
Interictal Connectivity Revealed by Granger Analysis
of Stereoelectroencephalography: Association With
Ictal Onset Zone, Resection, and Outcome

BACKGROUND: Stereoelectroencephalography (sEEG) facilitates electrical sampling and
evaluation of complex deep-seated, dispersed, and multifocal locations. Granger causality
(GC), previously used to study seizure networks using interictal data from subdural grids,
may help identify the seizure-onset zone from interictal sEEG recordings.
OBJECTIVE: To examine whether statistical analysis of interictal sEEG helps identify
surgical target sites and whether surgical resection of highly ranked nodes correspond to
favorable outcomes.
METHODS: Ten minutes of extraoperative recordings from sequential patients who
underwent sEEG evaluation were analyzed (n = 20). GC maps were compared with
clinically defined surgical targets using rank order statistics. Outcomes of patients with
focal resection/ablation with median follow-up of 3.6 years were classified as favorable
(Engel 1, 2) or poor (Engel 3, 4) to assess their relationship with the removal of highly
ranked nodes using the Wilcoxon rank-sum test.
RESULTS: In 12 of 20 cases, the rankings of contacts (based on the sum of outward
connection weights) mapped to the seizure-onset zone showed higher causal node
connectivity than predicted by chance (P ≤ .02). A very low aggregate probability (P <
10�18, n = 20) suggests that causal node connectivity predicts seizure networks. In 8 of 16
with outcome data, causal connectivity in the resection was significantly greater than in
the remaining contacts (P ≤ .05). We found a significant association between favorable
outcome and the presence of highly ranked nodes in the resection (P < .05).
CONCLUSION: Granger analysis can identify seizure foci from interictal sEEG and cor-
relates highly ranked nodes with favorable outcome, potentially informing surgical
decision-making without reliance on ictal recordings.

KEY WORDS: Causal connectivity, Epilepsy surgery, Interictal Intracranial EEG, Seizure networks, Stereo-
electroencephalography, Surgical planning
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Epilepsy arises from aberrant activity in
brain networks.1-14 Among the 30% to
40% of epilepsy patients who suffer from

pharmacoresistant epilepsy,15,16 surgical inter-
vention for selected patients can offer the pos-
sibility of seizure freedom by directly altering the
network through removal or disconnection of
seizure-generating regions. Focal surgical treatment

for intractable seizures should, therefore, logically
use data that reveal anomalies in the network to
plan an anatomic strategy. In current clinical
practice, intracranial electroencephalography
(iEEG) obtained over several days with visual
analysis of the ictal iEEG recordings is used as
the gold standard to localize seizure generators
in the epileptogenic network17,18; however,
direct demonstration of actual networks de-
rived from iEEG and influential nodes of the
network that might indicate anatomic sites
causing the seizures have not been routinely
incorporated into surgical decision-making.
Granger causality (GC), originally formulated

in economics,19 is a well-established statistical
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algorithm to infer links between data series based on predictability
of the future behavior of one variable from the past behavior of one
or more other variables.20 The utility of GC has been shown in a
number of studies when applied to iEEG recorded with subdural
grids (sometimes with sparse depth electrodes), implemented in the
time domain and also in the frequency domain by different research
groups. Epstein et al21 demonstrated that spectral GC was able to
determine the most crucial nodes of the widespread preictal (less
than a minute before visible ictal onset) connectivity in the high
frequency range (80-250 Hz). However, the clinical utility of this
methodology was limited by lengthy required computation time,
on the order of 1 hour of processing time per second of iEEG. As a
result, major conclusions centered on ictal episodes with interictal
data used as an experimental control.21

A different potential approach to extracting useful network
descriptions from interictal data was developed by Korzeniewska
et al.22 This study applied an algorithm closely related to spectral
GC, short-time directed transfer function (sdDTF), to interictal
data, and calculated propagation of high frequency (70-175 Hz)
causal interactions. The sdDTF method revealed most active
nodes in the seizure-onset zone, but the limited number of
variables included in the causal network analysis risked providing
an incomplete description of causal connectivity.20,22-24

In contrast to the approaches described above, the time domain
conditional GC algorithm used in Park and Madsen25 revealed
causal connectivity without restricting the number of channels
included in the analysis or discriminating causal connectivity at
different frequency bands and with a reasonable computation time
(a few minutes per 20 seconds of simultaneous recordings from
100 channels). That study focused on the potential practical
utility of Granger analysis to extract seizure-onset zone (SOZ)
information using interictal baseline recordings from subdural
grids and thereby inform clinical decisions, proving that seizure
foci and associated areas of resection had statistically very high
causal node connectivity. No conclusion about the effect of in-
cluding high causal nodes in the resection on outcomes was
possible due to fairly uniform outcomes.25

Stereoelectroencephalography (sEEG) depth electrode im-
plantation without craniotomy has become increasingly prevalent
in North America as an alternative to craniotomy for implanting
subdural grids with or without depth electrodes.1,26-29 Although
both procedures yield iEEG recordings with high temporal and
spatial resolution, sEEG allows greater flexibility in accessing
deeply situated foci and investigating epileptic networks with
multilobar distribution, which may prompt different trends in
patient selection for surgery and hence lead to heterogeneous
outcomes. It is, therefore, timely to inquire whether the same
statistical approach to the evaluation of network connectivity
derived from subdural/depth recordings used previously25 could
also be applied to interictal data recorded by sEEG.
In this retrospective study, we tested whether the higher in-

terictal node connectivity area is correlated with the topography of
the SOZ as defined by ictal recordings and examined whether the
presence of highly ranked nodes in the resection is associated with

favorable outcome for postoperative seizure reduction. If such a
correlation exists, the results of this study may help optimize
surgical decision-making by enabling visualization of causal
networks based on analysis of relatively brief periods of interictal
baseline sEEG, possibly without reliance on ictal data.

METHODS

Patients
We retrospectively examined interictal iEEG, clinical information, and

surgical outcomes from 20 patients with medically refractory focal epi-
lepsy who underwent sEEG electrode implantation. The patient series
was consecutive and not selected by outcome or other clinical factors.
Demographic information and clinical information are summarized in
Table 1 and with more detailed description in Table, Supplemental
Digital Content 1, http://links.lww.com/NEU/D245. Our Institutional
Review Board approved this retrospective review of iEEG data, clinical
information, and postoperative outcomes as a post hoc review which does
not require consent. The multidisciplinary epilepsy program at our in-
stitution perceived need for intracranial EEG data to optimize surgical
planning and by consensus recommended invasive monitoring for each
individual patient. The need for better delineation of the SOZ, functional
anatomic areas, or both was determined after consideration of data from
all available noninvasive diagnostic modalities.

Clinically Identified Seizure-Onset Zones
In this study, we define the SOZ in each case as the subset of contacts of

sEEG depth electrodes identified by routine visual analysis of the ictal iEEG
data captured during the long-term monitoring period, as recorded in the
formal clinical report in the medical record. The SOZ contacts as reported
by epileptologists were later used for the statistical analysis (Table 2; n = 20).
Calculation of causal connectivity and clinical interpretation of sEEG were
each performed by individuals blinded to the other result.

Focal Resection/Ablation and Postsurgical Outcomes
Surgery after sEEG is planned jointly by the neurosurgeons and epi-

leptologists based on the iEEG-derived SOZ. At the time of removal of sEEG
depth electrodes, focal resection or focal thermal ablationwas performed in 17
of 20 patients. Postsurgical outcomes were available in 16 of 17 who had focal
epilepsy surgery and were evaluated at a median of 3.6 years (follow-up by an
epileptologist [JB] for a period ranging from 2.5 to 4.9 years after surgery)
using the modified Engel classification system.30 More detailed information
of surgical procedure and outcome is presented in Table, Supplemental
Digital Content 1, http://links.lww.com/NEU/D245.

Clinically Identified Resection Zones
Extent of resection was routinely recorded as part of the operative note

by the surgeon at or immediately after the surgery, using preoperative and
postoperative MRI and computed tomography (CT) image fusion to
three dimensionally determine which recording contacts of sEEG depth
electrodes were included in the resected tissue. Throughout this report,
we define the subset of recording contacts of sEEG depth electrodes
encompassing the brain volume resected (based on the operative note and
fused postoperative images) the resection zone. The resection zones as
reported by neurosurgeons and outcome data were later used for the
statistical analysis (Table 2; n = 16). Calculation of causal connectivity
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and identification of the resection zone were each performed by indi-
viduals blinded to the other result.

Data Collection and Granger Causality Analysis
Directional or “causal” connectivity was calculated by applying

Granger’s statistical approach to 10 minutes of “quiet” (ie, free of in-
terictal epileptiform activity) baseline data recorded extraoperatively at the
earliest time available. The GC algorithm is based on linear regression
modeling derived from the data. This was accomplished using Granger
causality connectivity analysis toolbox v2.9 in MATLAB (the

MathWorks, Inc.),31 which allows determination of causal inference
among each possible pair of contacts of depth electrode-specific iEEG
data streams. The details of the data collection/preprocessing and more
technical aspects of GC analysis are described in Supplemental Digital
Content 2, http://links.lww.com/NEU/D246.

Statistical Validation Using Rank Order Sum
To determine whether the observed SOZ from ictal recordings cor-

related with relatively higher node connectivity by Granger analysis, we
calculated the rank order of the weighted out-degree of each contact (or
equivalently, “causality ranking”) and summed the individual rank orders
for all the electrodes in the SOZ set and similarly summed the rank orders
of each contact in the resection zone (Table 2). The probability of obtaining
a rank order sum at or below the observed value was calculated using the
sampling method described previously.25 More details are described in
Supplemental Digital Content 2, http://links.lww.com/NEU/D246.

RESULTS

We analyzed 20 interictal baseline recordings, 1 for each subject,
using previously reported GC analysis methods.25 Twenty cases
sorted by P values are listed on the left panel of Table 2. In 12 of 20
cases, the interictal GC rankings of electrodes that mapped to the
SOZ had higher causality than predicted by chance (P ≤ .02).
Figure 1A and 1B show statistical resemblance of GC maps to the
topography of the SOZ: patient 1 and patient 8 both yielded
statistically significant results in the rank order approach (P ≤ .0007
for both cases). The aggregate P value calculated using the Fisher's
method of combining multiple independent tests of the same
hypothesis is less than 10�18 which means that the probability that
the results from all 20 cases could be derived from chance alone is
remote. This suggests that the networks highlighted in interictal
GC maps correlate with seizure networks.
Focal resection or laser ablation was performed in 17 of 20 patients

at the time of removal of sEEGdepth electrodes. Of those 17, 16 cases
with outcome data were used to evaluate statistical significance:
P values computed from comparing causality rankings of the resection
zone with rankings generated by chance alone are presented on the
right panel of Table 2. Lower P values tend to favor the patients with
better outcome (Figure 2). To estimate associations between causality
in the resection zone and outcome, 16 patients were dichotomized
into favorable (Engel 1, 2) and poor (Engel 3, 4) outcome groups.
These 2 sets of results are statistically different (Wilcoxon rank-sum,
P = .046, 2-tailed), suggesting higher concentration of causality in the
resection shown for the favorable outcome.

DISCUSSION

In this study, we applied Granger analysis to interictal sEEG
data obtained from 20 sequential patients and found that the SOZ
generally correlated with high weighted out-degree (or high causal
connectivity) regions, as seen using the same methodology applied
to interictal subdural grid recordings.25 Furthermore, favorable

TABLE 1. Demographic and Clinical Information at the Time of
sEEG Monitoring and Subsequent Surgery

Characteristic
No. (%)
(n = 20)

Sex
Male 10 (50)
Female 10 (50)

Age at surgery, median, y 12
<6 1 (5)
6-11 6 (30)
12-17 11 (55)
≥18 2 (10)

Preoperative MRI findings
Normal 2 (10)
Abnormal/lesional 12 (60)
Nonlocalizing 2 (10)
Possible abnormality but not definitive 4 (20)

Side of surgery
Right 7 (35)
Left 11 (55)

Surgical procedure at the time of sEEG electrodes removal
Focal resection 10 (50)
Focal resection (reresection) 1 (5)
Laser ablation 6 (30)
Subhemispheric disconnection 1 (5)
No intervention 2 (10)

Reasons for no focal resection or ablation at the time of electrodes
removal
Proximity of the seizure focus to functional area 1 (5)
Diffuse seizure foci 1 (5)
Independent foci detected from the entirety of all
electrodes

1 (5)

Pathologic findings
No. (%)
(n= 13a)

Focal cortical dysplasia type II 4 (30.8)
Mesial temporal sclerosis 1 (7.7)
Gliosis 5 (38.4)
Tumor/cortex with focal dysplastic features 1 (7.7)
Mild dysplasia/cortex with lymphocytic cuff and subpial
necrosis

1 (7.7)

Leptomeningeal inflammation 1 (7.7)

sEEG, Stereoelectroencephalography.
aPathology was reviewed in 13 (65%) patients. No pathology was requested in 7
patients (6 patients underwent laser ablation and 1 patient did not undergo resection).
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outcome (Engel 1, 2) at a median of 3.6 years also correlated with
how well the resection zone captured the brain regions showing
high (statistical) causality.

Interictal Granger Connectivity Analysis
For individual cases, we found that interictal baseline sEEG can

produce statistical connectivity maps that often indicate the to-
pography of the SOZ. This result is consistent with earlier
findings where interictal data (recorded either with subdural grids/
depth electrodes13,32-37 or with sEEG electrodes38-42) can
identify seizure foci. The primary goal of intracranial electrode
implantation is to localize the SOZ in the epileptic network. Our
findings suggest that the application of Granger analysis to in-
tracranial recordings facilitates efficient use of interictal data by
revealing seizure network properties even before seizures have
occurred. However, causality calculations as performed in this
study do not definitively delineate the SOZ. They do, however,
provide a visual display, like many other current visualization
methods (MRI, fMRI, tractography, magnetoencephalography
[MEG], etc), which might be helpful in planning a resection.
Over the years, substantial efforts have been made to develop a

variety of spectral signal analysis methods that can process

multichannel iEEG data43-50 to study epileptic networks and help
identify seizure foci.13,21,37 The conditional GC implemented in
the time domain is another approach to adding networks to the
analysis of multiple streams of iEEG data. We believe this study is
the first to report that time domain GC connectivity analysis
applied to interictal baseline sEEG data correlates with successful
surgical targets, demonstrating that the presence of high (statis-
tical) causality in the resection zone is associated with a favorable
outcome. From the perspective of clinical utility, time domain GC
has the advantage of reduced data preprocessing steps, assump-
tions about the data, and computation time compared with other
methods formulated in the frequency domain.

Outcome Analysis
One of the notable differences from the earlier study by Park and

Madsen25 is that the wider range of clinical outcomes in this study
allowed us to explore correlation with surgical outcome. Compared
with the previous study where many of the cases were lesional, these
patients included a more heterogenous case mix resulting in rel-
atively variable outcomes ranging from Engel 1 to 4. This is in part
due to the fact that sEEG depth electrodes can often sample iEEG
from a broader range of brain structures than subdural grids.

TABLE 2. Statistical Analysis Using Rank Ordering Approach

Comparison between causal nodes computed by Granger analysis
and seizure-onset zone

Comparison between causal nodes computed by
Granger analysis and resection zone

Outcome

Patient no. Rank order sum
Rank order sum

by chance P value Rank order sum
Rank order sum

by chance P value Engel scale

8 175 650 1 × 10�6 2077 2600 .004 1
12 260 761 8 × 10�5 1949 2366 .04 3
10 876 1269 4 × 10�4 752 1128 4 × 10�4 1
1 422 630 7 × 10�4 454 630 .004 1
15 764 1122 .002 3404 3300 .69 3
3 219 476 .002 401 535 .09 4
4a 5 57 .003 n/aa n/aa n/aa 1a

16 8598 9720 .006 3136 3780 .03 1
7 4790 5664 .007 1576 2016 .03 2
6 1555 2150 .007 705 935 .08 3
11 951 1276 .01 2389 2784 .01 3
17 4216 4995 .02 777 1110 .05 1
5b 1143 1290 .10 3884 3783 .99b 1b

9 790 952 .10 1439 1547 .24 1
19 2390 2674 .16 1538 1712 .23 4
2 274 246 .69 501 574 .18 1
14 206 175 .70 979 994 .45 n/a
13 5121 4896 .82 1316 1152 .85 3
20 2614 2356 .88 671 684 .46 3
18 2785 2240 .99 n/a n/a n/a n/a

sEEG, Stereoelectroencephalography.
aNo resection was performed at the time of sEEG depth electrodes removal. The outcome of this patient, Engel 1, is associated with the resection surgery performed a year later
through invasive monitoring with grids/strips (see Table, Supplemental Digital Content 1, http://links.lww.com/NEU/D245, for further details).
bThe surgical procedure for patient 5 included occipital and posterior parietal disconnection, resulting in 89% of the total contacts of all sEEG depth electrodes consideredwithin the
resection zone. As a result, the rank order sumwas bound to be close to the expected sum and the rank ordering method was not able to properly determine statistical significance.
For this reason, the P value computed based on such functional lobectomies was not used for outcome analysis.
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Patients with better outcomes showed higher causality in the
resection compared to those with poorer outcomes. This corre-
lation does not imply causation, and while statistically significant,
still requires careful interpretation: When we compare causality in
the resection with seizure freedom (Engel 1) and nonseizure
freedom (Engel 2-4), this trend did not reach significance.

Limitations of the Study and Future Directions
There are some limitations in this study: (1) GC maps were

generated from 10-minute segments of week-long recording
sessions. To better evaluate clinical utility in presurgical

evaluation, the consistency and robustness of causal networks over
time warrants investigation. Granger analysis may be highly
variable in its value, in part because the interictal data stream itself
may vary with time. Indicators of the degree of confidence ex-
pected in any given determination could improve incorporation
into the stream of data used in surgical decision-making. This may
follow, in part, from a future analysis of variability over time of the
network structure revealed by Granger methods and integration of
other data modalities into its interpretation. (2) Perhaps the
potential future strategy of highest value for interictal analysis
would entail real-time analysis of intraoperative data as sEEG

FIGURE 1. Illustrative cases. As illustrative cases, the seizure-onset zone determined by conventional intracranial electroencephalography visual
interpretation, the resection zone, and the causal nodes obtained from Granger causality analysis for A, patient 1 and B, patient 8 are shown. The left
panel of A, and B, shows the volume-rendered computed tomography images with implanted sEEG depth electrodes for patient 1 and patient 8,
respectively. In the middle panel of A, and B, the seizure-onset zone is indicated by dark purple stars and the resection zone by red dots. The right panel of
A, and B, shows the connectivity map and node map for each patient. In the connectivity map, an individual link (blue colored line) connects from the
causal node (red colored teardrop shape) to another node (blue colored dot). In the node map, an individual node was evaluated by weighted out-degree
(indicating the causal strength) and rank ordered from the most to the least influential. Very highly ranked causal nodes are within the top 10 ranks and
those are denoted by red colored stars. The color-coded causal nodes by ranks can be visually compared and also statitically compared (by computing the
sum of rank orders) with the seizure-onset zone and the resection zone. EEG, electroencephalography; sEEG, stereoelectroencephalography.
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depth electrodes were being placed, because this could inform
modified strategies for placement of other depth electrodes in real-
time and result in a higher-yield final implantation scheme.
However, intraoperative data recorded during implantation may
include much shorter segments, and the effects of anesthetic
agents on this analysis are not yet known. It would be worth
investigating the minimum duration of data needed to produce
GC maps that similarly predict the SOZ. (3) A larger number of
patients with available outcome data would better indicate
whether or not interictal sEEG GC analysis can reliably predict
seizure outcome after resection and allow us to test the utility of
shorter or longer time samples with systematically varied sampling
rates. A larger number of cases may also allow us to understand the
reason why 12 cases reached significance but 8 did not when
compared with seizure-onset zone (left panel of Table 2). Yet un-
characterized features of the seizure networks, such as multifocality,
may explain this, but there is no proper way to stratify cases and
speculate on potential reasons because of the relatively small number
of cases analyzed in this study.
The major utility of this approach is not the prediction of

seizure outcome, but as an aid to extracting the most information
possible about network interactions from interictal data to aid
with surgical decision-making. Further work should include
analysis of evolution of interictal network patterns over time and
development of algorithms to help define the possible SOZ
prospectively from GC network data, potentially supporting the
incorporation of network activity measures such as GC into the
evaluation of surgical strategies to treat epilepsy. This will include
exploration of other network analysis algorithms from the field
of graph theory. For example, we are poised to investigate how
in-degree correlates with seizure-onset zone, resection zone, and

perhaps surgical outcome and compare with findings from using
out-degree. Another direction of future studies may include in-
tegration of other data streams in a Bayesian synthesis of these
analyses with other types of data. An important future direction
will be the emerging trend to incorporate structural connectivity
(for example, from MRI tractography) into the physiologically
demonstrated directional networks.51,52

CONCLUSION

Granger causality analysis applied to sEEG recordings has the
potential to help localize ictal networks from relatively brief sampling
of interictal baseline data. It is conceivable that GC analysis of sEEG
data could eventually aid surgical decision-making. Ultimately, this
methodmay contribute tomore efficient and reliable surgical resection
and ablation decisions, perhaps even in the absence of ictal events.
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COMMENT

T his manuscript describes the authors’ work using Granger causality
analysis on interictal data to predict which SEEG electrodes are more likely

to be involved in the seizure onset zone. Causality has been used in several
studies to look at areas involved in epileptogenic activity, as abnormal path-
ological activity will drive the electrographic signals of areas of the brain in a
manner that manifests as causal linkages. As expected, areas that are unusually
strong causal drivers of many areas of the brain correlate to seizure onset areas.

This work, similar to other analyses looking at other interictal markers,
has the potential to improve the practice of seizure localization for patients
implanted with SEEG. This is particularly important for patients who have
infrequent seizures, whomay not have seizures recorded during a prolonged
intracranial implantation.
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