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The human brain is a dynamic networked system. Patients with
partial epileptic seizures have focal regions that periodically diverge
from normal brain network dynamics during seizures. We studied
the evolution of brain connectivity before, during, and after seizures
with graph-theoretic techniques on continuous electrocorticographic
(ECoG) recordings (5.4 + 1.7 d per patient, mean + SD) from 12
patients with temporal, occipital, or frontal lobe partial onset
seizures. Each electrode was considered a node in a graph, and
edges between pairs of nodes were weighted by their coherence
within a frequency band. The leading eigenvector of the connec-
tivity matrix, which captures network structure, was tracked
over time and clustered to uncover a finite set of brain network
states. Across patients, we found that (/) the network connectivity
is structured and defines a finite set of brain states, (ii) seizures are
characterized by a consistent sequence of states, (iii) a subset of
nodes is isolated from the network at seizure onset and becomes
more connected with the network toward seizure termination, and
(iv) the isolated nodes may identify the seizure onset zone with
high specificity and sensitivity. To localize a seizure, clinicians vi-
sually inspect seizures recorded from multiple intracranial elec-
trode contacts, a time-consuming process that may not always
result in definitive localization. We show that network metrics com-
puted from all ECoG channels capture the dynamics of the seizure
onset zone as it diverges from normal overall network structure.
This suggests that a state space model can be used to help localize
the seizure onset zone in ECoG recordings.

focal epilepsy | seizure localization | network analysis |
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pilepsy affects over 60 million people worldwide, and ap-
proximately 40% of patients have drug-resistant epilepsy
(DRE) with recurrent seizures that are not controlled by
available medications (1-3). It is now routine to consider drug-
resistant partial epilepsy patients, who represent the largest cohort
of patients with uncontrolled seizures, for possible resective seizure
surgery (4). Successful seizure surgery is predicated upon the ability
to localize the seizure onset zone. Although some patients (e.g.,
those with mesial temporal sclerosis or lesional epilepsy) can pro-
ceed to surgery following scalp recordings of seizures delineating
a seizure onset zone (5), a significant number of patients have
seizures that are challenging to localize with scalp ictal (i.e., sei-
zure) recordings. In this case, ictal recordings using intracranial
electrodes (e.g., subdural strips, grids, or depth electrode arrays)
are necessary. The purpose of these intracranial recording
arrays is to provide information about seizure onset and propa-
gation, representing spatiotemporal changes in cerebral function.
Using intracranial electrocorticographic (ECoG) recordings
taken over several days to capture ictal events, clinicians visually
inspect the ECoG recordings at the onset of the seizures and
look for signatures on individual channels (e.g., thythmic spiking,
low-voltage fast activity, etc.) that might be characteristic of the
seizure onset zone (6). With the large numbers of implanted
electrodes (typically more than 100 contacts), this can be time-

www.pnas.org/cgi/doi/10.1073/pnas.1401752111

consuming even for epileptologists who are quick and experienced.
Moreover, the activity on individual channels is affected by func-
tional networks that may involve many channels in the surrounding
regions, and this is not always easily detected through visual in-
spection. Hence, seizure onset zone localization can be challenging
in a significant number of patients (e.g., nonlesional) (7, 8).

In particular, it is unknown whether or not a consistent struc-
ture emerges over time in brain functional networks during in-
terictal and ictal periods. To date, brain connectivity has been
studied by using intracranial ECoG recordings from brief temporal
intervals only (tens to a few hundreds of seconds) in either interictal
periods or ictal periods (9-19), or neuronal ensembles have been
studied in vitro (20-22). Only a handful of studies have examined
the role of the clinically annotated focus (i.e., the region that is
clinically identified as the seizure onset zone and subsequently
surgically resected) in brain networks over time (23-28).

To further investigate the spatiotemporal mechanisms of ce-
rebral function and to investigate whether a consistent structure
emerges over time in brain functional networks, we used a net-
work-based analysis and ECoG recordings from subdural and
depth electrodes in 12 patients with DRE undergoing presurgical
evaluations. We measured brain connectivity continuously (i.e.,
every second) during interictal, periictal, and ictal periods span-
ning several days (5.4 + 1.7 d per patient, mean + SD), and, for
each patient, we used unsupervised clustering to group all of the
networks computed over time into a finite set of distinct networks.

Significance

In epilepsy, seizures elicit changes in the functional connectivity
of the brain that shed insight into the seizures’ nature and onset
zone. We investigated the brain connectivity of patients with
partial epileptic seizures from continuous multiday recordings
and found that (i) the connectivity defines a finite set of brain
states, (ii) seizures are characterized by a consistent progression
of states, and (iii) the seizure onset zone is isolated from the
surrounding regions at seizure onset but becomes most con-
nected toward seizure termination. Our results suggest that
a finite-dimensional state space model may characterize the
dynamics of the epileptic brain and ultimately help localize
the seizure onset zone, which is currently done by clinicians
through visual inspection of electrocorticographic recordings.
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Finally, if a robust set of clusters emerged, we examined how the
brain transitions between these network clusters (brain states).

Across all patients, we found that the interictal activity enters
only a small set of distinct states (two to five), whereas there are
2-11 states during seizures. We also found that, during seizures,
the brain transitions through a finite set of network states in
a reproducible manner, i.e., the pattern is the same across
different seizures in the same patient, with characteristic onset
and termination. These findings suggest that the brain con-
nectivity may be described in a low-dimensional state space.

Moreover, the uncovered brain states allowed us to charac-
terize the activity in the seizure onset zone before, during, and
after ictal events, which may help understand the role of the zone
in network connectivity dynamics. In particular, for each brain
state revealed by our analysis, we studied the connectivity of the
clinically annotated seizure onset zone to the remaining brain
network and we found that there is a specific state during sei-
zures that consistently occurs shortly after the seizure begins
(especially in patients with successful surgeries that likely had
adequate electrode coverage of the seizure onset zone). In this
state, the seizure onset zone is significantly isolated from the rest
of the network.

In Discussion, we describe how the isolated state of the seizure
onset zone may be used to assist in the development of a method
to localize the seizure onset zone from intracranial ECoG record-
ings. Characterization and localization of the seizure onset zone are
of utmost importance to guide subsequent surgical resection, which
is still the best therapeutic alternative for patients with DRE (4).
However, failure to optimally identify the seizure onset zone can
occur even with intracranial ECoG recordings, particularly in
patients with nonlesional epilepsy, and this can result in sub-
optimal surgical outcomes and a high chance (~40%) of seizure
recurrence within one year postsurgery (7, 8). Preliminary results
of this study were presented in (29).

Results

We analyzed the functional brain connectivity across 42 seizures
in 12 DRE patients with temporal, occipital, or frontal lobe
partial seizures over several days of continuous multichannel
intracranial ECoG recordings (average values per patient: 130.7 +
40.9 h of ECoG recordings, 88 + 22 electrodes, 3.5 + 1.51 seizures;
mean + SD). See details in Tables 1 and 2. We studied the pattern
of network connectivity over time, and we assessed the centrality

of the clinically assigned seizure onset zone to the dominant
connectivity during seizures.

Network Analysis. For each patient, we tracked the evolution of
the brain network over consecutive windows (window length:
2.5 s; overlap: 1.5 s) by computing a connectivity matrix from
the multielectrode ECoG data in each window, which resulted
in one matrix per 1 s of data segment.

Each electrode was considered a node in a graph, and edges
were weighted by the average normalized coherence in a fixed
frequency band (see definition in Materials and Methods). This
band varied with the patient and was one among [1, 4] Hz, [5, 8]
Hz (theta), [9, 13] Hz (alpha), [14, 25] Hz (beta), [25, 90] Hz
(gamma), and [100, 200] Hz (Table 2). For each patient, the
band was determined by computing the average r-spectrum
across all of the ECoG electrodes and choosing the frequency
window with the greatest modulation during seizure (Fig. 1).

The resultant connectivity matrices revealed a consistent pat-
tern around seizures. Fig. 2 shows ECoG recordings from 10 focal
electrodes in a patient (Fig. 24) and three samples of connectivity
matrices computed at the electrographic onset time of the sei-
zure, 100 s after onset, and 200 s after onset, respectively (Fig. 2B).
The connectivity was weakest at the electrographic onset time
(left plot). Then, after 100 s, channels in the temporal lobe (cen-
tral plot: channels 5-22, 45-47, 52-54, 58-65, 80-86) de-
veloped into a connected subnetwork and gradually grew until
most electrodes were strongly connected 200 s after the onset
(right plot).

The network connectivity at each second was summarized
by computing the eigenvector centrality (EVC) of the nodes
from the correspondent connectivity matrix, where the EVC
captures the importance of each electrode (node) in the graph
(30). For the case in Fig. 2, the EVCs (Fig. 2C) capture the pattern
of weak connectivity at the electrographic onset time, increase at
100 s, and finally indicate, at 200 s, that most electrodes have
nearly equal (high) centrality, which suggests that most electrodes
in the network are strongly connected to one another.

Brain States. The EVCs can be represented as vectors in the RV
space, where N is the number of electrodes (30). As the EVCs
change in time, the corresponding vectors point in different direc-
tions in RY, and we used the directions (subspaces) visited by the
EVCs under different conditions to define the brain states.

Table 1. Patients with drug-resistant epilepsy
ID Age/sex Type SZ type Elc. Surgery Outcome
Group 1
1 18/M Lesional, temporal CPS+GTC S Left anterior TL, AMG, and partial HIPP Seizure recurrence
2 17/F Lesional, extratemporal CPS+GTC S Right inferior OL Seizure free
3 14/na Lesional, extratemporal CPS+GTC S Left posterior PL Seizure free
Group 2
4 49/F Lesional, temporal CPS S Left selective AMG and HIPP Seizure free
5 5/M Nonlesional, extratemporal PS S Right posterior TL and OL Seizure free
6 24/M Lesional, extratemporal CPS S Right anterior TL, AMG, and HIPP, and frontal PL Seizure free
7 36/M Lesional, extratemporal PS S+ D  RightFL, right PL Seizure free
8 24/M na PS S+ D Right OL, right PL Seizure free
Group 3
9 34/M Nonlesional, temporal CPS S Left TL Seizure recurrence
10 29/F Lesional, extratemporal CPS S Right TL, partial OL Seizure recurrence
11 24/M Nonlesional, extratemporal CPS S+D Left FL Seizure recurrence
12 31/M Nonlesional, extratemporal CPS S+D Left FL Seizure recurrence

Groups 1 and 2 include patients who had a single resection. Group 3 includes patients that had previous resection surgeries. AMG, amygdalectomy; CPS,
complex partial seizure; D, depth electrodes; Elc., electrode type; FL, frontal lobectomy; GTC, secondarily generalized tonic-clonic seizure; HIPP, hippo-
campectomy; na, information not available; OL, occipital lobectomy; PL, parietal lobectomy; PS, simple partial seizure; S, subdural grid electrodes; “Seizure
free” means that no seizure was reported within six months; “Seizure recurrence” means that seizures recurred within six months postsurgery; Sz, seizure; TL,

temporal lobectomy.
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Table 2. ECoG recordings and results
r-spectrum No. states Earliest max ROC Earliest max ROC P value state

ID S/D Time No. seizures peak band (Il, Pre, SZ, Post) AUC IF/time AUC CF/time transitions
Group 1

1 75/0 1321 3 Beta (3,3,6,2) 0.93/0.17 0.83/0.55 <0.0001

2 40/0 113.4 2 Beta (2,25, 2) 0.77/0.0 0.74/0.41 0.25

3 94/0 131.7 4 Alpha (2,4,11,1) 0.91/0.14 0.76/0.94 0.0006
Group 2

4 82/0 137.4 4 Beta (3,3,4,5) 0.85/0.0 0.41/0.21 <0.0001

5 79/0 45.9 5 Beta 2,232 0.87/0.28 0.73/0.99 0.041

6 65/2 231.4 2 Beta (3,222 0.87/0.0 0.61/0.13 0.55

7 99/4 129.5 2 Theta (2, 2,3, 3) 0.84/0.24 0.46/0.01 0.62

8 101/3 137.7 7 Beta (5, 3,4, 4 0.50/0.99 0.60/0.04 0.83
Group 3

9 89/0 106.3 4 Beta (3,3,6,2) 0.54/0.84 0.66/0.39 0.0013

10 110/0 140.1 3 Beta (2,5, 3,3) 0.43/0.39 0.63/0.01 0.84

1 116/3 132.2 4 Gamma (3,131 0.56/0.69 0.47/0.11 0.0004

12 112/2 131.5 2 Gamma (2,3,2,2) 0.56/0.0 0.54/0.29 0.084

Number of electrodes, seizures, and brain states, and results of the ROC analysis. Il, interictal; Post, postictal epoch; Pre, preictal epoch; S/D, number of subdural
(S) and depth (D) electrodes; SZ, seizure; “Time" denotes the duration (in hours) of the continuous recordings per patient. The numbers under the column labeled
“No. states” indicate the number of brain states uncovered during each period Il, Pre, SZ, and Post. The “Earliest max ROC AUC IF/time” is the maximum area
under the ROC curve achieved when using the centroid vector obtained in the IF state near the beginning of seizure. The “Earliest max ROC AUC CF/time” is
the maximum area under the ROC curve achieved when using the centroid vector obtained in the CF state near the middle-to-end of seizure.

Specifically, when the EVC vector pointed in the same direction
in RN over a period of time, the brain was considered to be in a
consistent state. When the EVC vector rotated to a new direc-
tion, the brain was considered transitioning into a new state.
We analyzed the EVCs for state changes in each patient sepa-
rately by using unsupervised clustering techniques (31, 32) (Mate-
rials and Methods). Figs. 3 and 4 report the brain states derived from
our analysis for patients 1 and 4 in Tables 1 and 2, respectively.
Patient 1 (complex partial seizures with secondary tonic-clonic
generalization) had a r-spectrum peaking in the beta band and
the resected focus was located in the temporal lobe near elec-
trodes 67-68, 72-73, and 77-79 (Fig. 3 E and F). A comparison
between the spectrograms of interictal and ictal periods (Fig. 3 C
and D) shows the occurrence of enhanced activity in the low-
frequency range during seizures, which did not appear during
interictal periods. Correspondingly, a few patterns in the elec-
trodes’ EVCs emerged and abrupt changes between patterns
were noted as each seizure progresses (Fig. 3F). These patterns
correspond to specific evolutions of the brain state (Fig. 3 G and

r-spectrum

10 20 30 40 50 60 70 80 90 100
frequency (Hz)

Fig. 1. Population-averaged r-spectrum (black curve) and mean r-spectrum

for each patient (nonblack curves).
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H), were patient specific, and resulted consistent across multiple
seizures. Consistency was assessed by using a simulation-based
shuffle analysis with significance level P <0.05 (P value) (Materials
and Methods).

In patient 1, all of the seizures reliably progressed through the
same set of states (sequence of states: 4 - 6 - 8 - 7 —> 5 > 0),
and eventually visited state 9 late in seizure, but before the
seizure’s termination (two out of three seizures). This state
transition topology is shown in Fig. 54. Also, in contrast to the
highly variable connectivity during seizures, the connectivity
during interictal periods and in 10-minute-long windows right
before and after seizure (preictal and postictal epochs, re-
spectively) was relatively stable (Fig. 3 E and F), with the brain
visiting a smaller number of states (Fig. 3 G and H).

Fig. 4 illustrates our analysis for a complex partial seizure
without secondary generalization recorded from patient 4. The
r-spectrum peaked in the beta band and the resected focus was
located in the occipital lobe near electrodes 41 and 46. A char-
acteristic spectrogram modulation was reported during seizure
(Fig. 4 C and D), and, correspondingly, discrete state changes in
the EVCs emerged (Fig. 4F), even though they were not visually
apparent in the ECoG time series (Fig. 4 B-D). In this patient,
the progression of state changes across all of the seizures showed
a consistent structure (sequence of states: 4 - 6 -7 -5 - 7;
Fig. 4 G and H), with significant differences from the case with
tonic-clonic secondary generalization (e.g., the seizures here
oscillated between states 5 and 7 and revisited state 4, which
occurred right at the beginning of the seizure, before suppres-
sion; Fig. 5B).

In both patients, there were fewer interictal states (three states
only) and the intrastate distances between interictal states (i.e.,
difference between the correspondent EVC vectors) were smaller
than the intrastate distances estimated during the ictal periods and
the pre/postictal epochs. Moreover, differently from the patterned
evolution of the states during seizures, the state changes during
interictal periods did not follow a regular progression. Table 2
reports results for the remaining patients.

Relationship Between Brain States and Seizure Onset Zone. Once the
brain states were determined for each patient, we examined the
role of the clinically assigned seizure onset zone in each state. All
of the electrodes located within the resected region (Table 1)
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Fig. 2. (A) ECoG recordings from the seizure onset zone as the seizure
begins. (B) Rescaled standardized connectivity matrices (C) computed at the
times marked by the vertical dashed lines. The matrices show an increase in
connectivity between the electrodes as the seizure progresses. (C) Eigen-
vector centralities (EVCs) computed from the matrices in B. EVCs indicate
a change in the topology of brain connectivity between the three vertically
marked time periods. The most central electrodes to the connectivity are in
red, and the most isolated ones are in blue.

were assumed to record from the focal area. This assumption is
reasonable for patients with successful surgical outcomes (patients
2-8, Table 1), but may not hold in patients with failed surgeries
(e.g., patients 9-12, Table 1).

We found that, in patients with positive surgical outcomes
(i.e., patients who were seizure-free after surgery; Table 1), the
focal areas were the least connected in the network (least im-
portant) shortly after the onset time of the seizure and we
denoted this state as the “isolated focus” (IF) state. We also
found that, in many of these patients, the focal areas became
most connected in the network in a brain state that occurred
during the middle or end of the seizures, and we defined this
state as the “connected focus” (CF) state. The network struc-
tures that define these states are shown superimposed on stan-
dard brain images in Fig. 5 4 and B for patients in Figs. 3 and 4,
respectively. In these figures, the red nodes denote the clinically
assigned seizure onset zone and the blue ones denote the
remaining electrodes. The diameter of each node is proportional
to the correspondent EVC, and the edge weights are derived from
the state’s centroid connectivity matrix. For patient 1, states 6
and 7 are the IF and CF states, respectively; for patient 4, state
6 is the IF state, but no CF state exists.

Determination of the Seizure Onset Zone Using the IF State. Because
an IF state emerged in patients with successful surgeries, we hy-
pothesized that this connectivity pattern might provide a signature
of the focal area. We investigated this hypothesis by performing
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Fig. 3. A patient with secondarily generalized seizures (patient 1). (A and B)
ECoG recordings from focal electrodes during an interictal period (A) and a
periictal period (B). The period in B includes one seizure, 2.5 min before it
(preictal), and 2.5 min after it (postictal). Black vertical lines show seizure
onset and termination. (C and D) Power spectrogram averaged across elec-
trodes for the data in A (C) and B (D), respectively. (E and F) Eigenvector
centralities (EVCs) of the electrodes during the period in A (E) and B (F),
respectively. (G and H) Black lines indicate the states fitted to the EVCs in
E (G) and F (H), respectively. In H, the vertical blue lines indicate the state
transitions that correspond to the data in B, D, and F, respectively; the non-
black horizontal lines indicate the states fitted to the remaining seizures from
this patient, scaled to the length of the seizure in B. IF state and CF state are in
the blue box and red box, respectively.

a receiver operator characteristic (ROC) analysis on the centroids
of the ictal states (31). See details in Materials and Methods.

For each patient and identified seizure state, we constructed a
resection indicator (RI) vector, i.e., a vector whose entries were 1
for electrodes that corresponded to the seizure onset zone and
0 otherwise, and we compared the state centroid vector to the
RI vector in two ways:

i) IF analysis: We assumed that the least central nodes were
indicative of the seizure onset zone; hence, any centroid
EVC below a threshold value would be identified as seizure
onset zone. For each ictal state, we constructed the ROC curve
by varying the threshold and used the area under the ROC
curve (AUC) as a measure of performance (33);

ii) CF analysis: We assumed that the most central nodes were
indicative of the seizure onset zone, and therefore any cen-
troid EVC above a threshold value would be identified as
seizure onset zone. For each ictal state, we constructed the
ROC and measured the AUC values as above.

Figs. 6 and 7 report the results for the patients in Figs. 3 and 4,
respectively. Fig. 64 shows the AUC values for states during
seizure in case of IF analysis. The centroid that best predicts the
resected region occurs approximately 75 s after the onset time of
the seizure in all of the seizures and corresponds to state 6 in Fig.
3H. Correspondingly, the AUC value was 0.9 compared with the
RI vector, thus indicating a strong relationship. Similarly, the CF
analysis (Fig. 6B) indicates that the resected zone is the most
connected about 140 s after the seizure onset time in all of the
seizures (AUC >0.85). Fig. 6 also shows the centroids associated
with the IF and CF state (Fig. 6 C and D), respectively, the nor-
malized connectivity matrices (Fig. 6 E and F), and an image of
the left inferior hemisphere of the brain showing the location of
the electrodes (Fig. 6G).

Burns et al.
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Fig. 4. A patient with complex partial seizures (patient 4). (A and B) ECoG
recordings from focal electrodes during an interictal period (A) and a peri-
ictal period (B). The period in B includes one seizure, 2.5 min preictal, and
2.5 min postictal. Black vertical lines indicate seizure onset and termination.
(C and D) Power spectrogram averaged across electrodes for the data in A
(C) and B (D), respectively. (E and F) EVCs of the electrodes during the period
in A (E) and B (F), respectively. (G and H) Black lines indicate the states fitted
to the EVGCs in E (G) and F (H), respectively. In H, the vertical blue lines in-
dicate the state transitions that correspond to the data in B, D, and F, re-
spectively; the nonblack horizontal lines indicate the states fitted to the
remaining seizures from this patient, scaled to the length of the seizure in B.
The IF state is in the blue box.

In particular, in the matrix associated with the IF state (Fig.
6F), the resected regions are either disconnected from the rest of
the brain network (LIT electrodes, Fig. 6G) or only weakly con-
nected (LAT electrodes, Fig. 6G). In contrast, the matrix associ-
ated with the CF state (Fig. 6F) shows that both LIT and LAT
electrodes are highly connected in this state (i.e., the seizure onset
zone is strongly connected locally within the temporal lobe) but
also that the seizure onset zone has strong connections to other
regions (e.g., LFG and LTG electrodes). A schematic of the
electrodes in the IF and CF state is reported in Fig. 6 H and I,
respectively.

Fig. 7 A and B depicts the AUC values for the IF and CF
analysis in patient 4, respectively. Similar to patient 1, Fig. 74
shows that an IF state consistently occurs in all of the seizures
shortly after the electrographic onset time. Unlike patient 1,
however, there was no CF state in patient 4, as indicated by the
lack of states with AUC >0.6 (Fig. 7B). The absence of this state
was a characteristic feature of all of the patients with complex
partial seizures without generalization (see next section).

Fig. 7 C and D show the centroid and the connectivity matrix
corresponding to the IF state, respectively. The LPT, LMT, and
LAT electrodes were associated with the minimal entries in the
centroid vector (LMT cover the clinically assigned seizure onset
zone) and the focal channels 41 and 46 (which belong to the
LMT grid; see Fig. 7F) were disconnected from the rest of the
electrodes except for a few weak connections to the LPT elec-
trodes. Although the lack of secondary generalization deter-
mined a less strong connectivity during seizures, we still noted
interregional connections (e.g., LPF and LPS, LOF and LLF,
LOF and LPS). The LAT and LMT electrodes were sparsely
connected intraregionally and lacked of strong connections to
other brain regions, whereas the LPT electrodes were mostly
disconnected. Fig. 7E shows brain images of the left hemisphere

Burns et al.
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Fig. 5. (A and B) State transition diagrams corresponding to the states in
Fig. 3H (A) and Fig. 4H (B), respectively. The networks are overlapped with
brain images for a few states. Red nodes denote the annotated seizure onset
zone and the diameter of each node is proportional to its EVC. Note that, in
the IF states, the EVCs of the focal regions are small, which indicates a loss of
connectivity from the rest of the network. In the CF state, instead, the EVC of
the seizure onset zone is largest. SOZ, seizure onset zone.

and the inferior region with the arrangement of the electrodes
and labeled resected areas. Fig. 7F shows a schematic of the IF
state connectivity: the LPS and LPF electrodes were strongly
connected (large dots), whereas the anterior part of LAT and
inferior parts of LPT and LMT (i.e., the resected region) were
disconnected.

Population Statistics. Fig. 8 shows the population results (i.e., 42
seizures from 12 patients). Patients were divided in three groups
(Table 1): patients with secondarily generalized tonic-clonic
seizures and a single resective surgery (group 1); patients with
partial or complex partial seizures without generalization and with
a single resective surgery (group 2); patients with partial seizures
without generalization who received more than one resective
surgery (group 3). To compare properties across seizures, each
seizure was normalized to be of unit length. Fig. 8 D-F reports
the results of the statistical tests on the response in these groups
with the 90th, 95th, 99th, and 99.5th percentiles. Percentiles were
derived nonparametrically by using a simulation-based shuffle
method (Materials and Methods).

For group 1, high AUC values (i.e., AUC >0.7; Fig. 84) for
the IF analysis are associated with the focal area being isolated,
whereas low AUC values (i.e., AUC <0.3) indicate that the focal
area is strongly connected. All of the AUC curves had a stereo-
typical shape with high values at the onset time, a rise during the
beginning of the seizure, a fall later in the seizure, and second rise
(back to ~0.5) at the end of the seizure. The rising period occurred
at a consistent time in all of the patients, whereas the timing of the

PNAS | Published online November 17, 2014 | E5325

%)
=2
o
a
w
<
=
[

NEUROSCIENCE



L T

/.

A 1 ROC analysis B 1 ROC analysis
0.8 0.8
8 0.6 0.6
<04 0.4
02 |F state 0.2 CF state
0 50 100 150 200 0 50 100 150 200
C time (sec) D time (sec)
20_15 centrod o 0.15 centroid pnpm
£ o 0.1
80.05 0.05
10 3?? 5|0
channels
E F

focal channels

LFG
LTG
LIT

14| LAT

5 [HYay

16]LPT

Resected
Areas

Resected <7)~

Areas

Resected
Areas

EEEEEEE
LMT & LPT LMT & LPT

Fig. 6. Receiver operator characteristic (ROC) analysis for the patient in
Fig. 3. (A and B) Area under the ROC curve (AUC) generated by comparing
the resected areas to the inverted centroids (A) and to the centroids (B)
corresponding to the states in Fig. 3H. Color code is as in Fig. 3H. The states
corresponding to the IF and CF are shaded in blue and red, respectively. (C
and D) EVCs of the IF centroid corresponding to the shaded state in A (C)
and EVCs of the CF centroid corresponding to the shaded state in B (D).
(E and F) Average connectivity matrix assigned to the IF state (E) and the CF
state (F). The location of the electrodes in the brain is labeled on the axes.
Channels in the matrix align vertically with the centroid in C and D, re-
spectively. (G) Location of the electrodes on the brain. The resected area is in
the white box. (H and /) Schematic of the dominant connectivity in the IF state
(H) and in the CF state (/). The magnitude of the EVCs is indicated by the size of
the dots, the connected regions are shaded green, and the resected areas
are labeled.

drop was different across patients (hence, the drop was not in
the mean value).

The period of high AUC values was statistical significant
(above the 99.5th percentile; Fig. 8D) at the onset time and
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during the first 40% of the seizure (t=0.4). This indicates that,
during seizures with secondary tonic-clonic generalization, the
seizure onset zone was significantly isolated from the remaining
areas at the onset time and through the early stages of the
seizures with the most isolated time occurring at t=0.2. Fur-
thermore, we tested the significance of the AUC values for each
patient in group 1 individually, and we found that the drops in
AUCs were significant at the 99.5th percentile in two out of
three patients (r=0.9 and r=0.6; red and magenta lines, re-
spectively; Fig. 84). This indicates that the seizure onset zone may
be highly connected during late stages of the seizures, but,
unlike the IF state, the timing of the CF state is not consistent
across seizures.

For group 2, we noted more heterogeneous responses and, on
average, larger peaks in the AUC value at the seizure onset time
and smaller peaks around seizure termination (Fig. 8B). In-
dividual patients had peaks that aligned with subsets of these
population peaks. One patient (green line) showed no in-
dication of IF, whereas another patient (orange line) had an IF
for most of the seizure duration. Most of the patients, however,
showed no period of low AUC values in case of IF analysis, which
indicates that there was no time period when the seizure onset
zone was strongly connected. The periods of high AUC values at
onset and midseizure (i.e., t€[0.3 0.5]) were both very significant
(Fig. 8E), which means that, during partial seizures, the seizure
onset zone is isolated from the rest of the areas at onset and
midseizure.

For group 3 (i.e., patients with persistent postsurgery ictal
activity, which required additional resective surgeries), we found
that the AUC values were close to the chance level (0.5, Fig.
8C), perhaps because either part of the resected areas was not
focal or there were additional focal areas that were not removed
during the resection. In both cases, the resected areas were un-
likely aligned with the seizure onset zone and the poorly predictive
power of the AUC values represents a result of this misalignment.
The statistical analysis, in fact, revealed that there were no time
periods for patients in this group wherein the clinically assigned
seizure onset zone was significantly isolated from the other areas
of the brain (Fig. 8F).

Statistical tests analogous to those reported in Fig. 8 were re-
peated for the AUC values derived with the CF analysis. Results
indicate that there were no time periods during seizure in any
of the three groups when the seizure onset zone was significantly
connected to the other brain areas. We also tested the progression
of the state changes during the seizures for each patient, and we
found that, in 6 out of 12 patients, the progression was statistically
significant (P <0.05, Table 2), which indicates that a subpopu-
lation of patients had very consistent sets of brain states they pro-
gressed through during seizures. For the remaining six patients, the
P value was around 0.5, which suggests that the brain state pro-
gressions during seizures in these patients were likely random.

Discussion

We have shown that the brain activity recorded through subdural
ECoG and depth electrodes in 12 patients with DRE can be de-
scribed by a small number of discrete connectivity states during
interictal stages (25 states), ictal stages (2-11 states), and the pre/
postictal epochs defined around the seizures (1-5 states). We also
found that the brain transitions through a consistent progression
of states during seizures, which suggests the existence of a charac-
teristic pattern of information flow across the brain during seizures.

The fact that the brain only visits a small number of states
suggests that, although the cerebral activity may be highly com-
plex, there exists a low-dimensional dynamical space in which the
brain commonly operates. This reduced state space of brain
dynamics accounts for mutual interactions and network effects
among different brain regions, and can be accessed through a
network-based approach as proposed here. In particular, the
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existence of a finite set of states confirms that the transient neural
activity of the brain has metastable properties (34, 35) and suggests
that such activity changes during seizure events, whereas it is
not apparently affected by cognitive processes or sleep/wake
transitions (36). Moreover, because we uncovered these states by
using ECoG recordings and we tracked the evolution of the brain
network from one state to one another, our results suggest that
a finite-state, data-driven model (e.g., hidden Markov model)
could capture the brain dynamics, thus expanding the arrays of
tools currently available to study brain activity and perform seizure
onset time detection (37-40). Overall, these analyses could assist
experts in identifying patterns that might not otherwise be
readily evident.

Brain States and the Role of the Seizure Onset Zone. Recent evidence
has indicated that the epileptic brain network may experience
topological and functional alterations both during seizures and
interictal stages, which can be captured by using network-based
analyses (9, 11, 21, 26, 28, 35, 36, 41, 42). In particular, it has
been shown both with local field potentials and ECoG recordings
that during seizures the brain network evolves through a multi-
farious pattern of distinct topological structures, with the
emergence of large subnetworks both at seizure onset and ter-
mination (9, 28). In contrast, during interictal stages, an increased
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network regularity and the emergence of repetitive, metastable,
frequency band-dependent scaffolds of brain connectivity has been
reported (35, 36, 41).

Our approach provides further evidence to these observations
and, in addition, it explores the temporal evolution of the brain
network topology. In particular, we show that the emergence and
recession of transient activity during interictal stages (35) actu-
ally corresponds to fluctuations between very few brain states
(two to five states), which have similar levels of synchronization,
are likely insensitive to cognitive conditions, and differ from the
seizure-related states. Analogously, the multifarious topological
progression of the brain network during seizures (9) inhabits only
a small number of distinct states (Fig. 5), which capture the
different levels of coalescence and fragmentation occurring in
the brain network (36).

Furthermore, by combining postoperative follow-up informa-
tion about the seizure onset zone (Table 1), we showed that the
characteristic subnetwork topology emerging at seizure onset
time (9, 11, 28) does not include the seizure onset zone, which
remains significantly isolated from the remaining regions. This
occurred across patients both with and without secondary gener-
alization of the seizures (group 1 and 2), although the duration of
the focal isolation was longer in seizures with generalization.

Interestingly, two out of three patients with secondary gener-
alization of the seizures (group 1) also showed later stages during
the seizure when the seizure onset zone was strongly connected
to the rest of the recorded brain network (P < 0.05), even though
these stages did not occur at the same time across patients and
resulted in the mean not showing a connected time period (Fig. 3).

Based on the notion of centrality (30), the isolation of the
seizure onset zone at the beginning of the ictal events is con-
sistent with the fact that the seizure onset zone typically exhibits
early abnormal ECoG activity compared with the remaining
regions (6), which makes the connectivity of the seizure onset
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zone to any other region in the brain relatively low. At later
stages of the seizure, instead, the occurrence of strong hyper-
synchronization among different regions into an abnormal
pattern determines an increase of the seizure onset zone’s
centrality, i.e., the seizure onset zone becomes highly connected
in the network.

Interestingly, the difference between groups 1 and 2 could
depend on how seizures propagate. Although purely speculative,
it might be possible that, in the case of secondarily generalized
seizures, the ictal activity might propagate more rapidly or has a
larger focal region (43), and this would result in a shorter du-
ration of the focal isolation. For patients who had partial seizures
without secondary generalization and who had previous resective
surgeries (group 3), instead, we could not consistently identify
any time period with the seizure onset zone isolated or strongly
connected. The lack of such periods could be a consequence of
the misalignment between the resected areas and the seizure
onset zone and/or inadequate electrode coverage of the brain.
In particular, in patients who had previous resective surgeries,
we analyzed ECoG recordings that were taken before the first
resective surgery. The clinically reported resected areas included
the whole set of regions resected across all of the surgeries
to date. Hence, it is possible that, in these patients, the total
resected area was larger than the clinically annotated seizure
onset zone. This means that, when used with these recordings,
our ROC-based resection indicator vector may have included
electrodes that were not covering a focal region, and, therefore,
it distorted the ROC analysis for these patients. Similarly, in
patients who continued to experience seizures after all surgeries,
the resected region may not include all of the seizure onset zone,
and therefore our ROC-based resection indicator vector would
have excluded electrodes that should have been included, again
distorting our ROC analysis.

The strong difference between the results for groups 1 and 2
(single resective surgery) and group 3 (history of previous resective
surgeries) suggests that our network analysis may be able to assist
clinicians either in identifying a region of interest that likely contains
the seizure onset zone or in suggesting that electrode coverage may
not be adequate. Our ROC analysis on the EVC centroid values
shows that the IF state identified in groups 1 and 2 reliably identifies
the seizure onset zone. This suggests that, in cases where electrode
coverage is likely adequate (as in groups 1 and 2 who had a single
resective surgery), there should be a group of electrodes that
disconnect from the brain network around the time of seizure
onset. Therefore, one can compute the EVC during seizure events
from the ECoG recordings and identify the group of electrodes (if
any) that disconnects from the network around the time of seizure
onset. If such a group is detected, then these regions can be
identified as a “region of interest” for clinicians to carefully an-
alyze. If no electrode disconnects from the network around the
time of seizure onset, then clinicians can be informed that the
“region of interest” is the empty set and reconsider the electrode
coverage hypothesis.

Materials and Methods

Data Acquisition, Resection, and Postsurgical Outcome. Patients included in
this study were surgically treated for drug-resistant seizures at the Johns
Hopkins Hospital and underwent invasive presurgical monitoring with sub-
dural grid-and-strip arrays for seizure localization or mapping of eloquent
areas (Table 1). Clinical monitoring lasted five to seven days per patient and
included two to seven clinical seizures. Decisions regarding the need for
invasive monitoring and the placement of electrode arrays were made in-
dependently of this work and solely based on clinical necessity. The research
protocol was reviewed by the Institutional Review Board (IRB) at The Johns
Hopkins Hospital, and ECoG recordings were acquired without interfering
with the clinical procedures and length of patient’s stay after that informed
consent was obtained.

Subdural grid arrays, strips, and depth-electrode arrays were implanted in
various combinations as determined by clinical assessment for patients with
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temporal, occipital, or frontal lobe seizures. Subdural grids had 20-64 con-
tacts per array and were used in combination with subdural strips (four to
eight contacts) or depth arrays, thus having 80-120 electrodes per patient
over all. Intracranial contact locations were documented by postoperative CT
coregistration with preoperative MRI.

The average length of the recording from each electrode in this study is
130.8 + 40.9 h per patient (mean + SD). Recordings were acquired with a
Stellate system (Stellate Systems) with 1,000-Hz sampling rate and 300-Hz
antialiasing filter, and were converted to EDF format for storage and further
processing. Each EDF file stored ~42 min of continuous ECoG data from all of
the channels and it was automatically generated by the acquisition system.
Consecutive EDF files cover consecutive, nonoverlapping time windows with
less than 5-s lag in between. Digitized data were stored in an IRB-approved
database compliant with Health Insurance Portability and Accountability
Act (HIPAA) regulations.

Board-certified electroencephalographers (up to three) marked, by con-
sensus, the unequivocal electrographic onset of each seizure and the period
between seizure onset and termination. The seizure onset was indicated by
avariety of stereotypical electrographic features, which include, but were not
limited to, the onset of fast rhythmic activity, an isolated spike or spike and
wave complex followed by rhythmic activity, or an electrodecremental re-
sponse (6). Concurrently with the examination of the ECoG recordings,
changes in the patient’s behavior were sought from the video segment of
video-ECoG recordings.

For each patient, we combined surgical notes about the electrodes cor-
responding to resected regions and postoperative follow-up information
about how the resection affected the patient’s seizures (Table 1). If, after
surgery, a patient reported no seizures or could manage epilepsy with
medications, then the resected areas were determined to correspond to the
seizure onset zone. If the patient continued to have seizures after the re-
section, the resected region was determined to be smaller than or outside of
the focal region. Finally, if the patient required multiple resections, the
resected areas were determined to be larger than the seizure onset zone.

Spectral Analysis. The ECoG signals were processed in the referential re-
cording configuration (i.e., each signal was referred to a common reference)
and signals not related to the subdural activity (less than five signals per
patient, e.g., signals from reference electrode, ECG electrode, etc.) were
discarded. Because our analysis was conducted off-line on multiday contin-
uous recordings, short-duration artifacts in the data likely due to movements
(e.g., yawning, shaking, head turning, etc.) were not removed as they would
have little impact. No long-duration artifacts (e.g., due to electrodes dis-
connected for several minutes) were present in our dataset. The sets of
electrodes actually included in this analysis are reported in Table 2.

Each ECoG signal was divided into consecutive 2.5-s-long windows (1.5-s
overlap). Each window (2,500 samples) was zero-phase filtered with a notch
filter (notch frequency: 60 Hz; bandwidth: 4 Hz) and normalized by re-
moving the mean and dividing by the SD. Then, the power spectrum of
the window was estimated with the Welch’s method (1-s-long segments,
75% overlap), thus resulting into a 1-Hz resolution (33).

The spectra over these windows were averaged separately over interictal
and ictal periods and the ratio Réf’s/f’, (r-spectrum) between the resulting
average ictal and interictal spectra (Ps and Pj, respectively) was computed.
For each patient, we evaluated the average r-spectrum in the frequency bands
[1, 4] Hz, [5, 8] Hz, [9, 13] Hz, [14, 25] Hz, [25, 90] Hz, and [100, 200] Hz, and we
selected the band where the maximum r-spectrum was achieved (Fig. 1).

Network Analysis. For each patient, the electrodes were treated as nodes in
a graph and the strength of the edge between any two nodes was given by
the average coherence between the ECoG recordings from those two elec-
trodes in the band with maximum r-spectrum. For each patient, we used the
following procedure:

i) We divided the ECoG recordings into consecutive 3-s-long windows (2-s
overlap) and, for each window k=1,2,3,..., we computed the matrix
C(k), whose generic (i, j)th element is the coherence between the ECoG
recordings of the ith and jth electrode in that window:

Py tk
k)45, Py 1l

where P;;(k) is the cross-spectrum density between the ith and jth elec-
trode averaged over the band with maximum r-spectrum in the window k,
and P;;(k) and P;j(k) are the autospectrum densities for the ith and jth
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electrode averaged over the same band, respectively. These spectra were
computed with the Welch’s method (1-s-long segments, 50% overlap). Note
that the matrix C(k) describes the topology of the graph in the window k;

i) To highlight the connectivity associated with the seizures, we computed
the deviation C(k) of each matrix C(k) from the average baseline con-
nectivity, i.e., the generic (i, j)th element of C(k) was the element Gij(k)
in Eq. 1 subtracted by the mean y;; and divided by the SD o;; of the
elements C;; over the entire interictal period. Furthermore, we retained
the interpretation of the connectivity matrix as containing weighted
connections on [0, 1] by using the transformation:

_ eClk)
Ka—; [2]
1+eck)

iii) For each matrix E(k), we computed the network EVC (30). Briefly, the
centrality is a measure of how connected electrodes are in the network,
i.e., an electrode has high centrality if it is strongly connected (high
coherence) to many other electrodes. The EVC is measured by the lead-
ing eigenvector of C(k), i.e.:

EVC) =15 ICTCRAT 31
where (k) is the leading eigenvalue of C(k) and EVC; is the unit-length
leading eigenvector of C(k). In this way, the ith element of EVCy is a
measure of the centrality of the ith electrode in the network (30). The
leading eigenvector indicates a direction in the brain’s state space and can
be used to diagnose subspaces (network topologies) that correspond to dif-
ferent clinical states. For example, when the state of connectivity changes, the
electrode centralities change, thus causing a rotation of the leading eigen-
vector. When the brain is consistently in a single state, instead, the leading
eigenvector will only undergo small changes in direction.

Clustering of EVCs. The EVCs computed with Eq. 3 for each second k=
1,2,3,..., were separately clustered for the interictal periods, ictal periods,
and for the preictal and postictal epochs (10 min before seizure onset and
after seizure termination, respectively) by using a K-means algorithm with
nonrandom centroid seeds (31). The duration of the pre/postictal epochs was
chosen based on the patients’ state evolution. Changes in the duration of
these epochs (range: 5-15 min) did not alter our results significantly.

For any given number K of clusters, the nonrandom centroid seeds were
determined as follows: (/) First, we computed the distance between the
Li-norm of successive EVC vectors in time (Li-difference); (i) then, we run
the K-means algorithm and allocated the EVCs into K clusters; (iii) finally,
we counted how many points in time were associated with a transition of
the EVCs from one cluster to one another and the L;-difference exceeded
a fixed threshold.

Steps ii and iii were repeated by lowering the threshold on the L;-dif-
ference until K — 1 time points exceeded the threshold. In this way, the time
points exceeding this threshold correspond to the K—1 times when the
brain state was changing most rapidly. Then, we generated the K centroid
seeds by averaging the EVCs between the maximum derivative time points
from the beginning to the end of the record.

The actual number K of clusters was determined by using the Gap sta-
tistics (32), a nonparametric method that compares the intracluster distance
between clustered data points to the distances measured in observation-
based simulated data.
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Statistical Testing of Seizure State Progression. For each patient, we measured
the similarity between the state evolutions in different seizures to deter-
mine whether the seizure states had a characteristic progression. The evolution
of each seizure was expressed as a square transition matrix T, whose dimen-
sions were the number of states the seizure progressed through. The generic
(i, )th element in T is the number of transitions from state i/ to state j
during the seizure (zeros along the diagonal). The average distance
between the transition matrices was calculated by taking the Frobenius
norm (44):

| m
Dy m;“r =T, [4]

where M is the number of recorded seizures, 7™ and T’ are the transition
matrices of the generic seizure m and /, respectively, and D is the average
distance between all of the seizure.

The significance of D was measured by simulating an ensemble of
transition matrices for each seizure that contained the same number of
transitions as the observed matrix but shuffled randomly. The distance be-
tween the simulated matrices for each seizure was measured and an em-
pirical 95th percentile was calculated to determine the significance of the
observed distances.

ROC Curve Analysis. To determine whether the EVCs in different seizure states
can diagnose the seizure onset zone, we used a ROC curve analysis (31). Using
clinical information on the outcome of resection surgery, we measured the
correlation of the electrodes with the lowest EVC (i.e., the most isolated
electrodes) during seizure with the resected seizure onset zone. We set the
true positive being the regions that were removed and had low EVC values,
and the true negatives being the opposite. The AUC measures the effec-
tiveness of the classifier, i.e., AUC =1 means that the EVC is an effective
classifier for seizure onset zone localization.

To compare the state evolution across different seizures (each seizure with
a different duration), each seizure state progression was interpolated to be
500 units long using a nearest-neighbor scheme (interpolated points were
given the value of their nearest neighbor; no new values were introduced).
The ROC analysis was performed on these unit length interpolated seizures.

Statistical Testing of ROC Analysis. The significance of the AUC values was
evaluated using a nonparametric permutation test. For each patient, the EVCs
in each clustered centroid (ictal periods) were randomly sampled without
replacement (permutation). The progression of state changes for each seizure
was then simulated with the permuted centroids and the AUC analyses were
applied on the permuted data. A mean ROC curve was computed by aver-
aging over all of the seizures of that patient, thus giving one realization of
the patient’s average permuted seizure progression. This procedure was
repeated 10,000 times per patient to generate an ensemble of simulated
permuted AUC values. For each group of patients (Table 1), the mean across
the patients was taken to form three case ensembles, each containing 10,000
realizations, and the 95% confidence intervals were found by sorting each
of the case ensembles. For the purpose of confidence testing, AUC values
from each seizure were binned into 10 bins using the mean value over each
bin. Statistical tests were performed on each bin to determine the time
dependence of the significance (P <0.005 after Bonferroni correction).
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