Seizures in the focal, critical and healthy
regions).

In particular, based on the seizure propagation marker values, Syax,

No seizure
Focal seizure
A Bl Focal-critical seizure B
W Total seizure

Total seizure
No seizure

77%
Focal seizure

Focal-critical seizure
C— type — 1(Smax) C — type — 2(Smax)

E F

0%)59%

15%

62% 85%

C - type — 1(eigenvalue)

C - type — 2(eigenvalue)
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we classified the focal seizure spread outcomes of the thirteen cortical
motifs into four categories with each pie representing one of the four
situations and four pie charts represent the four connection strength
types Fig. 8(A-D). We found that in connection strength type I (both
forward and backward connections were weak), the distribution of the
four epilepsy types was relatively even, indicating that seizure outcomes
were more unpredictable. For connection strength type II (i.e., stronger
backward connections), there were a high proportion of inhibitory sei-
zures and no focal-critical seizures. For connection strength type III (i.e.,
stronger forward connections), there were a high proportion of gener-
alized seizures, absence of focal seizures. Type IV (forward and back-
ward connections equally strong), there were overt inhibitory seizures,
and even focal seizures were absent. In general, inhibitory and gener-
alized seizures were more prevalent, whereas focal and focal-critical
seizures were ephemeral states that were more challenging to capture.
If the connections backward were strong enough, focal-critical seizures
would not occur. There might be unanticipated benefits if we could
analyze its origins with precision. Similarly, local linear stability anal-
ysis methodologies produced comparable outcomes. However, due to
the limitation of the Jacobian matrix’s eigenvalues, there were only
three cases in Fig. 8(E-H), and focal-critical seizures could not be
analyzed.

In conclusion, the properties of cortical motifs and the type of
connection strength might determine the various diffusion outcomes of
focal seizures; however, the nature and function of critical regions
require further research. This might aid in the accurate classification of
seizures and contribute to the classification of seizures in actual patients.
The assignment of cortical motifs to seizure classification was detailed in
Table 6 and Table 7.

3.3. Mechanisms of critical region contribution to focal seizure spread

In the preceding section, we discovered that the critical region

69%

C — type — 3(Smax) C —type — 4(smax)

G H

69%

C — type — 3(eigenvalue) C — type — 4(eigenvalue)

Fig. 8. Seizure-type classification map of 13 three-node cortical motifs. Percentages represent the ratio of cortical motifs per seizure type to the total number of
thirteen. (A-D) The seizure judgment value, dif ;. for each cortical motif is determined from the seizure propagation marker values, sy,,. According to the outcome
value, four categories were classified: inhibitory seizures, focal seizures, focal-critical seizures, and generalized seizures. C-type-1 to C-type-4 represent four
connection strength types. (E-H) Seizure judgment value, dif ., for each cortical motif determined by local linear stability analysis. Results were classified into

three categories: inhibitory, focal, and generalized.
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Table 7
Seizure outcome classification table for 13 cortical motif systems (Local linear
stability analysis).

Connection  Inhibitory seizures Focal seizures Generalized seizures
C-type-1 M8,M13 M1,M2,M3,M4, M5,M6,M11
M7,M9,M10,
M12
C-type-2 M2,M3,M4,M6,M7, M1,M5 None
M8,M9,M10,M11,
M12,M13
C-type-3 M8 M2,M3,M7 M1,M4,M5,M6,M9,
M10,M11,M12,M13
C-type-4 M2,M3,M4,M7,M8, M1 M5,M6,M11

M9,M10,M12,M13

played a role in the propagation of focal seizures. In order to further
investigate the role of critical regions in promoting or preventing sei-
zures, we utilized changes in the properties of critical regions to clarify
the role of various epilepsy categories. Adjustments were made to the
excitability, x,, the fast current, I;, and the slow current, I, of the
critical region in the epilepsy model, to observe variations in the spread
results under various cortical motifs. Fig. 9, Fig. S10 and Fig. S11
illustrate the seizure judgment value, dif,,,,.. of different excitability,
X2, the fast current, I;, and the slow current, I, and combined with four
connection strengths (see Method 2.2 for details).

The Results in conjunction with the four typical seizure types
depicted in Fig. 8, we observed that the critical region properties of the
system were classified by particular cortical motif. When the excitability
of the critical region changed, the ultimate seizure outcomes would
change. The connection strength types had impact on the evolution of
seizures classes of different cortical motifs, which is shown by the four
sub-plots corresponding to four connection strength types in Fig. 9. The
excitability of the critical region might be an important factor governing
the propagation of focal seizures, shown in Fig. 9(A-D). In same motifs
(M5, M8, M13), the seizure types kept the same along with the incre-
ment of the excitability of the critical region, x,. In some motifs (M4,
M9), the focal seizures would evolve to focal-critical seizures. In other
motifs (M3, M6, M12), the inhibitory seizures would evolve to
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generalized seizures, some of which, would evolved to the intermediate
date, the focal-critical seizures and certain excitability, x».

In addition, alterations in excitability were compared to previous
classifications to demonstrate the reliability of our classification results.
Then, particular cortical motifs, particularly highly stable ones, were
investigated. Despite disparities in critical region excitability, M5 and
M8 consistently exhibited generalized and inhibitory seizures across all
four connectivity patterns. The focal-critical seizures usually evolved to
the inhibitory seizures with a larger fast current, I, in the critical region
in most cortical motifs (Fig. S10). In contrast, as the critical region’s slow
current, I, increased, most patterns shifted from inhibitory seizures to
focal or focal-critical seizures (Fig. S11). Due to the specific values of the
model parameters compared to physiology, our exploration of the
connection between nodes is limited by other inherent parameters of the
model, and there are still many issues that we cannot explore. The
critical region might transmit both seizure information from the focal
region and seizure prevention information from the healthy region. This
might have tremendous potential if an effective strategy could be
devised to amplify the inhibitory function of the critical region. How-
ever, the internal determinants of focal seizure propagation are highly
complex, and the involvement of the critical region requires further
investigation.

4. Discussion

Structural lesions such as abnormal brain development, extensive
cortical malformations, brain tumors, vascular malformations, stroke,
infectious and traumatic brain injury, metabolic disorders, and auto-
immunity cause most known focal seizures (Nascimento et al., 2023). In
addition, genetic causes, such as second brain somatic impingement or
somatic mosaicism after fertilization only, can lead to focal seizures
(Nascimento et al., 2023). Neonatal seizures in premature infants are
associated with intraventricular hemorrhage and subsequent periven-
tricular white matter degeneration, whereas the predominant injury in
term infants is hypoxic-ischemic. Unfortunately, the pathogenesis is
unknown in approximately 50% of facilities (Vaca and Park, 2020).
Current extensive research on focal seizures demonstrates that making it
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Fig. 9. Line graph depicting the relationship between seizure spread outcomes for 13 cortical motifs and the excitability of the critical region, x,. Each of A-D
represents a connection strength, the horizontal axis in each sub-plot represents the excitability of the critical region in the critical dynamics system, x», and the
vertical axis is the seizure value, dif ., the size, 1 indicates inhibitory seizures; 2 indicates focal seizures; 5 indicates focal-critical seizures; 8 indicates generalized
seizures. Determine from the seizure propagation marker values, s,,,. According to the legend, M1 to M3 corresponds to 13 topological patterns of cortical motifs. See

method 2.2 for the specific four connection strength types.
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is challenging to develop new treatments due to the quality of the
assessment of the classification of seizure types in a given patient. Se-
miotics, neuroimaging, neurophysiology, and neuropathology are the
pillars of diagnostic evaluation for epilepsy (Nascimento et al., 2023).

By modeling epileptic networks based on cortical motifs with focal
spatial heterogeneity, our research examines how focal seizure spread
can be classificated more meticulously and precisely. We discovered an
interaction between the critical region’s intrinsic properties and seizure
type. Focal epileptic networks from the forebrain hemispheres may
activate global epileptic networks in generalized seizures (Aung et al.,
2022). This is consistent with our discovery that some focal seizures
with cortical motifs convert to generalized seizures in the critical kinetic
study system, specifically in some instances, such as generalized seizures
with focal development (Lamy et al., 2022). Current research on the
mechanisms of its genesis relies solely on the subjective,
time-consuming, and inefficient explanations provided by neurologists
under intense demands (Panayiotopoulos et al., 1994). In contrast, ac-
cording to our theory, it is possible to discern this behavior by varying
the regional excitability.

After meticulous consideration of seizure charismatics and diag-
nostic test results, such as video electroencephalogram (VEEG), neuro-
imaging, and genetic testing (Vaca and Park, 2020), a definitive
diagnosis of focal and generalized seizures is made. MRI can detect
minimal motor seizure abnormalities associated with consciousness loss
(Raga et al., 2021; Baykan et al., 2011). It has been demonstrated that
focal neuroimaging findings can be inaccurate (Ba-Armah et al., 2020),
and those focal discharge syndromes are frequently misdiagnosed as
focal seizures (Yu et al., 2019). Neuroimaging should not be used as the
sole method to distinguish between focal and generalized seizures but
rather as a supplementary method. Alternatively, we can combine actual
brain computer data with multimodal data in the future to further refine
our methods and conclusions. Nonetheless, it has been demonstrated
that blending modalities can result in inaccurate feature extraction and
classification (Murariu et al., 2023). In the future, we can incorporate
inventive machine learning methods, such as integrated empirical
modal decomposition and multivariate empirical modal decomposition
(Murariu et al., 2023), to enhance the efficacy of combining actual
multimodal data with our theoretical models.

From another angle, the wavelike processes revealed in the EEG
exhibit linear and near-equilibrium dynamics at macroscopic scale,
despite extremely nonlinear probably chaotic dynamics at microscopic
scale (Robinson et al., 1997; Wright and Liley, 1996; Robinson et al.,
2002; Bazhenov et al., 2008). The linear stability of large-scale brain
dynamics can be used as a criterion to distinguish regular activity from
epileptiform oscillations (Yang and Robinson, 2019). On the one hand,
our current work integrates a dynamic model and local linear stability
analysis for theoretical categorical distinctions, which may be more
representative and circumvent the limitations of EEG signals. Clinical
presentation is one of the most significant criteria for distinguishing
between focal and generalized epilepsy. However, focal seizures are
associated with a wide range of symptoms and clinical behaviors that are
highly diverse (Raga et al., 2021). In the future, our work can also be
integrated with clinical diagnosis to provide more pertinent direction.

In cognitive domains such as situational long-term memory, execu-
tive function, attention, working memory, visuospatial function, and
language, focal and generalized epilepsy produce similar cognitive
dysfunction. Moreover, patients with focal seizures have a reduced
quality of life than those with generalized seizures (Raga et al., 2021).
Patients with hereditary generalized epilepsy have impaired con-
sciousness, cognitive and linguistic abilities, acquired knowledge,
retrieval from long-term memory, and information processing (Andra-
de-Machado et al., 2021). However, the potential cognitive impairment
disparities between focal and generalized seizures have not been thor-
oughly investigated (Raga et al., 2021).

Furthermore, the effective differentiation of seizure types in our
research may allow for further examination of cognitive impairment in
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patients, thereby enhancing prevention and treatment. An underlying
disease, genetic predisposition, structural alterations, antiepileptic
medications, metabolic changes, disease duration, and seizure fre-
quency may cause cognitive impairment. Our investigation of the
mechanisms underlying the critical dynamics of seizures may also
contribute to the potential etiology of cognitive impairment. Epilepsy of
the temporal lobe with memory deficits, epilepsy of the frontal lobe with
executive deficits and attention difficulties, and epilepsy of the parietal
and occipital lobes with a decline in overall cognitive ability, memory,
and executive functioning (Andrade-Machado et al., 2021; Yang et al.,
2021). Currently, our work is based on a theoretical model. However, in
the future, controlled modeling of various brain regions could be used to
analyze the specific types of focal seizures further and assess cognitive
impairment.

The current experiments have limitations, as the exploration of the
virtual structure is limited to three nodes and only extends to the more
extensive and complex whole brain network. Our method provides an
initial correct guidance direction, in which the classification of the type
of connection strength between forward and backward can reduce the
complexity of the connection coefficients of the large-scale directed
brain network. In addition, validation and incorporation of real-world
data still need to be improved. However, the seizure propagation
marker values, s;,,x, we designed also apply to the actual EEG data time
series. The current results indicate that age-concomitant comorbidities
can muddy the distinction between focal and generalized seizures (Raga
et al., 2021). We can match the theoretical model to actual data in the
future. In that case, we can investigate the theoretical model’s specificity
and classify focal versus generalized seizures in patients with similar
characteristics. Similarly, based on better-fitting theoretical models, the
underlying etiology and pathogenesis of various seizures types can be
analyzed in greater detail, as can the mechanisms underlying critical
dynamics. In conclusion, we acknowledge the potential impact of these
factors on classification performance, but our findings provide valuable
insights into the future applicability of the method to real-world
scenarios.

Epilepsy classification is used for ambiguous cases, neuro-
modulation, or surgical treatment options. Metabolic disorders are often
associated with generalized rather than focal seizures \cite{nasci-
mento2023focal}. Focal spikes associated with generalized epilepsy
syndromes and childhood absence epilepsy do not require specific
treatment in the focal absence (Nascimento et al., 2023). In patients with
connectivity-rich focal spikes, especially in children, one does not want
to miss the opportunity for epilepsy surgery, and patients are mis-
classified as having generalized epilepsy (Yu et al., 2019). Conversely, in
patients with generalized epilepsy, one does not want to perform
expensive preoperative epilepsy (Han et al., 2014). The diagnosis of
focal versus generalized epilepsy determines the management of the
patient, then the provision of optimal treatment and care. In surgical
treatment, there are many problems with current neurosurgical re-
sections, such as inconsistency between available histopathologic re-
ports and clinical findings (Aung et al., 2022), and this paper helps in the
preoperative evaluation of surgical resections for focal epilepsy based on
theory. In medication, this paper helps select the right antiepileptic drug
according to the specific seizure typology and circumvent the wrong
choice of drug dosage, which can appear to aggravate seizures in a bad
situation. Similarly, the results of this paper can give more detailed
seizure regions and seizure types, which to some extent provide an
additional data layer for correct diagnosis, which in turn reduces the
cost of treatment and also helps to improve the treatment plan for pa-
tients with different epilepsy types and uncover the underlying patho-
physiology of potential epileptic network alterations.

5. Conclusion

Based on a dynamic model of epilepsy, we investigated the funda-
mental dynamics underlying focal epileptic seizures in different cortical
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subjects, where the evolutionary pattern of pattern transitions contrib-
utes to the categorical differentiation of epilepsy. We found that focal
seizures can spread to varying degrees and even become generalized.
Our approach broadly categorizes focal seizure propagation outcomes
into four categories: inhibitory seizures, focal seizures, focal-critical
seizures and generalized seizures. These four categories also apply to
cortical motifs, representing the evolution and interaction of informa-
tion flow and influenced by the type of connection strength. Inhibitory
seizures and generalized seizures are more common. However, focal and
focal-critical seizures are more difficult to capture; they may be tran-
sient. Finally, we exploit changes in the properties of critical regions to
reveal the underlying dynamics of various epilepsy types. The main ef-
fects are the degree of excitation of critical regions and the intrinsic
properties of cortical motifs. This provides neurologists with an
invaluable tool to classify focal-seizure-spreading outcomes accurately,
leading to more targeted and effective surgical interventions for epilepsy
patients.
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