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 Abstract: Electric source imaging (ESI) is commonly reconstructed at selected time points of 
an interictal epileptiform discharge (IED), although the source may evolve during the 
discharge. We investigated whether temporal sampling alters the spatial relationship between 
the ESI maximum and a temporal encephalocele (TE). We performed a lesion-referenced 
secondary analysis of a previously reported TE cohort. Averaged IEDs were reconstructed 
independently with MUSIC and sLORETA. Source-to-TE distance at the main negative peak 
was compared with the earlier technically valid component, classified as onset, half-rise, or a 
preceding peak in polyphasic IEDs. The primary measure was paired change in source-to-TE 
distance (ΔD_TE = D_peak − D_earlier). Complete paired measurements were available in 15 
trajectories for each inverse method. Median source-to-TE distance increased from 13 to 28 mm 
with MUSIC (median ΔD_TE +10 mm; Holm-adjusted p=0.0032) and from 15 to 26 mm with 
sLORETA (median ΔD_TE +5 mm; adjusted p=0.0032). The peak source was farther from the 
TE in 12/15 MUSIC and 13/15 sLORETA trajectories. Direction of change agreed between 
methods in 11/12 jointly evaluable patients. The lesion-source relationship was time-dependent 
within the IED, indicating that temporal sampling materially influences lesion-directed ESI 
interpretation. 
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1. Introduction  

Electric source imaging (ESI) is commonly calculated at selected time points of an in-
terictal epileptiform discharge (IED), yet an IED is a temporally evolving event rather 
than a static source. Source estimates can change during the rising phase and peak as 
different neuronal populations are recruited and activity propagates. Simultaneous 
scalp–intracranial studies, high-density EEG studies, and time-resolved source-imag-
ing work therefore show that ESI localization depends on the temporal component se-
lected for reconstruction [5–10,17–19]. 

Temporal encephaloceles (TEs) provide a useful fixed anatomical reference with which 
to quantify this temporal dependence. In our previously reported cohort, semiauto-
mated ESI localized to the TE in a subset of patients and spatial propagation of ESI 
maxima during the IED was described [1]. Those observations established that source 
localization can evolve during the discharge, but did not quantify whether that evolu-
tion systematically changes the source maximum's spatial relationship to the lesion. 
The present study addresses this distinct lesion-referenced question. 

We therefore investigated whether temporal sampling within the IED alters source-to-
TE distance. The primary endpoint was the paired change in source-to-TE distance 
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(ΔD_TE) between an earlier technically valid component and the main negative peak, 
analyzed independently with MUSIC and sLORETA. We additionally characterized 
the change according to whether the earlier component was onset, half-rise, or a pre-
ceding peak in a polyphasic IED, and assessed whether its direction was reproduced 
across inverse methods. 

2. Materials and Methods 
 

2.1 Study population 
This secondary analysis used the previously reported cohort of 32 patients with 

temporal lobe epilepsy and TEs [1]. Ethics approval and consent procedures were as 
reported previously [1]. 

 
2.2 EEG acquisition, IED detection, and averaging 
Long-term scalp EEG used the 10–20 system with additional T1/T2 electrodes. Per-

syst 14c detected and clustered IEDs. Clusters were ranked by detected spike count, 
and the two largest clinically valid clusters were selected and averaged; when only one 
major valid cluster was present, only that cluster was analyzed. Sphenoidal electrodes 
were not included in ESI [1]. 

 
2.3 Electric source imaging and temporal definitions 
ESI was performed in Curry 9 using patient-specific realistic three-compartment 

head models. Source maxima were reconstructed independently with MUSIC and 
sLORETA. Only solutions with signal-to-noise ratio >2 and explained signal >60% were 
included in quantitative analyses [1]. 

Source maxima were evaluated at onset, half-rise, and the main negative peak. 
Onset and half-rise followed the predefined waveform criteria [1]. For this analysis, the 
earlier technically valid component was classified as onset (O-P), half-rise (H-P), or a 
preceding peak in a polyphasic IED (P-P). 

 
2.4 Lesion-referenced distance 
The TE served as the fixed anatomical reference. Source-to-TE distance was meas-

ured from the ESI source maximum to the TE center; for multiple ipsilateral TEs at the 
same temporal pole, the largest TE was used. The primary endpoint was ΔD_TE = 
D_peak − D_earlier. Positive values indicate a source farther from the TE at the main 
peak. 

 
2.5 Statistical analysis 
Earlier and peak source-to-TE distances were compared separately for MUSIC 

and sLORETA using two-sided Wilcoxon signed-rank tests, with Holm correction 
across the two primary tests. Rank-biserial effect sizes were calculated. O-P, H-P, and 
P-P trajectories were summarized descriptively because subgroup sizes were small and 
did not support inferential comparison. Cross-method robustness was assessed by 
agreement in the direction of ΔD_TE among patients with complete paired measure-
ments for both methods. Associations of ΔD_TE with IED frequency and the number 
of spikes contributing to the analyzed average were exploratory robustness checks 
only. 

Ethics approval and consent procedures for the original cohort were as previously 
reported [1]. 

 
                         3. Results  
 

3.1 Analysis population 
Of the original 32-patient cohort, 20 had TE-directed ESI by at least one inverse 

method, as previously reported [1]. The present temporal analysis included 16 MUSIC 
and 17 sLORETA method-specific datasets with temporal source-to-TE measurements. 
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Complete earlier-versus-peak distance measurements were available in 15 cases for 
each method; cases without a technically valid earlier quantitative measurement were 
excluded from the paired analysis. 

 
3.2 Primary lesion-distance analysis 
With MUSIC (n=15), median source-to-TE distance increased from 13.0 mm (IQR 

11.0–20.5) at the earlier component to 28.0 mm (24.0–33.0) at the main peak. Median 
ΔD_TE was +10.0 mm (5.5–23.0), with a rank-biserial effect size of 0.924 (p=0.0023; 
Holm-adjusted p=0.0032). The peak source was farther from the TE in 12/15 trajectories, 
unchanged in one, and closer in two. 

With sLORETA (n=15), median source-to-TE distance increased from 15.0 mm 
(IQR 11.0–20.0) to 26.0 mm (18.0–30.0). Median ΔD_TE was +5.0 mm (4.5–15.0), with a 
rank-biserial effect size of 0.925 (p=0.0016; Holm-adjusted p=0.0032). The peak source 
was farther from the TE in 13/15 trajectories and closer in two. 

 
3.3 Influence of temporal sampling and cross-method consistency 
The earlier component was onset (O-P) in 7, half-rise (H-P) in 6, and a preceding 

peak (P-P) in 3 MUSIC datasets; corresponding counts for sLORETA were 8, 7, and 2. 
Among complete pairs, median ΔD_TE was +22 mm for MUSIC O-P, 0 mm for H-P, 
and +13 mm for P-P; corresponding sLORETA values were +15 mm, +3 mm, and +9 
mm. Thus, both inverse methods showed the same descriptive pattern: onset-to-peak 
trajectories had the largest lesion-relative change, whereas half-rise-to-peak trajectories 
showed little additional change. Because these groups were small and represented dif-
ferent IED morphologies rather than repeated sampling of all phases in every patient, 
no inferential comparison among temporal categories was performed. 

Twelve patients had complete paired measurements with both inverse methods. 
The direction of ΔD_TE agreed in 11/12 (91.7%), supporting reproducibility of the tem-
poral effect across MUSIC and sLORETA. 

As exploratory robustness checks, ΔD_TE was not associated with IED frequency 
or with the number of spikes contributing to the analyzed average (all p>0.38). 

The primary paired source-to-TE distance results are summarized in Table 1. In-
dividual paired trajectories are shown in Figure 1. 

 
3.4. Figures, Tables and Schemes 

 
Figure 1. Paired source-to-TE distance at the earlier technically valid IED component and the 
main negative peak. Each line represents one complete patient-method trajectory. 
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Table 1. Primary paired source-to-TE distance analysis 

Measure MUSIC sLORETA 
Complete pairs, n 15 15 

Earlier component, median 
(IQR), mm 

13.0 (11.0-20.5) 15.0 (11.0-20.0) 

Main peak, median (IQR), mm 28.0 (24.0-33.0) 26.0 (18.0-30.0) 
ΔD_TE, median (IQR), mm +10.0 (5.5-23.0) +5.0 (4.5-15.0) 
Peak farther / equal / closer 12 / 1 / 2 13 / 0 / 2 

Rank-biserial correlation 0.924 0.925 
Wilcoxon p; Holm-adjusted p 0.0023; 0.0032 0.0016; 0.0032 

4. Discussion 
The principal finding is that the spatial relationship between an ESI source maxi-

mum and a TE changes systematically across the IED. From an earlier technically valid 
component to the main negative peak, median source-to-TE distance increased by 10 
mm with MUSIC and 5 mm with sLORETA. The peak source was farther from the TE 
in 12/15 and 13/15 trajectories, respectively, with large rank-biserial effect sizes and 
Holm-adjusted p=0.0032 for both methods. Moreover, the direction of change agreed 
across inverse methods in 11/12 patients with complete paired data. This paired lesion-
referenced analysis extends the previous cohort report by quantifying the consequence 
of temporal sampling for the apparent source-lesion relationship rather than re-evalu-
ating TE localization or propagation prevalence [1]. 

The temporal-category analysis adds a second observation. With both inverse 
methods, onset-to-peak trajectories showed the largest descriptive increase in source-
to-TE distance, whereas half-rise-to-peak trajectories showed little additional change; 
preceding-peak-to-main-peak trajectories were intermediate. This pattern is consistent 
with the broader literature showing that ESI estimates can change substantially over 
the rising phase of an IED and that the selected reconstruction time point influences 
localization [7–10,17–19]. However, the present subgroups are small and consist of dif-
ferent IED morphologies. They therefore do not establish that onset is an optimal sam-
pling point or that displacement occurs predominantly before half-rise. Rather, they 
show that the magnitude of the lesion-relative difference is sensitive to which earlier 
component is sampled. 

The use of a TE as a fixed anatomical reference allows this temporal effect to be 
expressed in millimetric lesion-relative terms. Cox et al. reported ESI sources approxi-
mately 22–23 mm from the TE center and proposed propagated activity as one possible 
explanation for source–lesion offset [11]. Our analysis addresses the complementary 
within-IED question: in the same patient-method trajectory, the apparent source-lesion 
distance can change materially according to the sampled component. Importantly, 
proximity to the TE should not be equated with electrophysiological accuracy; the TE 
is an anatomical reference rather than direct intracranial ground truth. 

Several features support the robustness of the primary observation. The analysis 
is paired, so each trajectory serves as its own anatomical reference; the effect is present 
with two independent inverse methods; and the direction of change is concordant 
across methods in 91.7% of jointly evaluable patients. The magnitude of ΔD_TE was 
not related to IED frequency or the number of spikes contributing to the average, alt-
hough these exploratory checks are not evidence of equivalence. Absolute millimetric 
localization remains influenced by electrode density, head modeling, source depth, sig-
nal quality, and inverse method [2–4,12–14]. Earlier components may also be less af-
fected by propagation while having lower signal-to-noise ratio [4,17,19]. 

The principal limitations are the retrospective secondary design, the small num-
ber of complete paired trajectories, standard-density EEG, and missing earlier meas-
urements when technical quality criteria were not met. The temporal categories were 
too small for inferential comparison and were not repeated measurements of onset, 
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half-rise, and peak in every patient; consequently, the subgroup pattern should be con-
sidered hypothesis-generating. In addition, the TE is a structural anatomical reference 
rather than intracranial electrophysiological ground truth. These limitations restrict 
claims about accuracy or an optimal reconstruction time point, but do not negate the 
paired observation that source-to-TE distance changes across the IED. 

5. Conclusions 

Source-to-TE distance changed systematically across the IED and usually increased 
from an earlier technically valid component to the main negative peak with both MU-
SIC and sLORETA. The direction of this change was highly concordant across inverse 
methods, while descriptive differences among onset-, half-rise-, and preceding-peak 
trajectories indicate that the apparent lesion-source relationship is sensitive to the tem-
poral component selected for reconstruction. Temporal sampling should therefore be 
considered explicitly when interpreting lesion-directed interictal ESI; these data do not 
establish a universally optimal sampling point. 
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