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Abstract
Objective: This study was undertaken to build and validate a novel dynamic 
tractography- based model for localizing interictal spike sources and visualizing 
monosynaptic spike propagations through the white matter.
Methods: This cross- sectional study investigated 1900 spike events recorded in 
19 patients with drug- resistant temporal lobe epilepsy (TLE) who underwent ex-
traoperative intracranial electroencephalography (iEEG) and resective surgery. 
Twelve patients had mesial TLE (mTLE) without a magnetic resonance imaging- 
visible mass lesion. The remaining seven had a mass lesion in the temporal lobe 
neocortex. We identified the leading and lagging sites, defined as those initially 
and subsequently (but within ≤50  ms) showing spike- related augmentation of 
broadband iEEG activity. In each patient, we estimated the sources of 100 spike 
discharges using the latencies at given electrode sites and diffusion- weighted 
imaging- based streamline length measures. We determined whether the spatial 
relationship between the estimated spike sources and resection was associated 
with postoperative seizure outcomes. We generated videos presenting the spati-
otemporal change of spike- related fiber activation sites by estimating the propa-
gation velocity using the streamline length and spike latency measures.
Results: The spike propagation velocity from the source was 1.03  mm/ms on 
average (95% confidence interval = .91– 1.15) across 133 tracts noted in the 19 pa-
tients. The estimated spike sources in mTLE patients with International League 
Against Epilepsy Class 1 outcome were more likely to be in the resected area 
(83.9% vs. 72.3%, φ  =  .137, p  <  .001) and in the medial temporal lobe region 
(80.5% vs. 72.5%, φ  =  .090, p  =  .002) than those associated with the Class ≥2 
outcomes. The resulting video successfully animated spike propagations, which 
were confined within the temporal lobe in mTLE but involved extratemporal lobe 
areas in lesional TLE.
Significance: We have, for the first time, provided dynamic tractography vis-
ualizing the spatiotemporal profiles of rapid propagations of interictal spikes 
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1  |  INTRODUCTION

The goals of this retrospective study include visualizing 
monosynaptic propagations of interictal spike discharges 
through the white matter tracts. The hallmarks of an in-
terictal spike discharge in focal epilepsy include its rapid 
propagation from a cortical area to others.1 Previous studies 
of patients with temporal lobe epilepsy (TLE) using scalp 
electroencephalography (EEG), magnetoencephalography 
(MEG), or intracranial EEG (iEEG) have estimated that 
spike propagation takes place at a velocity of 1.2– 3.0 mm 
in Euclidean distance per millisecond.2– 4 Nonetheless, the 
assumption of linear neural propagations may not be bio-
logically plausible. Instead, the underlying white matter 
tracts are suggested to be the critical pathways that allow 
monosynaptic neural propagations to remote cortical re-
gions in 50 ms or less.3,5 The causal evidence from inva-
sive human studies supports this notion. Disconnection of 
the white matter tracts eliminated propagations of spike 
discharges to remote regions.6 Electrical stimulation of 
the irritative zones replicated the propagation pattern of 
spontaneous spike discharges.7 Electrical stimulation of 
the gray and white matter sites likewise induced neural 
propagations at areas several centimeters away from the 
stimulus site within 50  ms.8,9 Such rapid neural propa-
gations are difficult to attribute to the intracortical slow 
horizontal propagation, whose velocity is estimated to 
range from .006 to .009 cm/ms.10,11 Multisynaptic propa-
gations, including those through the corticothalamocorti-
cal pathways, are suggested to take at least 70 ms.3,5,12 In 
the present study of monosynaptic spike propagations in 
patients with drug- resistant TLE, we thus identified the 
events of interictal spikes that propagated to other regions 
within 50  ms on iEEG recording and had a supporting 
white matter tract on diffusion- weighted imaging (DWI) 
tractography. We built a video animating the spike- related 
fiber activations from the leading to lagging sites through 
the white matter tracts, using a method similar to those 
reported in our previous studies of neural propagations 
induced by single- pulse electrical stimulation (SPES).13,14

Intracranially recorded spike discharges are suggested 
to have clinical utility. Previous iEEG studies reported that 
resection of electrode sites generating spikes frequently or 
those preceding others was predictive of successful seizure 

control.15– 17 However, one cannot completely rule out the 
possibility that the true spike generator may have been 
unsampled by intracranial electrodes.18,19 In the present 
study, we estimated the source/origin of spike discharges 
using the tractography- based streamline length of white 
matter tracts from intracranial electrode sites and observed 
spike latencies at given sites. We built a video animating the 
spike propagating from the estimated source through the 
white matter. We validated our source localization method 
by testing the hypothesis that a higher proportion of spike 
sources would be included in the resection in patients with 
International League Against Epilepsy (ILAE) Class 1 out-
come than those failing to achieve such success.

As an ancillary analysis for patients with a magnetic 
resonance imaging (MRI)- visible mass lesion, we gener-
ated another video showing the spike propagations from 
the perilesional cortical site. Previous iEEG studies have 
reported that interictal spikes or ictal discharges may 
originate from not the lesion but the cortex adjacent to or 
overlying a structural lesion.20– 23

2  |  MATERIALS AND METHODS

2.1 | Participants

The inclusion criteria consisted of extraoperative iEEG 
monitoring at Children's Hospital of Michigan in Detroit 
between September 2007 and August 2019, age at sur-
gery was 4 years and older,24 and diagnosis of ipsilateral 
TLE was confirmed by the iEEG- based seizure onset zone 

through the white matter. Dynamic tractography has the potential to serve as a 
unique epilepsy biomarker.

K E Y W O R D S

diffusion tensor imaging, electrocorticography, epileptic network, interictal epileptiform 
activity, irritative zone, pediatric epilepsy surgery

Key Points
• Dynamic tractography, for the first time, has 

animated spike propagations through the white 
matter tracts in temporal lobe epilepsy

• The novel model incorporating the white mat-
ter length from intracranial electrode sites esti-
mated the sources of spike discharges

• Resection of the regions, including the esti-
mated spike sources, was associated with post-
operative seizure control
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(SOZ).15 The exclusion criteria included multifocal mass 
lesions on MRI, malignant tumor suspected on MRI, his-
tory of previous resective surgery,25 and postoperative 
follow- up shorter than 1  year.26  We studied all patients 
who satisfied the eligibility criteria (Figure S1). The insti-
tutional review board at Wayne State University has ap-
proved the present study. We obtained informed consent 
from the legal guardians of patients and assent from pedi-
atric patients.

2.2 | Intracranial electrode 
placement and extraoperative 
iEEG recording

Following the Phase 1 evaluation, we placed platinum 
subdural electrodes (10- mm center- to- center distance) 
on the pial surface of the hemisphere suspected to be 
responsible for habitual seizures (Figure 1). The spa-
tial extent of extraoperative iEEG sampling was deter-
mined based on the clinical need.15,25 Strip electrodes 
sampled iEEG signals from the mesial temporal lobe 
structures, including the hippocampal, parahippocam-
pal, entorhinal, and amygdala regions. Grid electrodes 
covered the lateral temporal and extratemporal lobe 
regions.

To determine the boundary between the SOZ and el-
oquent areas, we performed extraoperative video- iEEG 
recording for 2– 7  days, as previously reported.25  The 
sampling rate was 1000  Hz, and the amplifier bandpass 
was .016– 300 Hz. We excluded artifactual channels from 
further analysis. All quantitative iEEG analysis was per-
formed using common average reference.

2.3 | Magnetic resonance imaging

Before the intracranial electrode placement, we acquired 
3- T MRI, including T1- weighted spoiled gradient- recalled 
echo and fluid- attenuated inversion recovery sequences.25 
For each patient with an MRI- visible mass lesion, board- 
certified neurosurgeons T.M. and K.S. localized the perile-
sional cortical site, the cortex most proximal to the center 
of the lesion. We generated a three- dimensional surface 
image with implanted subdural electrodes displayed 
on the pial surface.25,27– 29  The FreeSurfer script (http://
surfer.nmr.mgh.harva rd.edu) spatially normalized given 
electrode sites to the standard Montreal Neurological 
Institute (MNI) space (Figure 1).14,25

2.4 | Patient profile and classification

Table 1  shows the patient profile. Figure S1  shows the 
participant flow diagram. We classified patients into those 
with or without an MRI- visible mass lesion and intended 
to generate the dynamic tractography videos for each pa-
tient group. Seven patients had an MRI- visible mass le-
sion outside the hippocampus; thus, they were treated 
as lesional TLE patients. All lesional patients achieved 
ILAE Class 1 outcome following surgical resection. The 
remaining 12 patients without a mass lesion had the SOZ 
at the mesial temporal lobe region; thus, they were treated 
as mesial TLE (mTLE) patients. Eight mTLE patients 
achieved ILAE Class 1 outcome after surgery, whereas 
the remaining four failed. The mean postoperative follow-
 up period was 28.7 months (SD = 13, range = 12– 64). All 
study patients had complete resection of the SOZ. We 

F I G U R E  1  The anatomical locations of intracranial electrode contacts included in the analysis. Dark green represents seven patients 
with lesional temporal lobe epilepsy (TLE), all of whom achieved International League Against Epilepsy (ILAE) Class 1 outcome after 
resective surgery. Light blue represents eight patients with mesial TLE (mTLE) who had Class 1 outcome. Red represents four patients with 
mTLE who failed to achieve Class 1 outcome (Class 2, n = 1; Class 3, n = 3)

http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu


   | 2375MITSUHASHI et al.

analyzed 100.6 (SD = 22.1) electrodes per patient on av-
erage (Figure 1). None of the study patients had missing 
iEEG or MRI data.

2.5 | Visual identification and 
quantitative analysis of interictal spikes

We initially defined a spike discharge as a sharply con-
toured wave, which was immediately followed by a 
slow wave, clearly distinguished from the background 
activity and unattributable to an amplitude fluctuation 
of the background rhythm.1,30 In each patient, we visu-
ally identified 100 representative spike events, which 
occurred during an artifact- free non- rapid eye move-
ment sleep period, at least 2 h apart from ictal events, 
and at least 1.5  s apart from other interictal spike 
events.25,31

We employed the following three- step procedure to 
localize the leading site showing interictal spike- related 
broadband augmentation earliest among all electrode 
sites. Step 1 was marking each of the 100 visually larg-
est spikes. For each of the 100 visually identified spike 
events, we visually marked the peak of the largest nega-
tive deflection among all channels. Step 2 was quantita-
tive identification of the site showing the largest spike. 
We performed Morlet wavelet time– frequency analysis 
using the FieldTrip toolbox (http://www.field tript ool-
box.org/). We transformed iEEG voltage signals during 

a 2000- ms period centered on each visual spike mark-
ing into time– frequency bins at a 20– 70 Hz broadband 
range (2- Hz frequency bins; a given frequency band was 
divided by seven cycles, sliding in 1- ms steps).14,32  We 
computed the percent change of broadband amplitude 
augmentation at each channel compared to that during 
the 300- ms baseline period (−1000 to −700  ms before 
the marking). We then determined the largest spike 
channel, defined as the electrode site showing the high-
est spike- related broadband amplitude augmentation 
(taking place within 50  ms before or after the visual 
marking) on average across 100  spike events visually 
identified in each patient. Step 3 was quantitative local-
ization of the leading and lagging sites. We performed 
the final time– frequency analysis on the 2000- ms period 
centered on the peak of broadband augmentation at the 
largest spike channel defined in Step 2 mentioned above; 
this peak time was treated as the 0- ms point in this 
analysis. We likewise used the percent change of spike- 
related broadband amplitude augmentation for Step 3 
analysis. The cluster- based permutation test determined 
whether a given channel showed a significantly repro-
ducible amplitude augmentation (cluster randomiza-
tion  =  200, cluster size threshold α  =  .05).33  We then 
z- score transformed the individual spike- related broad-
band amplitudes relative to that during the 300- ms base-
line period mentioned above. We defined a significant 
spike as broadband amplitude augmentation with a z- 
score > 10 taking place within 50 ms before or after the 
0- ms point (Figure S2).34 The spike latency was defined 
as the moment when the z- score reached 10 at a given 
site. The leading site was defined as that with the mean 
spike latency earliest among all sites. The lagging sites 
were defined as the remaining sites showing a z- score > 
10 in at least 5% of the 100 analyzed spike events.

2.6 | Anatomical tractography to 
localize white matter tracts connecting 
cortical sites

As previously performed,14,35 we generated DWI trac-
tography using the open- source data averaged across the 
1065 individuals participating in the Human Connectome 
Project (http://brain.labso lver.org/diffu sion- mri- templ 
ates/hcp- 842- hcp- 1021).36 We validated our analytic ap-
proach by demonstrating that the spatial patterns of 
SPES- induced neural propagations based on the open- 
source DWI data were similar to those based on the indi-
vidual data.35

We placed seed- spheres of a radius of 4 mm at lead-
ing, lagging, and perilesional cortical sites. Within the 

T A B L E  1  Patient profile

Characteristic Value

Total patients, N 19

Mean age, years (range) 12.8 (5– 17)

Male patients, n (%) 10 (52.6)

Left- hemispheric epilepsy, n (%) 13 (68.4)

Mean number of antiepileptic drugs 1.9

MRI findings, n (%)

Tumor 6 (31.6)

Dysplasia 1 (5.2)

No mass lesion 12 (63.2)

Pathology in patients with no MRI- visible mass lesion, n (%)

Gliosis + hippocampal neuronal lossa 8 (42.1)

Gliosis alone 2 (10.5)

Gliosis + hippocampal neuronal 
loss + dysplasiaa

1 (5.2)

Gliosis + dysplasia 1 (5.2)

Abbreviation: MRI, magnetic resonance imaging.
aNine patients showed pathological findings consistent with a diagnosis of 
hippocampal sclerosis.

http://www.fieldtriptoolbox.org/
http://www.fieldtriptoolbox.org/
http://brain.labsolver.org/diffusion-mri-templates/hcp-842-hcp-1021
http://brain.labsolver.org/diffusion-mri-templates/hcp-842-hcp-1021


2376 |   MITSUHASHI et al.

MNI space, DSI Studio (http://dsi- studio.labso lver.org/) 
generated streamlines between the leading and lagging 
sites in all 19 patients. We likewise generated stream-
lines between the perilesional and leading/lagging 
cortical sites in seven lesional patients. We considered 
streamlines satisfying the following criteria to be signifi-
cant and present: a fractional anisotropy threshold of .3, 
a maximum turning angle of 70°, step size of .3 mm, and 
streamline length from 10 to 250 mm. As previously per-
formed,14 we included the shortest significant stream-
line connecting each seed region pair in the following 
analyses.

2.7 | Tractography- based source 
localization of interictal spike discharges

For each of the 100 spike events of each patient, we esti-
mated the spike source/origin to plausibly induce mono-
synaptic propagations at lagging sites at given observed 
latencies. We placed up to 1000 candidate streamlines 
of a length of (VProxy × [TBefore + TSpike]) mm from each 
leading/lagging site (Figure 2A,B); thereby, the tip of 
each streamline had a "candidate source sphere" of a ra-
dius of 4 mm. The VProxy was the proxy spike propaga-
tion velocity, defined as (the streamline length between 
the leading and lagging sites) divided by (the observed 
latency at given lagging sites), averaged across all seven 
lesional cases. The TSpike was treated as 0 (ms) at the lead-
ing site and the observed latency at a given lagging site. 
The source was presumed to generate a spike discharge 
TBefore (ms) before the leading site did. We determined 
which of the following 25 candidate odd numbers below 
50 (i.e., 1, 3, ···, and 49 ms) would be the best- fit TBefore, 
which resulted in the densest distribution of candidate 
source spheres at a focal cortical area (as reflected by the 
minimum entropy of the sphere distribution; Figure 2C). 
Thereby, the center of gravity of the distributed spheres 
was treated as the source/origin of a given spike dis-
charge (Figure 2D).

2.8 | Association between spike 
latency and streamline length

A mixed model analysis tested the hypothesis that delayed 
spike latency at a lagging site would be associated with a 
longer streamline length from the leading and perilesional 
cortical sites. The dependent variable was the streamline 
length on tractography. The fixed effect predictor variable 
was the spike latency. The random factors included pa-
tients and intercept.

2.9 | Association between spike source 
removal and postoperative seizure outcome 
in mTLE patients

We tested the hypothesis that 800  spike events seen in 
mTLE patients with ILAE Class 1 outcome would have a 
higher proportion of candidate source spheres within the 
resected area than 400 spike events of those failing to have 
such outcome (Mann- Whitney U- test). Likewise, the chi- 
squared test determined whether the spike sources were 
more likely to be in the resected area in ILAE Class 1 than 
Class ≥2. Finally, the t- test compared the resection volume 
between the two groups; the extent of surgical resection 
was measured based on the intraoperative photographs 
taken immediately before dural closure; we validated 
this analytic approach previously using the data from 89 
patients.25

2.10 | Visualization of spike propagations

We have generated three types of dynamic tractography 
videos visualizing propagations of spike discharge (aver-
aged across 100 events) through the white matter tracts 
using a method similar to that reported previously.14 
Each video visualizes the spatiotemporal changes of 
spike- induced fiber activation sites along the stream-
lines with a temporal resolution of 1 ms. In Videos S1A 
and S2A, the model assumes that the leading site was 
the generator. We have visualized spike propagations 
from the leading to lagging sites; thereby, the propa-
gation velocity was defined as (the streamline length) 
divided by (TSpike). In Videos S1B and S2B, the model 
assumes that the estimated source was the generator. 
We have visualized spike propagations from the source 
to both leading and lagging sites. The propagation ve-
locity was assumed to be VProxy between the source 
and leading site and (the streamline length) divided by 
(TBefore + TSpike) between the source and a given lagging 
site. In Video S2C, the model assumes that the perile-
sional cortical site was the generator. The propagation 
velocity between the perilesional and leading site was 
defined as (VProxy) and (the streamline length) divided 
by (TBefore + TSpike) between the perilesional and a given 
lagging site.

We have created a video visualizing the dynamics of 
cortical modulations related to spike discharges (aver-
aged across 100 events) seen in each group of mTLE pa-
tients (Video S3). The video delineated the spatiotemporal 
changes in broadband amplitude at leading and lagging 
sites with a temporal resolution of 1 ms using a method 
similar to that previously reported.37

http://dsi-studio.labsolver.org/
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2.11 | Statistical analysis

Statistical analyses were performed using SPSS Statistics 
Version 27 (IBM) and Statistical and Machine Learning 
Toolbox MATLAB 2018b (MathWorks). The significance 
was set at a p- value of .05.

2.12 | Data and code availability

All iEEG data, as well as the MATLAB- based codes for 
the dynamic tractography and tractography- based source 
localization, are available upon request to the correspond-
ing author.

F I G U R E  2  Tractography- based source localization of interictal spikes. (A, B) The schematic illustrations present the concept of our 
tractography- based source localization in a scenario where Channel a is the leading site, Channel b is a lagging site with a spike latency 
(TSpike) of 10 ms, and Channel c is a lagging site with a TSpike of 20 ms. (A) The model with TBefore of 1 ms results in a scarce spatial 
distribution of candidate source spheres; thus, none of the resulting spheres plausibly induces spike propagations at these lagging sites at the 
given observed latencies. (B) The model with TBefore of 5 ms results in the densest distribution of candidate source spheres; the spike source 
will comprise the center of gravity of spheres (arrow). The source is estimated to be located where the spike would occur 5 ms before the 
leading site. This model indicates that the spike would propagate from the source to the leading site in 5 ms. (C) The formula to compute 
the entropy of the sphere distribution is presented. Thereby, m is the total number of 1- mm voxels comprising the entire space occupied 
by all spheres delineated with a given TBefore. Pi is (the number of candidate source spheres directly affecting the i- th voxel) divided by (the 
total number of voxels included in all spheres). (D– G) The empirical data from a spike event observed in Patient #3 are presented. (D) The 
relationship between the TBefore and the entropy of sphere distribution is shown. (E) TBefore of 5 ms achieved the minimum entropy of the 
sphere distribution; in other words, the densest distribution of spheres (red shaded areas) was achieved at a focal area. The arrow denotes 
the estimated source of this spike discharge. Because the VProxy was found to be 1.46 ms in the present study, the spike source was suggested 
to be 7.3 mm (i.e., 1.46 × 5) away from the leading site. (F, G) TBefore of 25 ms (F) or 45 ms (G) failed to achieve a unifocal distribution of 
spheres; thus, we considered these latencies less plausible than 5 ms for localizing the spike source
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3  |  RESULTS

3.1 | Association between spike latency 
and tractography- based streamline length

Lagging sites with delayed spike latency had longer 
streamlines from the leading site in mTLE ILAE Class 
1 (mixed model estimate  =  +.94  mm/ms, t  =  +6.105, 
p  <  .001; Figure 3A) and Class ≥2 (mixed model 

estimate = + .52 mm/ms, t = +3.901, p = .001; Figure 
3B). Likewise, delayed spike latency was associated with 
longer streamlines from the perilesional cortical site in 
lesional TLE (mixed model estimate  =  +1.01  mm/ms, 
t  =  +4.290, p  <  .001; Figure 3C). Such a positive cor-
relation between spike latency and streamline length 
from the leading site was not replicated in lesional TLE 
(mixed model estimate  =  +.46  mm/ms, t  =  +1.699, 
p = .102; Figure 3D).

F I G U R E  3  Association between the spike latency and tractography- based streamline length. (A, B) The scatter plots derived from 
mesial temporal lobe epilepsy (mTLE) patients. Each circle reflects the relationship between the spike latency and streamline length from 
the leading site in mTLE patients with International League Against Epilepsy (ILAE) Class 1 (A) and Class ≥2 (B). (C, D) The scatter 
plots derived from lesional TLE patients. Each circle reflects the relationship between the spike latency and streamline length from the 
perilesional cortical site (C) and from the leading site (D). Circle color reflects a given patient. Dotted line: regression line. DWI, diffusion- 
weighted imaging
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3.2 | Distribution of candidate source 
spheres in mTLE patients

Figure 4A shows representative distributions of candidate 
source spheres of spikes seen in two different patients. In 
Patient #3 (mTLE ILAE Class 1), the sphere distribution was 
clustered in the anterior medial temporal lobe. In Patient #9 
(Class ≥2), the sphere distribution was sparse and involved the 
posterior temporal and frontal lobes. Group- level analysis of 
1200 spike events of mTLE patients revealed that the events 
in the Class 1 patients had a higher proportion of candidate 
source spheres included within the resected area than those in 
Class ≥2 (median = 38.4% vs. 28.6%, p < .001, Mann– Whitney 
U- test; Figure S4A). Likewise, spike events in the Class 1 pa-
tients had a higher proportion of candidate source spheres 
within the temporal lobe cortex than those in Class ≥2 (median 
= 79.5% vs. 66.0%, p < . 001; Figure S4C). The resection volume 
was not different between the two outcome groups (Class 1: 
52.6 cm3 [95% confidence interval (CI) = 32.4– 72.9] vs. Class 
≥2: 55.9 cm3 [95% CI = 26.5– 85.2], p = .805, t- test; Figure S4B).

3.3 | Relationship between resection of 
estimated spike sources and postoperative 
seizure outcome in mTLE patients

A substantial proportion of the spike sources were lo-
calized in the hippocampus (26.4% in Class 1 and 

20.6% in Class ≥2), amygdala (8.9% and 17.6%), and 
parahippocampal– entorhinal gyrus (45.3% and 34.5%). 
In mTLE ILAE Class 1 compared to Class ≥2, the esti-
mated spike sources were more likely to be in the resected 
area (83.9% vs. 72.3%, φ  =  .137, p  <  .001, chi- squared 
test) and in the medial temporal lobe region (80.5% vs. 
72.5%, φ = .090, p = .002; Figure 4B). The Euclidean dis-
tance between the estimated spike sources and the lead-
ing site was shorter in mTLE ILAE Class 1 than Class 
≥2 (12.9  mm vs. 23.7  mm, p  <  .001, Mann– Whitney  
U- test).

3.4 | Dynamic tractography- based 
visualization of spike propagations 
in mTLE

The dynamic tractography successfully animated the 
rapid spike propagations through 40 white matter 
streamlines from the leading site in eight mTLE Class 
1 patients (Video S1A; Figure 5). Spikes propagated 
in a posterior- to- anterior direction in 47.5% (19/40) 
and in the opposite direction in 52.5% (21/40). All 
streamlines ended within the temporal lobe (Video 
S1A). Likewise, the spike- related cortical modula-
tions were restricted to the temporal lobe (Video S3). 
The mean streamline length was 14.5 mm (95% CI = 
11.8– 17.1).

F I G U R E  4  The distribution of spike 
sources. (A) The distributions of candidate 
source spheres for a spike event of 
Patients #3 and #9. Each dot indicates the 
location of a candidate source sphere. The 
dot color reflects the density of candidate 
source spheres at a given voxel. For each 
spike event, the spike source (arrow) was 
defined to be localized at the center of 
gravity of these spheres. (B) Distribution 
of spike sources seen in 12 patients with 
mesial temporal lobe epilepsy (mTLE). 
Cyan dots indicate 800 spike sources seen 
in patients with the International League 
Against Epilepsy (ILAE) Class 1 outcome. 
Magenta dots indicate 400 spike sources 
in those with Class ≥2 outcomes
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3.5 | Dynamic tractography- based 
visualization of spike propagations in 
lesional TLE

We animated the spike propagations through 49 stream-
lines from the perilesional cortical site in seven lesional 
TLE Class 1 patients (Video S2C). Spikes propagated in 
a posterior- to- anterior direction in 65.3% (32/49) and the 
opposite direction in 34.7% (17/49; Figure S3). In lesional 
TLE, 91.8% (45/49) ended within the temporal lobe, 4.1% 
(2/49) in the frontal lobe, and 4.1% (2/49) in the parietal 
lobe. The mean streamline length was 27.5 mm (95% CI = 
20.5– 34.5). The model assuming spike propagations from 
the leading site indicated that the propagation velocity 
was highly variable across the streamlines (Video S2A), 
as predicted by the results of the mixed model failing to 

show a positive correlation between the spike latency and 
streamline length (Figure 3D).

3.6 | Dynamic tractography- based 
visualization of spike propagations from 
estimated source

The dynamic tractography successfully animated 
rapid spike propagations from the source to lead-
ing/lagging sites; the mean spike propagation veloc-
ity was 1.03  mm/ms (95% CI = .91– 1.15) across 133 
tracts noted in the 19 patients. The Euclidean distance 
between the source and the center of the lesion was 
23.9  mm on average across seven lesional patients 
(95% CI = 8.9– 38.9).

F I G U R E  5  Snapshots of dynamic tractography. The dynamic tractography, derived from the intracranial electroencephalography and 
diffusion- weighted imaging data, animates the monosynaptic spike propagations through the white matter tracts. (A) The snapshots of spike 
propagations in eight mesial temporal lobe epilepsy (mTLE) patients who achieved International League Against Epilepsy (ILAE) Class 
1 outcome; 0 ms reflects the spike onset at the leading site (Video S1A). Circles denote spike propagation- related fiber activation sites at a 
given moment. Circle size reflects spike- related broadband amplitude change (%) measured at a given lagging site. Color density represents 
spike propagation probability (%) calculated at a given lagging site. Red indicates propagation in a posterior- to- anterior direction. Blue 
indicates propagation in an anterior- to- posterior direction. (B) Spike propagations in seven lesional TLE patients, all of whom achieved 
ILAE Class 1 outcome; 0 ms reflects estimated spike onset at the perilesional cortical site
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4  |  DISCUSSION

4.1 | Significance and innovation of 
dynamic tractography

To our best knowledge, this is the first- ever study that 
animates the spatiotemporal dynamics of spike propa-
gations through the white matter tracts in patients with 
focal epilepsy. The dynamic tractography successfully 
visualized the networks of interictal spike discharges and 
characterized the directions of their propagations. Thus, 
the resulting videos may be helpful for patients and neu-
roscience students to understand the mechanism and 
process of focal epilepsy. For example, in our mTLE pa-
tients, spikes propagated in a posterior- to- anterior direc-
tion in 47.5% and the opposite direction in 52.5%. Studies 
of healthy nonhuman primates have demonstrated the 
posterior- to- anterior fiber projections in the medial tem-
poral lobe structures.38 In contrast, previous studies of 
mTLE patients using scalp EEG and MEG estimated 
that interictal spike discharges would propagate in an 
anterior- to- posterior direction.39,40 Investigators have 
emphasized that understanding the epileptic networks, 
including the directions of propagations of epileptiform 
discharges, would be crucial for planning a disconnec-
tive surgery to prevent a clinical seizure and protect 
healthy brain tissues.41 Some reported excellent seizure 
control after disconnecting the epileptogenic zone from 
the symptomatogenic and eloquent cortices.42

We provided internal and external validity to our dy-
namic tractography for visualizing spike propagations in 
mTLE. We found that the spike latency at lagging sites was 
linearly and positively correlated to the length of stream-
line from the leading site in mTLE. All of the monosyn-
aptic spike propagations observed in our mTLE patients 
were restricted within the temporal lobe (Video S1). In 
contrast, lesional TLE patients had subsets of spike propa-
gations involving the extratemporal lobe structures (Video 
S2). These observations are consistent with the results 
of a previous scalp EEG study of 30 patients with drug- 
resistant TLE.43  mTLE patients without dual pathology 
had a higher probability of interictal spikes localized in 
the anterior temporal lobe region than those with tempo-
ral lobe tumors (95.2% vs. 0%).43

We built and validated a novel source localization 
method. The innovation lies in incorporating the length 
of white matter tracts allowing monosynaptic spike 
propagations. We found that the spike sources in mTLE 
patients with ILAE Class 1 outcome were more likely to 
be in the resected area (83.9% vs. 72.3%) and the medial 
temporal lobe region (80.5% vs. 72.5%) than those fail-
ing to achieve such success. The Euclidean distance be-
tween the estimated spike sources and the leading site was 

shorter in mTLE ILAE Class 1 than Class ≥2 (12.9 mm vs. 
23.7 mm). The spike propagation velocity from the source 
was 1.03  mm/ms on average across 133 tracts noted in 
the 19 patients. We believe that this observed velocity is 
consistent with the ones previously estimated with differ-
ent modalities, considering that spikes do not propagate 
in a straight line but through the curving white matter 
tracts. Previous iEEG studies of TLE patients reported 
that the spike propagation velocity would range from 1.2 
to 3.0 mm (Euclidean distance) per millisecond.3,4 A study 
of mTLE patients using scalp EEG and MEG estimated the 
spike propagation from the deep to superficial temporal 
cortices would occur with a velocity of 1.2– 2.9 mm/ms.2 
Nonetheless, these noninvasive modalities have limita-
tions in the spatial accuracy of source localization in deep 
brain regions, including the medial and basal temporal 
lobes.44,45

Extensive prospective studies should clarify the util-
ity of the tractography- based spike source localization in 
presurgical evaluation. For example, we still do not know 
how many spike sources should be removed to optimize 
the postoperative seizure outcome. Figure S5  shows the 
results of an ancillary receiver operating characteristics 
analysis performed in the mTLE patients. All six pa-
tients with ≥80% of the spike sources removed success-
fully achieved ILAE Class 1 outcome, whereas only two 
of the six patients with <80% removed had such surgical 
success. Investigators may also want to test the hypothe-
sis that tractography is capable of predicting the location 
and timing of propagation of epileptiform discharges. In 
Figures S6 and S7, we have provided the preliminary data 
supporting this hypothesis.

4.2 | Plausible origin of spike generators 
in lesional TLE

Our study provided observations consistent with the no-
tion that the spike generators may be proximal to the 
perilesional cortical site in lesional TLE. The model as-
suming spike propagations from the perilesional cortical 
site achieved a significant positive correlation between the 
streamline length and spike latency at a given electrode 
site (Figure 3C). In contrast, the model assuming spike 
propagations from the leading site did not show a signifi-
cant positive correlation between the streamline length 
and spike latency (Figure 3D). We found that the spike 
source was localized within 23.8 mm on average from the 
perilesional cortical site. Based on the results of a meta- 
analysis of patients with tumor- related focal epilepsy, in-
vestigators have advocated more extensive resection than 
gross total lesionectomy alone to secure postoperative  
seizure control.22
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4.3 | Methodological considerations

Spatial sampling is an inevitable limitation in any invasive 
studies. Because subdural electrodes were used to tailor 
the resection margin, mesial temporal iEEG signals were 
sampled not from the hippocampal body but mainly from 
the parahippocampal– entorhinal cortices. Previous stud-
ies have suggested that the epileptogenic zone includes 
the parahippocampal– entorhinal cortices in mTLE; thus, 
many surgeons resect these mesial temporal lobe struc-
tures for optimal seizure control.46,47

We utilized open- source DWI data collected from 
healthy participants as a part of the human connectome 
project.36 One may consider that the streamlines gen-
erated based on the open- source data are different from 
those of an individual patient. Partly because of that, we 
cannot rule out the possibility of false- negative detection 
of streamlines to some electrode sites receiving a mono-
synaptic propagation. Studies have inferred that DWI 
measures may be altered in the white matter regions prox-
imal to the seizure focus in TLE patients.48 Our study pa-
tients are children with age ranging from five to 17 years, 
but white matter myelination continues throughout ado-
lescence and adulthood.49 Nonetheless, we have recently 
demonstrated that the velocity of SPES- induced neural 
propagations was highly comparable between the open- 
source and individual DWI data.35

One should consider the effect of volume conduction 
when electrode sites >10  mm apart exhibit an identical 
waveform without a time delay.50 Based on the visual as-
sessment, we believe that the unwanted effect of volume 
conduction on our iEEG analysis was small. Electrode 
sites appeared to record spike discharges generated by the 
underlying local cortical structure, as reflected by differ-
ent peak latencies (Figure S8).

The synaptic delay after a given site receives a 
propagation- related fiber activation has been estimated to 
range from .5 to 1.1 ms.51,52 If the propagation velocity is 
defined as (the streamline length) divided by (TSpike –  1), 
the mean velocity from the leading to lagging sites would 
be computed as 1.17 ms/mm in eight mTLE patients with 
ILAE Class 1 outcome.

We plan to develop the whole brain- level dynamic trac-
tography atlas incorporating the iEEG data from a large 
cohort of patients with focal epilepsy in the future. We 
expect that such a dynamic atlas will visualize the spa-
tiotemporal dynamics of spike propagations common in 
each type of epilepsy. Our ultimate goals include localiz-
ing the potential therapy target and informing clinicians 
about the concordance between the spike propagation pat-
tern of an individual patient and the typical pattern for a 
given epilepsy type.
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