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Abstract
Background and Objectives
Functional connectivity (FC) measures can be used to differentiate epileptogenic zones (EZs)
from non-EZs in patients with medically refractory epilepsy. Little work has been done to
evaluate the stability of stereo-EEG (SEEG) FCmeasures over time and their relationship with
antiseizure medication (ASM) use, a critical confounder in epilepsy FC studies. We aimed to
answer the following questions: Are SEEG FC measures stable over time? Are they influenced
by ASMs? Are they affected by patient data collection state?

Methods
In 32 patients with medically refractory focal epilepsy, we collected a single 2-minute pro-
spective SEEG resting-state (awake, eyes closed) data set and consecutive 2-minute retro-
spective pseudo-rest (awake, eyes open) data sets for days 1–7 postimplantation. ASM dosages
were recorded for days 1–7 postimplantation and drug load score (DLS) per day was calculated
to standardize and compare across patients. FC was evaluated using directed and nondirected
measures. Standard clinical interpretation of ictal SEEGwas used to classify brain regions as EZs
and non-EZs.

Results
Over 7 days, presumed EZs consistently had higher FC than non-EZs when using between
imaginary coherence (ImCoh) and partial directed coherence (PDC) inward strength, without
accounting for DLS. These measures were demonstrated to be stable over a short-term period
of 3 consecutive days with the same DLS. Between ImCoh FC differences between EZs and
non-EZs were reduced with DLS decreases, whereas other measures were not affected by DLS.
FC differences between EZs and non-EZs were seen during both resting-state and pseudo-rest
conditions; ImCoh values were strongly correlated between the 2 conditions, whereas PDC
values were not.

Discussion
Inward and nondirected SEEG FC is higher in presumed EZs vs non-EZs and measures are
stable over time. However, certain measures may be affected by ASM dose, as between ImCoh
differences between EZs and non-EZs are less pronounced with lower doses, and other mea-
sures such as PDC are poorly correlated across recording conditions. These findings allow
novel insight into how SEEG FC measures may aid surgical localization and how they are
influenced by ASMs and other factors.
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Epilepsy is a debilitating disorder affecting approximately 1.2% of
the population and significantly affects quality of life.1,2 One-
third of patients fail to achieve seizure control with antiseizure
medications (ASMs) and should be evaluated for surgery.3,4

When preoperative evaluation localizes epileptogenic zones
(EZs),5 surgery may lead to seizure freedom and improved
quality of life.6,7 Stereo-EEG (SEEG) is a minimally invasive
intracranial monitoring method used to localize seizure onset for
surgery.8,9 During SEEG, ASMs are typically weaned in the
epilepsymonitoring unit (EMU) to elicit seizures to localize EZs.

Clinical interpretation of SEEG may be challenging and in-
complete, so attention has been given to functional connec-
tivity (FC) studies to supplement clinical findings and
elucidate seizure networks. Several previous studies used
resting-state SEEG data to quantify functional FC patterns
and differences between EZs and non-EZs, with EZs exhib-
iting stronger FC patterns compared to other regions.10-14

Imaginary coherence (ImCoh), a nondirected FC measure,
can be used to quantify FC between and within brain regions,
with EZs demonstrating higher FC.15,16 Partial directed co-
herence (PDC) is a method to calculate intensity and di-
rectionality of neural signals between regions.17 These
measures may be useful in characterizing FC patterns of ep-
ileptogenic networks and monitoring drug effects.18,19 FC
metrics have been increasingly studied in epilepsy and other
neurologic disorders and their relationships to clinically rel-
evant measures must be better understood.

Most FC studies in epilepsy are confounded by ASMs, but their
influence on FC measures remains unknown. Evaluation of
SEEG FC stability over time or as a function of ASM dosage is
limited,20,21 although ImCoh and PDC metrics have demon-
strated stability in magnetoencephalography (MEG) and scalp
EEG studies.22-24 Time and spectral domain features of in-
tracranial EEG (iEEG) fluctuate, but previous studies demon-
strated no significant difference in prediction of surgical
outcomes with 1-hour time segments collected >4 hours apart or
a difference between 1-hour segments and shorter segments as
brief as 10 seconds.21,25 Whereas one study demonstrated de-
creased cortical activity after ASM weaning in iEEG,26 effects of
ASMs on SEEG FC measures have not been formally studied.27

Scalp EEG and fMRI studies have demonstrated that ASMsmay
affect quantitative metrics of power and FC.28 These studies are
limited as they evaluate changes over weeks while on-boarding
ASMs and do not account for polytherapy.28,29 Polytherapy can
be evaluated using a quantitative drug load metric to elucidate

whether drug load has a relationship with adverse effects of
medications,30-32 but the relationship between drug load and
quantitative EEGmetrics remains unknown. Finally, many EEG
segments are collected during resting-state or awake states but
are rarely validated across different patient states.

We aimed to address knowledge gaps by evaluating rela-
tionships between SEEG FC measures in EZs and non-EZs
and time in EMU, changes in ASM doses, differences in sei-
zure burden, and differences between eyes-closed formal
resting-state and eyes-open pseudo-rest states utilized in the
current investigation. Ultimately, we aim to improve accurate
identification of surgical targets and guide future studies.

Methods
Patients
Thirty-two patients with medically refractory epilepsy underwent
SEEG at Vanderbilt University Medical Center (VUMC) be-
tween 2018 and 2020. Clinical datawere obtained fromelectronic
medical records (EMRs) (Table 1). At time of analysis, 28
(87.5%) patients received surgical treatment.

Standard Protocol Approvals, Registrations,
and Patient Consents
The VUMC institutional review board (IRB) approved this
investigation and informed written consent was obtained
from patients.

Data Collection and Preprocessing

SEEG Data

Physicians used Waypoint Navigator (Neurotargeting and
FHC)33 or ROSA ONE (Zimmer Biomet)34 software to plan
electrode trajectories according to clinical care. Stereotactic
technique was used to implant 10- to 16-contact electrodes
(PMT Corporation and Integra) (Table 1). Quantum Am-
plifier EEG (Natus) was used to record EEG data.

Pseudo-resting-state (“pseudo-rest”) data were collected ret-
rospectively by evaluating SEEG video recordings at days 1–7
postimplantation to identify 10-minute segments when pa-
tients were awake with eyes open, sitting quietly with minimal
talking, without food or beverage consumption. Data were
collected >1 hour away from ictal activity and sequential
SEEG samples were collected around the same time of day
(i.e., within 2 hours). A 20-minute segment of prospective,

Glossary
ASM = antiseizure medication; DLS = drug load score; EMR = electronic medical record; EMU = epilepsy monitoring unit;
EZ = epileptogenic zone; FC = functional connectivity; FDR = false discovery rate; iEEG = intracranial EEG; ImCoh =
imaginary coherence; IRB = institutional review board; LME = linear mixed effects;MEG = magnetoencephalography; PDC =
partial directed coherence; RNS = responsive neurostimulation; SEEG = stereo-EEG; VUMC = Vanderbilt University Medical
Center.
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eyes-closed resting-state interictal data was recorded on day
1.4 ± 0.8 (mean ± SD) postimplantation using the formal
resting state as defined by Raichle and colleagues.10,11,35

SEEG data were recorded at a sampling rate of 1,000 Hz.

Raw SEEG data were preprocessed as previously
described.10,11 Using EEGLab, bandpass (1–119 Hz) and
notch filters (60 Hz) were applied to raw signals.36 Contacts
in CSF, outside brain tissue, or completely in white matter
were excluded. Channels with visually identified artifacts were
removed. The Desikan-Killiany Atlas37 was used to designate
anatomical locations of electrodes verified by 2 neurosurgeon
coauthors (D.J.E., D.L.P.). For 2 patients with structural

Table 1 Demographic and Clinical Data

Values

Demographics

Age at time of SEEG implant, y 33.8 ± 13.3

Female 20 (63)

Right-handed 25 (78)

White 29 (91)

Epilepsy characteristics

Age at disease onset, y 17.8 ± 12.8

Type of seizure

Focal aware 13 (41)

Focal impaired awareness 27 (84)

Focal to bilateral tonic-clonic 27 (84)

Seizure frequency, per month 21.2 ± 41.2

Lesional MRI 17 (53)

Seizure onset

Focal neocortical 14 (44)

Unilateral mesial temporal 11 (34)

Bilateral mesial temporal 7 (22)

SEEG implant

Implant laterality

Bilateral 19 (59)

Right 7 (22)

Left 6 (19)

Total days recorded 8.8 ± 3.6

Days analyzed 6.6 ± 0.7

Regions sampled 16.9 ± 5.3

Electrodes implanted 10.9 ± 2.4

Contacts implanted 142.8 ± 34.4

Surgical treatment

Resection 17 (53)

RNS 8 (25)

Laser ablation 3 (9)

No surgery 4 (13)

Duration of follow-up, mo 11.6 ± 7.2

Surgical outcome

Mean length of follow-up, mo 18 ± 5.3

Resection/ablation 20

Engel I 8 (40)

Engel II 4 (20)

Table 1 Demographic and Clinical Data (continued)

Values

Engel III 7 (35)

Engel IV 1 (5)

RNS 8

>50% seizure reduction 5 (62.5)

<50% seizure reduction 3 (37.5)

AED information

Number of AEDs during EMU stay 2.8 ± 1.0

LEV 15 (47)

LTG 13 (41)

LOR 10 (31)

PER 9 (28)

CLB 8 (25)

OXC 7 (22)

TPM 6 (19)

ZNS 6 (19)

LAC 5 (16)

GBP 4 (13)

DZP 2 (6)

DVS 2 (6)

BRV 1 (3)

ESL 1 (3)

PGB 1 (3)

VPA 1 (3)

Abbreviations: AED = antiepileptic drug; BRV = brivaracetam; CLB = cloba-
zam; DVS = divalproex sodium; DZP = diazepam; EMU = epilepsymonitoring
unit; ESL = eslicarbazepine; GBP = gabapentin; LAC = lacosamide; LEV =
levetiracetam; LOR = lorazepam; LTG = lamotrigine; OXC = oxcarbazepine;
PER = perampanel; PGB = pregabalin; RNS = responsive neurostimulation;
SEEG = stereo-EEG; TPM = topiramate; VPA = valproate; ZNS = zonisamide.
Categorial variable data are listed as count (%) of patients and continuous
variable data are listed as mean ± SD.
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abnormalities, regions were manually designated by one neuro-
surgeon and verified by another. Electrode pairs within a region
were included; pairs across 2 regions were excluded. Epi-
leptogenicity of sampled regions was classified using a binary
method to designate regions as presumed EZs or non-EZs,5,38

based upon epileptologists’ interpretation of ictal and interictal
SEEG data, described in our prior work and guided by criteria of
Lüders and colleagues.5,10,11 Throughout the article, EZ and non-
EZ are used to refer to presumed EZ and non-EZ regions prior to
surgery.

Continuous 2-minute segments of pseudo-rest data for days 1–7
postimplantation and a single continuous 2-minute segment of
resting-state data were extracted. Two-minute segments were

visually inspected and selected, avoiding interictal spikes and
brief electrographic seizures. Prior work has demonstrated no
significant differences in FC of 2-minute segments compared to
longer segments.11,39 In prior EEG andMEG functional studies,
data stationarity was maintained within a 2-minute period, but
may be lost with longer intervals, and 2-minute segments were
sufficient to produce reliable FC maps.15 The entire 2-minute
segment, without windowing, was used to perform all FC anal-
yses for both collection states.

FC analysis was performed on pseudo-rest data for days 1–7
postimplantation when available, for a total of 212 SEEG
segments (2 minutes long), with 1 segment used per day per
patient. A bipolar montage was used to re-reference SEEG

Figure 1 EZs Consistently Demonstrate Higher Nondirected and Inward Connectivity Than Non-EZs During Consecutive
Postimplantation Days

(A) On postimplantation days 1–7, epileptogenic zones (EZs) demonstrate higher between imaginary coherence (ImCoh) (0.35–0.46 ± 0.58–0.72, mean ± SD)
than non-EZs (−0.19 to −0.14 ± 0.20–0.28) (left). (B) Within ImCoh is also higher in EZs (0.24–0.36 ± 0.60–0.73) than non-EZs (−0.13 to −0.055 ± 0.21–0.25) (right).
(C) During consecutive postimplantation days, partial directed coherence (PDC) inward strength is higher in EZs (0.27–0.33 ± 0.10–0.16) compared to non-EZs
(0.23–0.28 ± 0.10–0.13) (left). (D) PDC outward strength does not differ between EZs (0.23–0.27 ± 0.10–0.13) and non-EZs (0.22–0.27 ± 0.095–0.12) (right). In
(A–D), the central line represents the median and the top and bottom box edges indicate the 75th and 25th percentiles, respectively; whiskers demonstrate
data extremes and crosses indicate outliers. *p < 0.05, **p < 0.01; serial paired t tests with false discovery rate correction.
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electrode contact pairs using FieldTrip MATLAB toolbox
(MathWorks Inc.).40

Seizure Outcome Data
For patients who underwent surgery (n = 28), EMRs were
reviewed to determine seizure outcome at last follow-up
(Table 1). For patients who underwent resection/ablation,
outcome was classified by Engel classification,41 and for
those who underwent responsive neurostimulation (RNS),
outcome was dichotomized to ≥50% seizure reduction and
<50% seizure reduction.

ASM Data
We reviewed EMRs and recorded dosages of each ASM ad-
ministered per patient during days 1–7 postimplantation of
EMU stay over a 24-hour period from 12:00 AM to 11:59 PM.

Seizure Burden Data
We defined clinical seizure burden as number of seizures per
24-hour period from 12:00 AM to 11:59 PM. Events were clas-
sified as seizures if electrophysiologic and clinical correlates
were reported. Paucisymptomatic or electrographic-only sei-
zures, when annotated, were excluded, and secondarily con-
firmed on visual inspection of the segments. EMU reports were
evaluated to determine seizure burden for days 1–7 post-
implantation, when available, per patient. Seizure burden was
ranked from highest to lowest by number of seizures per day. If
2 or more days had equal seizures, the day more closely fol-
lowing a higher clinical seizure burden day was ranked higher.

SEEG FC Measures
Pseudo-rest and resting-state SEEG were used to calculate
nondirected FC measures. Within ImCoh was defined as
ImCoh of electrode contact pairs within a region to other

electrode contact pairs within that same region. Between
ImCoh was defined as average ImCoh between electrode
contact pairs within a region and electrode contact pairs in
other regions. We calculated measures in alpha band (8–12
Hz), because it contains the most prominent spectral power
peaks at rest and has high test–retest reliability.42 Greater FC
differences between EZs and non-EZs are found in alpha band
compared to other bands.11

To assess whether univariate power spectral density metrics
would account for our bivariate FC findings, we calculated
relative alpha band (8–12 Hz) power of clinically defined EZs
and non-EZs. Band power was calculated using MATLAB’s
pwelch function. First, we calculated the alpha band power
from 8 to 12 Hz, then divided it by the whole band power
from 1 to 119 Hz. We z-scored each patient’s relative band
power across all nodes before comparing on the group level.

Directed FC was evaluated with PDC in alpha band.10,11 PDC
inward and outward strength (averaged per brain region) were
used to characterize strength and direction of signal synchro-
nicity between 2 regions.43 This measure was most effective at
distinguishing between EZs and non-EZs in previous work.10,11

Drug Load Score and Rank Calculations
Composite drug load scores (DLS) were calculated per pa-
tient to standardize and compare dosages of scheduled ASMs,
excluding rescue benzodiazepines, taken over a 24-hour pe-
riod, using methods previously described.44 Using the mini-
mum and maximum recommended doses per ASM, as cited
by the British National Formulary, a daily DLS was calculated
per patient for each ASM (DLSper ASMÞ, which was 0 if no
ASM was provided, 1 if the minimum dosage was provided,
and 10 if the maximum dosage was provided.45 Composite

Figure 2 Drug Load Score Trend Is Not Significant Over Time but Is Significant Over Reordered Drug Load Score Rank

(A) Fluctuationsof drug load scores (DLS) over time are shown for postimplantation days 1 (8.5 ± 6.0), 2 (6.0 ± 5.7), 3 (4.8 ± 6.9), 4 (4.3 ± 6.7), 5 (5.4 ± 7.5), 6 (6.4 ± 6.8),
and 7 (5.3 ± 7.0). (B) Daily DLS rank ordered from highest to lowest (left), corresponding to rank ordered days 1 (13.1 ± 6.7,mean ± SD), 2 (9.3 ± 6.9), 3 (6.8 ± 6.8), 4
(4.8 ± 5.1), 5 (3.7 ± 5.0), 6 (2.6 ± 4.4), and 7 (1.5 ± 3.3). (C) As a proof-of-concept confirmation,DLS on thehighest DLSday (13.1 ± 6.8) are expectedly greater thanDLS
on the lowest DLS day (2.4 ± 4.4). In (A) and (B), error bars represent 95% CI. In (C), the central line represents the median and the top and bottom box edges
indicate the 75th and 25th percentiles, respectively; whiskers demonstrate data extremes and crosses indicate outliers. Wilcoxon signed-rank test. ***p < 0.001.
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DLS assigned per patient and day, calculated using Equation 1,
was the summation of all the ASMs taken by the patient per day.

composite DLS = +
Total ASMs per patient

1

DLSper

ASM = 9pðDosage Given −Minimum DoseÞ
ðMaximum Dose−Minimum DoseÞ + 1

A DLS rank order was determined for each patient by reor-
dering days with highest (rank 1) to lowest (rank 7) com-
posite DLS to isolate the effect of drug load.

Statistical Methods
We evaluated data distribution with Anderson-Darling tests.
All FC values were found to be normally distributed, so
parametric statistical tests were used. DLS and clinical seizure
burden data were not normally distributed, therefore we used
Wilcoxon signed-rank tests for these comparisons.

Paired-sample, 2-tailed t tests were used when evaluating FC
differences between EZs and non-EZs. Pearson correlations

were used to evaluate associations between FC measures us-
ing resting-state and pseudo-rest data.

Linear mixed effects (LME) models were used to determine
trends in FC measures and DLS over time and DLS rank.
LME models evaluated for trends accounting for random ef-
fect differences in subject-specific factors that may contribute
to outcomes.46

MATLAB 2020b was used for statistical analyses, with sig-
nificance of p < 0.05. When multiple t tests were used to
compare FCmeasures over time and rank, false discovery rate
(FDR) correction was used for multiple comparisons. For
other tests, Bonferroni-Holm correction was applied for
multiple comparisons.

Data Availability
Data are not freely available in a public repository due to
restrictions in participant informed consent. However, if

Figure 3 Connectivity Differences Between EZs and Non-EZs Are More Pronounced on Higher Compared to Lower ASM
Doses for Between ImCoh and Stable for PDC Inward

(A) For ranked days 1–7, values are
shown for between imaginary co-
herence (ImCoh) for epileptogenic
zones (EZs) (0.34–0.53 ± 0.59–0.74)
and non-EZs (−0.22 to −0.11 ±
0.20–0.28), demonstrating consis-
tently higher EZ connectivity than
non-EZ connectivity with a greater
difference between EZs and non-EZs
on higher compared to lower drug
load scores (DLS). (B) For between
ImCoh, greater differences in con-
nectivity between EZs and non-EZs
were observed on the highest (0.76 ±
0.79) versus lowest (0.49 ± 0.84) DLS
day. (C) For ranked days 1–7, partial
directed coherence (PDC) inward
strength for EZs (0.28–0.34 ±
0.11–0.16) was consistently higher
than non-EZs (0.22–0.29 ± 0.10–0.13)
and did not appear to be influenced
byDLS. (D) For PDC inward, there was
no significant difference in connec-
tivity on the highest (0.055 ± 0.074)
compared to the lowest (0.053 ±
0.069) DLS day. *p < 0.05, **p < 0.01.
For (A) and (C), serial paired t tests
with false discovery rate correction.
For (B) and (D), single paired t test,
Bonferroni-Holm corrected.
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approved by our IRB, de-identified data can be made available
upon request.

Results
Patient Information
Patients had 17.0 ± 5.3 (mean ± SD) brain regions sampled
with 143.0 ± 34 electrode contacts and 11 ± 2.4 electrodes
(Table 1). We evaluated 7 days postimplantation of SEEG
when available (5 days for 3 patients and 6 days for 6 patients).
Mean EMU stay length was 8.8 ± 3.6 days. Each patient was
taking 2.8 ± 1.0 unique ASMs over the EMU stay. For days 1–7
postimplantation, patients had 10 ± 9.3 total seizures and a
DLS of 5.8 ± 6.8. After clinical evaluation of SEEG, 14 (43.8%)
patients were diagnosed with focal neocortical seizure onset, 11
(34.4%) with unilateral mesial temporal onset, and 7 (21.9%)
with bilateral mesial temporal onset.

Nondirected and Inward Connectivity Measures
Are Higher in EZs Compared to Non-EZs
FC differences between presumed EZs and non-EZs were
calculated over days 1–7 for each FC measure. Between

ImCoh FC was greater in EZs than non-EZs for each day (p =
0.007–0.023, serial paired t tests, FDR-corrected; Figure 1A).
Within ImCoh FC was higher for EZs compared to non-EZs
each day (p = 0.025–0.036), with a marginal difference on day
2 (p = 0.050; Figure 1B). Likewise, EZs had greater PDC
inward strength than non-EZs for days 1–7 (p = 0.009–0.030;
Figure 1C). There were no differences in PDC outward
strength between EZs and non-EZs on any day (p =
0.20–0.80; paired t tests, FDR-corrected; Figure 1D). Mean z-
scored relative alpha band power of EZs (−0.089 ± 0.40) was
not different compared to non-EZs (0.008 ± 0.25). This
suggests the FC metrics describe a unique increase in corre-
lation between the SEEG timeseries of EZs and other regions,
as opposed to an increase in relative band power driving in-
creases in FC. This is in alignment with coherence measure-
ments relying on synchrony of phase shift instead of
amplitude.

An LMEmodel was used to evaluate for trends in FC between
EZs and non-EZs over time, which was not significant for any
FC measure (p = 0.19–0.91), suggesting measures do not
change significantly during EMU stays, without taking

Figure 4 Over Consecutive Days With Consistent ASM Dose, Between ImCoh and PDC Inward Strength Remain Higher in
EZs, and Measures Are Stable Over Time

(A) During 3 consecutive days of consistent drug
load scores (DLS), between imaginary coherence
(ImCoh) is consistently higher in epileptogenic
zones (EZs) (0.31–0.36 ± 0.46–0.65, mean ± SD)
than non-EZs (−0.12 to −0.095 ± 0.16–0.20) across
all patients. (B)Within ImCoh trends higher in EZs
(0.19–0.28 ± 0.54–0.61) compared to non-EZs
(−0.12 to −0.087 ± 0.17–0.23). (C) Partial directed
coherence (PDC) inward strength is consistently
higher in EZs (0.30–0.32 ± 0.12–0.15) than non-
EZs (0.25–0.27 ± 0.09–0.12). (D) PDC outward
strength does not differ between EZs (0.25–0.27
± 0.10–0.12) and non-EZs (0.25–0.28 ± 0.09–0.12).
In (A–D), the central line represents the median
and the top and bottom box edges indicate the
75th and 25th percentiles, respectively; whiskers
demonstrate data extremes and crosses indicate
outliers. *p < 0.05, **p < 0.01, paired t test,
Bonferroni-Holm correction. N = 23 of 32 pa-
tients who had a stable and equivalent DLS score
over 3 consecutive days.
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medication effects into account. Overall, these results suggest
EZs consistently demonstrate higher nondirected and inward-
directed FC than non-EZs during EMU stays.

Between ImCoh, but Not PDC, May Be
Influenced by ASMs
Whereas our results suggest no overall relationship between
time and FC, ASMweaning and loading patterns differ greatly
between individual SEEG patients. DLS over EMU stay did
not differ across days (p = 0.17, LME model; Figure 2A).
Therefore, to isolate the relationship between FC and ASMs,
we ranked days from highest to lowest DLS. The relationship
between FC and DLS was evaluated by calculating differences
between EZs and non-EZs over ranked days 1–7 for each FC
measure. Two patients not on ASMs during these days were
excluded (n = 30). As expected, there was a significant trend in
DLS over ranked days (p < 0.001, LME model; Figure 2B),
and there was a significant difference in DLS between highest
and lowest load days (p < 0.001, Wilcoxon signed-rank;

Figure 2C), which we performed as a proof-of-principle
analysis to allow us to compare FC measures across ranked
DLS days. FC of EZs was higher than non-EZs for each
ranked day for between ImCoh (p = 0.0036–0.0230, serial
paired t tests, FDR-corrected; Figure 3A) and within ImCoh
(p = 0.025–0.034; eFigure 1A, links.lww.com/WNL/B880).
PDC inward strength was higher in EZs than non-EZs for
each ranked day (p = 0.0018–0.0160; Figure 3C), but PDC
outward strength did not differ between EZs and non-EZs
(p = 0.33–0.89, t tests, FDR-corrected; eFigure 1C). A trend
towards lower FC in EZs and higher FC in non-EZs with
decreasing DLS appears when visualizing between ImCoh
(Figure 3A), but trends were not appreciated for other
measures.

For the 3 FCmeasures differing between EZs and non-EZs, an
LME model evaluated for trends in FC differences between
EZs and non-EZs across DLS rank. For between ImCoh, we
observed a negative relationship between FC and DLS rank

Figure 5 ImCoh but Not PDC ConnectivityMeasures Are Highly CorrelatedDuring Pseudo-Rest Vs Resting-State Conditions

(A) Between imaginary coherence
(ImCoh) values during eyes-open
pseudo-rest vs eyes-closed resting-
state conditions are highly correlated
in epileptogenic zones (EZs). (B)
Within ImCoh values between these 2
conditions are also strongly corre-
lated in EZs. (C) Partial directed co-
herence (PDC) inward strength
values during pseudo-rest vs resting-
state conditions are not correlated in
EZs. (D) PDC outward strength values
are similarly not correlated between
these conditions in EZs. ***p < 0.001,
Pearson correlation.
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(p = 0.033), with smaller differences between EZs and non-
EZs for lower DLS. There were no trends between FC and
DLS for within ImCoh (p = 0.99) or PDC inward strength
(p = 0.41). Overall, FC differences between EZs and non-EZs
were larger for the highest DLS rank compared to the lowest
DLS rank when examining between ImCoh (p = 0.036; paired
t test, Bonferroni-Holm–corrected; Figure 3B), but no differ-
ences in other FC measures were observed for the highest vs
lowest DLS ranks (p = 0.44–0.54; Figure 3D and eFigure 1.B
and 1.D, links.lww.com/WNL/B880). These results suggest
between ImCoh may be influenced by ASMs, while other
measures do not appear to be influenced by ASMs.

FC Measures Are Stable Over Time
Independent of ASMs
We determined stability of FC measures while controlling for
DLS. Patients with 3 consecutive days of equal DLS were in-
cluded (n = 23). Over these 3 days, between ImCoh was higher
in EZs than non-EZs (p = 0.0083–0.0250; paired t tests, FDR-
corrected; Figure 4A), and a trend toward higher within ImCoh
values was noted in EZs vs non-EZs (p = 0.029–0.072;
Figure 4B). Also, PDC inward strength was higher in EZs
compared to non-EZs over the 3 days (p = 0.0042–0.0170;
Figure 4C), but no difference in PDC outward strength was
seen between EZs and non-EZs (p = 0.72–0.88; Figure 4D).
When visualizing patient-level data, FC appeared relatively
stable in EZs and non-EZs across all measures, with least var-
iability seen in ImCoh in non-EZs, and FC did not differ from
day to day for any measure (p = 0.55–0.85; LME model;
eFigure 2, links.lww.com/WNL/B880). This suggests FC
measures are stable over several days when ASMs are constant.

Connectivity Measures Are Not Affected by
Clinical Seizure Burden
We evaluated whether clinical seizure burden influences FC.
For each patient, the day with highest (5.8 ± 5.8 seizures) and
lowest seizure burden (0 seizures for all patients) were de-
termined and FC was calculated. Highest seizure burden day
had a significantly greater number of seizures than lowest
seizure burden day (p < 0.001; Wilcoxon signed-rank). For all
FC metrics, there were no differences in FC values between
highest and lowest seizure days for EZs (p = 0.16–0.32; paired

t tests) or non-EZs (p = 0.16–0.93; paired t tests), suggesting
FC is not affected by clinical seizure burden.

PDC, but Not ImCoh, May Differ Between
Resting-State and Pseudo-Rest Conditions
Data used for analysis were collected during retrospectively
identified eyes-open pseudo-rest states, whereas prior studies
have utilized formal prospective eyes-closed resting states.
Thus, we evaluated whether resting-state vs pseudo-rest con-
ditions influence FC measures by comparing resting-state with
pseudo-rest measurements collected on the same day (and
same DLS; Figure 5 and eFigure 3, links.lww.com/WNL/
B880). For between ImCoh, FC measurements were highly
correlated between resting-state and pseudo-rest conditions in
EZs (r = 0.80, p < 0.001; Bonferroni-Holm–corrected) and
non-EZs (r = 0.85, p < 0.001). Similarly, within ImCoh values
were highly correlated between resting state and pseudo-rest in
EZs (r = 0.83, p < 0.001) and non-EZs (r = 0.75, p < 0.001).
However, PDC inward strength measurements were not cor-
related between the 2 conditions in EZs (r = 0.31, p = 0.17) and
non-EZs (r = 0.28, p = 0.12), nor were PDC outward strength
measurements correlated in EZs (r = 0.18, p = 0.66) and non-
EZs (r = −0.12, p = 0.51). Given that PDC inward strength
appears to better stratify EZs and non-EZs, we assessed
whether differences between PDC inward strength in EZs vs
non-EZs were larger during resting-state or pseudo-rest con-
ditions. Using pseudo-rest recordings, PDC inward strength
was higher in EZs (0.31 ± 0.14, mean ± SD) than non-EZs
(0.25 ± 0.11; p < 0.001). Utilizing resting-state recordings,
however, the difference in PDC inward strength was more
pronounced between EZs (0.33 ± 0.12) and non-EZs (0.25 ±
0.11; p < 0.001), suggesting that PDC inward measurements
during resting statemay be optimal for distinguishing EZs from
non-EZs.

Relationship Between Surgical Outcome
and FC
Surgical outcomes were available in 28 patients who un-
derwent resection, ablation, or RNS implantation (Table 1).
In a final analysis, we sought to examine EZ connectivity in
“confirmed” EZs in patients who underwent resection and
achieved an Engel I (seizure-free) outcome, vs “presumed” EZs

Table 2 Key Results

Between imaginary coherence (nondirected measure) PDC inward (directed measure)

Stability over
time

Connectivity is stable over time in EZs and non-EZs. Connectivity is stable over time in EZs and non-EZs.

Stability with
changes in ASMs

There are greater differences in functional connectivity between
EZs and non-EZs on higher compared to lower ASM levels.

There is no relationship between differences in functional
connectivity between EZs and non-EZs on higher compared to
lower ASM levels.

Similarity of
resting state vs
pseudo-rest

Connectivity differences between EZs and non-EZs are present
between resting state and pseudo-rest. Resting-state and pseudo-
rest values are highly correlated in both EZs and non-EZs.

Connectivity differences between EZs and non-EZs are present
between resting state and pseudo-rest. Resting-state and pseudo-
rest values are not correlated in either EZs or non-EZs.

Abbreviations: ASM = antiseizure medication; EZ = epileptogenic zone; PDC = partial directed coherence.
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in individuals who underwent resection and had an Engel II–IV
(not seizure-free) outcome. EZ connectivity (between ImCoh
and PDC inward strength) in patients who had Engel I out-
come after resection (0.35 ± 0.71 and 0.37 ± 0.13, respectively,
mean ± SD) did not differ significantly from EZ connectivity
in individuals who had Engel II–IV outcome after resection
(0.12 ± 0.45 and 0.36 ± 0.12, respectively; p = 0.43 and p = 0.81,
respectively, paired t test). However, using either a conservative
(0.25) or generous (0.75) effect size, a post hoc power analysis
suggests our study is powered at only 7.7% or 30.4%, re-
spectively, to detect a significant difference (α = 0.05) between
these smaller patient subgroups (G*Power 3.1.9.6; Heinrich-
Heine-Universität Düsseldorf). Therefore, further study with a
larger population will be needed to evaluate the relationship
between connectivity and confirmed vs presumed EZs in pa-
tient subgroups.

Discussion
Our study demonstrates differential effects of ASMs and re-
cording condition on FC measures. PDC inward strength is
consistently higher in presumed EZs vs non-EZs independent
of ASM dosage, whereas between ImCoh is affected by ASM
dosage, with smaller differences between EZs and non-EZs
when patients are on lower ASMs doses. All FC measures
were stable over days with stable DLS, and clinical seizure
burden did not influence FC measures. For most measures,
FC was higher in EZs than non-EZs during resting-state and
pseudo-rest conditions, although PDC was not correlated
between conditions and better distinguished EZs during the
eyes-closed resting state, whereas ImCoh recordings were
highly correlated between the 2 states (Table 2). These results
build upon prior work in a smaller cohort demonstrating a FC
model incorporating directed and nondirected FC measures
may help identify EZs at the patient level with an accuracy of
84.3% and area under the receiver operating curve of 0.88.10

Understanding stability of these measures and potential in-
fluence of ASMs and recording condition will be critical for
interpreting them in real-world applications. On a broader
scale, confounders influencing FC should be better un-
derstood and accounted for in analysis, especially as these
methods have become increasingly utilized for research and
clinical purposes.

Although ASMs are confounders in most FC studies, influence
of these agents on FC has rarely been studied. PDC inward
strength values appeared stable regardless of ASM dose,
whereas between ImCoh better differentiated EZs and non-
EZs with higher DLS. Some scalp EEG studies suggest directed
FC measures are more reliable and less susceptible to artifacts
than nondirected FC measures.47 Increased instability of EEG
signal with medication wean, leading to more signal variability
and propensity for spike activity, may lead to greater changes
and less reliability in ImCohmeasures compared to PDC. Also,
a simultaneous fMRI-EEG study found increased FC with a
general linear model in the ASM-naive state.48 Because there

are more non-EZs than EZs in our patients, these results are in
alignment with the increased between ImCoh FC of non-EZs
exhibited on lowest DLS days.

Whereas the relationship between ASMs and SEEG FC has
not been previously reported, one study examining raw iEEG
activity found ASM weaning was associated with decreased
cortical activity.26 Scalp EEG studies have indicated ASM
dose changes result in power changes in different frequency
bands during monotherapy with several ASMs,28,29 whereas
some studies show no changes in power with onboarding
levetiracetam.28 Overall, our findings demonstrating influence
of ASMs on certain SEEG FC measures, but not others,
warrant further exploration.

Our results demonstrate that between ImCoh and PDC inward
consistently exhibit significant differences in EZs vs non-EZs
when DLS is stable over 3 consecutive days. Similarly, other
studies using MEG and resting-state scalp EEG have demon-
strated that ImCoh has varied test–retest reliability depending
on the brain network tested in patients with schizophrenia22

and controls.23 Also, in a study measuring FC in controls using
MEG, PDC was the most robust directed measure.24 Prior
work has suggested tonic inward inhibition of EZs during
interictal periods,49 and robustness of directed measures may
reflect the importance of signal directionality. Höller et al.47

noted directed measures were more robust across longer time
spans, and proposed this is because they take previous signals
into account, whereas nondirected metrics do not. Further-
more, Wang et al.21 demonstrated stability of FC in iEEG over
10-second to 1-hour segments collected at different times of
day, suggesting the effect of time is minimal. Our study further
demonstrates stability over multiple days.

Utilizing retrospective recordings (eyes-open pseudo-rest)
for FC measurements may make analyses more accessible to
other groups to aid EZ localization without necessitating
formal prospective resting-state data collection. Interestingly,
we found similar patterns of higher inward directed and
nondirected FC in EZs vs non-EZs during pseudo-rest, re-
sembling resting-state results. However, we observed no
correlation between PDC measurements during resting-state
and pseudo-rest conditions, while ImCoh values were highly
correlated between states. Although the etiology for this dis-
tinction is unclear, posterior dominant alpha rhythm is more
prominent in the eyes-closed state,50 which may potentially
influence FC measurements. Although we included analyses
in other frequency bands in prior work,11 future studies
evaluating potential relationships between recording condi-
tion and FC across different frequencies may be valuable.
Overall, whereas pseudo-rest conditions may be sufficient to
help localize EZs from retrospective recordings, PDC mea-
sures may perform better using eyes-closed resting state.

Pseudo-rest SEEG data were collected retrospectively, limit-
ing control and standardization of patient condition and in-
troducing more artifact and variance. Our patients had various
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lesional types, anatomic locations of EZs, and treatments,
adding heterogeneity, but this heterogeneity in our cohort
strengthens our results, making them more widely applicable.
Our sample size of 32 limits power of subgroup analyses, but
to our knowledge is the largest cohort of patients undergoing
SEEG whose FC has been analyzed in relation to ASMs.

Another limitation of our study is that we excluded pure
electrographic or paucisymptomatic seizures, due to vari-
ability in documentation of these seizures (e.g., interpretation
of a long interictal discharge vs brief electrographic asymp-
tomatic seizure), and given that our primary interest was in
clinical symptomatic seizures. Further studies may consider
including these seizure types, when possible, to evaluate any
potential influence on FC measures. Induction methods to
elicit seizures may affect FC, but seizure induction other than
ASM taper was not routinely performed in our patient cohort
during days 1–7. Furthermore, EZ designations were de-
termined clinically from ictal recordings interpreted by epi-
leptologists, and as the definition of EZ varies in the literature,
there likely exists interrater variability in what is considered
an EZ.

Our analysis of 2-minute segments was chosen to avoid inter-
ictal spikes, therefore spike burdenwas not accounted for in our
analysis. However, in longer collection segments where spikes
cannot be avoided, baseline spike activity and neurophysiology
of anatomic regions should be considered and accounted for.
Current and prior studies have found differences in EZ FC
despite varied anatomical locations of EZs, suggesting these
findings are not driven by anatomic location.10,11 Windowing
data into shorter time segments may improve the resolution of
results and should be performed in future studies. As demon-
strated by Wang et al., spatial correlation of contact pairs to
minimize signal redundancy due to proximity would likely
improve resolution of results, but was not performed in our
study and should be considered in future studies.21

We analyzed FC methods in alpha band due to large peaks
found in this range and high test–retest reliability,42 yet there
may be other discernible FC changes in SEEG data related to
ASMs in other bands. FC changes could be related to baseline
changes in power as ASMs are weaned and future studies
could discern these trends within different frequency bands.
Other groups have found unique neurophysiologic patterns of
EZ out-links in different types of epilepsy, such as cortical
developmental malformations and focal dysplasia.14 Although
our patient cohort did not include these pathologies, their
analysis may be an interesting future direction. Finally, we
examined ImCoh and PDC based on previous work, but plan
to explore additional FC paradigms in future studies.

Overall, our results suggest that higher inward directed and
nondirected FC may help localize EZs using brief interictal
recordings. These FC patterns persist over time and are re-
silient to ASM changes and patient condition, with some
exceptions. ASMs may have greater influence on ImCoh

results than PDC, and between ImCoh may best distinguish
EZs during the “on”-medication vs “off”-medication state.
Conversely, data collection condition may have a greater ef-
fect on PDC, such that PDC inward may best distinguish EZs
from non-EZs during eyes-closed resting state. These findings
are among the first to examine the influence of ASMs and data
collection condition on SEEG FC in focal epilepsy and should
be considered when choosing testing conditions and analysis
paradigms for FC studies. More generally, it is important to
consider confounders in FC analysis for broader use in clinical
and research purposes.
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5. Lüders HO, Najm I, Nair D, Widdess-Walsh P, Bingman W. The epileptogenic zone:
general principles. Epileptic Disord. 2006;8(Suppl 2):S1–S9.

6. Englot DJ, Han SJ, Rolston JD, et al. Epilepsy surgery failure in children: a quantitative
and qualitative analysis. J Neurosurg Pediatr. 2014;14:386-395.

7. Englot DJ, Raygor KP, Molinaro AM, et al. Factors associated with failed focal
neocortical epilepsy surgery. Neurosurgery. 2014;75:648-645; discussion 655; quiz
656.

8. Cardinale F, Cossu M, Castana L, et al. Stereoelectroencephalography. Neurosurgery.
2013;72:353-366.

9. Khoo HM, Hall JA, Dubeau F, et al. Technical aspects of SEEG and its interpretation
in the delineation of the epileptogenic zone. Neurol Med Chir. 2020;60:565-580.

10. Narasimhan S, Kundassery KB, Gupta K, et al. Seizure-onset regions demonstrate
high inward directed connectivity during resting-state: an SEEG study in focal epi-
lepsy. Epilepsia. 2020;61:2534-2544.
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