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Background: Electric and magnetic source imaging methods (ESI, MSI) estimate the
location in the brain of the sources generating the interictal epileptiform discharges
(I-ESI, 1I-MSI) and the ictal activity (IC-ESI, IC-MSI). These methods provide potentially
valuable clinical information in the presurgical evaluation of patients with drug-resistant
focal epilepsy, evaluated for surgical therapy. In spite of the significant technical advances
in this field, and the numerous papers published on clinical validation of these methods,
ESI and MSI are still underutilized in most epilepsy centers performing a presurgical
evaluation. Our goal was to review and summarize the published evidence on the
diagnostic accuracy of interictal and ictal ESI and MSI in epilepsy surgery.

Methods: We searched the literature for papers on ESI and MSI that specified
the diagnostic reference standard as the site of resection and the postoperative
outcome (seizure-freedom). We extracted data from the selected studies, to calculate
the diagnostic accuracy measures.

Results: Our search resulted in 797 studies; 48 studies fulfilled the selection criteria (25
ESI and 23 MSI studies), providing data from 1,152 operated patients (515 for II-ESI,
440 for II-MSI, 159 for IC-ESI, and 38 for IC-MSI). The sensitivity of source imaging
methods was between 74 and 90% (highest for IC-ESI). The specificity of the source
imaging methods was between 20 and 54% (highest for II-MSI). The overall accuracy
was between 50 and 75% (highest for IC-ESI). Diagnostic Odds Ratio was between 0.8
(IC-MSI) and 4.02-7.9 (II-ESI < II-MSI < IC-ESI).

Conclusions: Our systematic review and meta-analysis provides evidence for the
accuracy of source imaging in presurgical evaluation of patients with drug-resistant focal
epilepsy. These methods have high sensitivity (up to 90%) and diagnostic odds ratio (up
to 7.9), but the specificity is lower (up to 54%). ESI and MSI should be included in the
multimodal presurgical evaluation.
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INTRODUCTION

Rationale

In spite of the numerous published papers on the accuracy
of electric source imaging (ESI) and magnetic source imaging
(MS]) in localizing interictal epileptiform discharges and ictal
activity, these methods have gained only partial acceptance
in the presurgical evaluation of patients with drug-resistant
focal epilepsy. A recently published survey by the E-PILEPSY
consortium, comprising 25 European centers, showed that less
than half of the centers used these methods for presurgical
evaluation (1).

Interictal epileptiform discharges and ictal activity are
typically recorded during long-term video EEG monitoring,
which is part of the presurgical evaluation in almost all centers.
However, signals are interpreted visually, without any post-
processing or signal analysis. In the majority of centers, this
is merely done by indicating the scalp region where the peak
negativity of the discharges (phase reversal) is spotted. This can
be misleading, since due to volume conduction, peak negativity
can be recorded over a different lobe and even different side than
the source. Interictal epileptiform discharges and ictal activity are
essential components of the multimodal presurgical evaluation:
they indicate the location of the irritative zone and the seizure-
onset zone, respectively. Therefore, their accurate localization is
extremely important for identifying the cortical area that needs
to be surgically resected in order to render the patient seizure-
free (2).

Source imaging methods estimate the location of the electric
sources (ESI) and of the magnetic sources (MSI). Both methods
can be applied for localizing interictal epileptiform discharges
(II-ESI and II-MSI) and ictal activity (IC-ESI and IC-MSI).
However, at present, MEG has the size of a scanner, and needs
a shielded room together with special maintenance, requiring
precisely scheduled recording times. Thus, restrictions in time
(duration) and space (patient mobility) of the MEG recordings
are inherent, so that IC-MSI is rarely performed.

Despite these limitations, during the last decades, these
methods developed considerably. It is nowadays possible to
record EEG and magnetoencephalographic (MEG) signals using
high-density array, and individual head models are constructed
using the patients’ own MRIL.

Objectives

Our goal was to review the published literature on ESI and MSI
in presurgical evaluation of patients with drug-resistant focal
epilepsy and to infer its accuracy, from the published results.

We wanted to include a wide spectrum of methods
and modalities: low density (LD) EEG recordings, with <
64 electrodes, high density (HD) EEG recordings (64-256
electrodes), MEG recordings, analysis of interictal epileptiform
discharges as well as of the ictal activity.

Research Question

We have addressed the following question: What is the accuracy
of electric and magnetic source imaging in the presurgical
evaluation of patients with drug-resistant focal epilepsy?

METHODS
Study Design

This is a systematic review and meta-analysis of the accuracy of
electric and magnetic source imaging in presurgical evaluation.

Participants, Interventions, Comparators
Participants: patients with drug-resistant focal epilepsy (3)
who underwent presurgical evaluation for possible surgical
treatment (resection).

Interventions: 1I-ESI (electric source imaging of interictal
epileptiform discharges), IC-ESI (electric source imaging of
ictal activity), II-MSI (magnetic source imaging of interictal
epileptiform discharges) and IC-MSI (magnetic source imaging
of ictal activity).

Comparators: The most widely accepted, clinically relevant
gold standard (reference standard) for diagnostic methods in
presurgical evaluation is the epileptogenic zone (EZ), inferred
from the site of the resection and the postoperative outcome.
Therefore, in this study we compared at sub-lobar level the
location of the electric and magnetic sources with the resected
area, and then the postoperative outcome (>1 year after surgery).

Systematic Review Protocol

Literature search was made for electric and magnetic source
imaging studies in presurgical evaluation. We designed the
review protocol, based on the PRISMA statement (Preferred
reporting items for systematic reviews and meta-analyses) (4).

Search Strategy

We searched research studies published between January 1st 1991
and May 31st 2018. We restricted the search to human subjects
that were published in English.

For ESI we used the following search string in PubMed
and in EMBASE: (Epilepsy[Title/Abstract] AND Source
imaging [Title/Abstract] AND Electric OR Electrical OR
Electroencephalographic OR EEG [Title/Abstract]).

For MSI we used three different search strings in PubMed.
String-1: (Epilepsy[Title] AND Magnetic [Title] OR MEG OR
Magnetoencephalographic OR Electromagnetic OR[Title] AND
Source Imaging[Title/Abstract]). String-2: (Ictal [Title] AND
Magnetic Source Imaging [Title]). Sting-3: ((Magnetic source
imaging[Title] OR Magnetoencephalography[Title]) AND
Epilepsy[Title/ Abstract] AND Interictal[Title/Abstract]).

Duplicate studies were eliminated.

Data Sources, Studies Selections, and Data
Extraction
The studies were selected according to the following criteria:
(1) Source Imaging compared with gold standard (as described
in section Participants, Interventions, Comparators); (2) Studies
with at least five subjects (up to four were included in case of ictal
magnetic source imaging studies as there were very few studies);
(3) follow up duration of minimum 1 year. First title and abstracts
were screened, then the full text papers were screened and (for the
selected papers) data were extracted, as detailed below.

The location of the epileptic focus indicated by the source
imaging study was tested against gold standard to calculate
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accuracy parameters. If more than one source were found then
the dominant one was used. All included patients underwent
respective surgery. Resection of the source and seizure-freedom
(Engel-1 outcome) >1 year after surgery was considered as
evidence for correct localization of the epileptogenic zone, by the
source imaging methods.

The definitions for accuracy parameters were used as follows:
(a) Source imaging focus within resected area and Engel-1
outcome = True positive (TP); (b) Source imaging focus within
resected area and outcome other than Engel-1 = False positive
(FP); (c) Source imaging focus outside resected area and outcome
Engel-1 = False negative (FN); (d) Source imaging focus outside
resected area and outcome other than Engel-1 = True negative
(TN). These data (TP, TN, FP, FN) were extracted from the
selected studies.

In addition, for ESI studies we extracted information on the
electrode array (low density vs. high density array).

Data Analysis

Using the data extracted from the selected studies, we
calculated the diagnostic accuracy measures, using the
conventional formulae:

o TP
Sensitivity = ———
TP + FN

TN
Specificity = ————
pecificty = o Fp
TP+ TN

Accuracy =

TP+ TN + FP+ FEN

. . . TP+TN
Diagnostic Odds Ratio =
FP«xFN
. oo . sensitivity
Positive Likelihood Ratio = ————
1 — specificity

1 — sensitivity

Negative Likelihood Ratio = ——
specificity

For all accuracy measures, we calculated 95% confidence
intervals (CI). We compared the accuracy of the various
source imaging methods (HD vs. LD recordings, interictal
vs. ictal, ESI vs. MSI) using Chi square test, based on
the numbers of TP, FP, TN, and FN. An open source
software, OpenMeta[Analyst] was used to calculate accuracy
parameters with statistical analysis (OpenMeta[Analyst]
([Windows],[ CEBM@BROWNT],[USA],[2018]).

RESULTS

Study Selection and Characteristics
Figures 1, 2 show the flow diagram of the studies on ESI and MSI,
retrieved for the review.

Our search strategy resulted in 486 ESI studies and 311 MSI
studies, after removal of duplicates (Supplementary Material 1).
After screening the titles and the abstracts, 77 ESI studies and
53 MSI studies were selected for full text review. Forty-eight
fulfilled all selection criteria. Twenty-five of them addressed ESI:
19 studies on II-ESI (5-23) and six on IC-ESI (24-29). Twenty-
three studies addressed MSI: 19 on II-MSI (30-48) and four
on IC-MSI (49-52). Data were extracted from these studies
for the meta-analysis. These were cross-sectional cohort studies
(Supplementary Materials 2, 3).

From the studies selected for data extraction 15 ESI and eight
MSI were prospective, including three IC-ESI and two IC-MSI
studies, respectively. II-ESI studies included 11 studies with HD
electrode array (64 or more electrodes, 64-256), four with LD
electrode array (<64) and four with both. The studies with LD
electrode array used 26 electrodes in one, 32 electrodes in other
one and variable number of electrodes ranging from 19 to 29 and
27 to 32 in the rest. II-MSI studies mostly were with HD sensors
except two with 37 sensor MEG and one study did not comment
about the density of sensors.

There were three II-ESI and two II-MSI studies which
included pediatric population of <18 years age. Other studies had
mixed age group population with age ranging from 1 to 75 years
from study to study.

There were very few studies on IC-MSI with fewer number
of subjects fulfilling inclusion criteria. The sample size was very
small, hence results should be interpreted in light of this bias.
Study by Badier et al. (50) on IC-MSI used two methods of
source analysis which resulted in two different results. These two
methods were included as independent studies for the purpose of
analysis. Both methods were correlated with epileptogenic zone
mapped by intracranial EEG which in turn was used to calculate
accuracy parameters. This introduces a methodical heterogeneity
and reduces significance of results from this sub-group (IC-MSI).

Synthesized Findings
The pooled patient population for assessment of the accuracy of
source imaging included 1,152 patients totally (Table 1).

Figures 3-14 show forest plots of the diagnostic
outcome measures (sensitivity, specificity, diagnostic
odds ratio, positive and negative likelihood rations)

of the selected studies and the pooled data, for the
source imaging methods: II-ESI, IC-ESI, II-MSI, IC-MSI.
Table1 summarizes the diagnostic outcome measures,
determined from the pooled data. Table2 summarizes
comparisons of the outcome measures among the source
imaging methods.

Sensitivity of the source imaging methods was between 73.8
and 89.9%, highest for IC-ESI and lowest for IC-MSI. Sensitivity
was significantly higher for IC-ESI as compared with II-ESI
(p = 0.02).
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Electric Source Imaging (ESI)

PubMed Embase Additional search
N=210 N=328 =
Duplicates removed ( common
between searches)
N =486
Title and abstract review
Excluded (N = 390)
* Unrelated (215)
* MEG (82)
* Review (34)
+ Computer simulations only (15)
+ Idiopathic epilepsy (15)
+ Case report (11)
* ESI technique other than scalp EEG
(11)
+ Scalp EEG study (5)
+ Duplicate -same study repeated (2)
Abstract review
Excluded (N = 19)
* Magnetic source imaging (4)
* Reviews (2)
* Editorial (1)
+ Single case (1)
* Simulation (2)
* Inverse solution method (2)
* Head model (1)
* EEG and multimodal imaging (6)
Full- text accessed
Excluded (N = 2)
* Review=1
* Full text not available = 1
( Conference proceeding)
Full-text review
N=75
Interictal ES| Ictal ESI
N=50 N=25
Excluded: not meeting criteria for
analvs|§ (N=31) ; Excluded: Not meeting criteria for
+ Surgical outcome not available (7) analysis (N = 19)
2 Differ.erft analysis (6) + Surgical outcome not available (2)
+ Insufficient data (8) « Insufficient data (9)
* Review (1) * Review (1)
+ Idiopathic focal epilepsy (1) « Different analysis (5)
+ Simulation study (1) + Duplicate (1)
* ESI from intracranial EEG (2)
* ESI from HFOs (2)
+ Concordance with intracranial EEG (3)
Final inclusion for analysis Final inclusion for analysis
N=19 N=6
FIGURE 1 | Flow diagram of the studies on ESI, retrieved for the review.
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Magnetic source imaging (MSl)

PubMed Search -1
N=115

PubMed Search -2
N =108

PubMed Search -3

Titles
N=311

Excluded (N = 202)

Duplicates - common among
searches (30)

Unrelated (96)

Reviews (40)

Case report (9)

Electric source imaging (21)
Idiopathic epilepsy (6)

l

Title and abstracts review
N =109

l

Excluded (N = 56)

MRI/functional Imaging (4)
Intracranial EEG (10)

MSI methods (20)

Surface EEG and HFOs (6)
Review (2)

Brain topography (1)

Other: other conditions (13)

l

Full-text review

N=53
Interictal MSI Ictal MSI

N=43 N=10
Excluded ( N = 24)
« Different outcome parameters (8) Excluded (N = 6)
«+ Insufficient data (8) + Insufficient Data: 1 .
* Correlation with intracranial EEG( 5) * Reference standard clinical :3
* Review ( center’s own experience):1 * Single case study :2

Final inclusion for analysis Final inclusion for analysis
N=19 N=4
FIGURE 2 | Flow diagram of the studies on MSI, retrieved for the review.
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TABLE 1 | Diagnostic outcome measures from pooled data (95% Cls in parenthesis).

1I-ESI

IC-ESI

11-MSI

IC-MSI

Number of patients

515

Sensitivity 81.1% (76.2-85.2%)
Specificity 45.2% (36.0-54.7%)
Accuracy 74.17% (70.39-77.95%)

Diagnostic odds ratio

4.02 (2.31-6.98)

159
89.9% (81.8-94.6%)
46.9% (30.5-63.9%)
74.84% (68.1—81.59%)
7.896 (3.117-20.004)

77.4% (71.5-82.3%)
54.1% (46.2-61.9%)
70.68% (66.43-74.94%)

440

38
73.8% (48.4-89.4%)
20.5% (7.1-46.8%)
50.00% (37.71-69.43%)

Positive likelihood ratio 1.31 (1.12-1.54)

Negative likelihood ratio 0.383 (0.263-0.557)

1.47 (1.149-1.881)
0.218 (0.169-0.281)

4.54 (2.81-7.32)
1.42 (1.204-1.672)
0.395 (0.282- 0.555)

0.823 (0.16-4.229)
0.98 (0.735-1.305)
1.04 (0.708-1.539)

Sensitivity Specificity
Studies Estimate (95% C.I.) TB/(TP + FN) Studies Estimate (35% C.I.) TN/(FE + TN)
Brodbeck et al(1) 2011 0.769 (0.684, 0.837) 90/117 - Brodbeck et al(1) 2011 0.314 (0.183, 0.483) 11/35
Brodbeck et al(2) 2010 0.850 (0.500, 0.970)  8/9 —— Brodbeck et al(2) 2010 0.750 (0.108, 0.987)  1/1
Brodbeck et al(3) 2009 0.885 (0.583, 0.977) 11/12 o Brodbeck et al(3) 2009 0.250 (0.013, 0.891)  0/1
Centeno et al 2017 0.833 (0.523, 0.958) 10/12 - Centeno etal 2017 0.750 (0.238, 0.966)  3/4 "
Elshoff et al 2012 0.944 (0.495, 0.997)  8/8 . Elshoff et al 2012 0.500 (0.094, 0.906)  1/2 "
Feng et al(1) 2018 0.833 (0.464, 0.967)  7/8 - Feng et al(1) 2018 0.750 (0.109, 0.987)  1/1
Feng etal(2) 2016 0.842 (0.690, 0.927) 32/38 - Feng etal(2) 2016 0.600 (0.200, 0.900)  3/5
Heers etal 2014 0.750 (0.238, 0.966)  3/4 . Heers et al 2014 0.333 (0.084, 0.732)  2/6
Kargiotis et al 2014 0.857 (0.419, 0.980)  6/7 - Kargiotis et al 2014 0.250 (0.034, 0.762) 174 ]
Lantz et al 2003 0.821 (0.540, 0.948) 11/13 - Lantz et al 2003 0.500 (0.019, 0.981) 0/0
Lascano etal 2016 0.919 (0.620, 0.966) §7/62 —— Lascano et al 2016 0.450 (0.253, 0.664)  9/20 —n
Leiten et al 2003 0.100 (0.006, 0.674)  0/4 Leiten et al 2003 0.300 (0.060, 0.744) 174
Maziero etal 2015 0.750 (0.418, 0.926)  7/9 —_— Maziero etal 2015 0.250 (0.013, 0.891)  0/1
Megevand et al 2014 0.632 (0.403, 0.813) 12/19 —_—— Megevand et al 2014 0.769 (0.478, 0.924) 10/13 —_—
Michel et al 2004 0.816 (0.581, 0.934) 15/18 L Michel et al 2004 0.750 (0.109, 0.987)  1/1
Park etal 2015 0.955 (0.552, 0.997) 10/10 = Parketal 2015 0.375 (0.073, 0.820)  1/3
Rikir et al 2014 0.846 (0.549, 0.961) 11/13 —— Rikir et al 2014 0.250 (0.034, 0.762) 174
Sperl et al 2006 0.900 (0.625, 0.980) 13/14 — Sperii et al 2006 0.250 (0.013, 0.891)  0/1
van Mierlo et al 2017 0.792 (0.587, 0.911) 19/24 — van Mierlo et al 2017 0.750 (0.377, 0.937) 6/8 —_— &
Overall (12285 % , P=0.351) 0.811 (0.762, 0.852) 330/401 - Overall (1"2=0 % , P=0.576) 0.452 (0.360, 0.547) 52/114 —
o 0z 05 ors ' o 0z 05 o 0%
Senstivity Speciicity

FIGURE 3 | Forest plot showing sensitivity and specificity of the II-ESI studies (individual studies: size of the squares are proportional to weights used in meta-analysis;
the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).

Sensitivity Specificity
Studies Estimate (95% C.L.) TB/ (1P + EN) Studies Estimate (95% C.1.) IN/(FP + TN)
Assaf et al 1999 0.942 (0.836, 0.981) 45/52 —— Assaf et al 1999 0.227 (0.098, 0.444)  5/22 .
Beniczky et al(1) 2013 0.923 (0.609, 0.989) 12/13 Beniczky et al(1) 2013 .144, 3/7 1
Beniczky et al(2) 2016 0.800 (0.530, 0.934) 12/15 Beniczky et al(2) 2016 0.600 (0.200, 0.900)  3/5
Lietal 2016 0.833 (0.369, 0.977) /6 Lietal 2016 0.667 (0.154, 0.957) 2/3
koren et al 2018 0.923 (0.609, 0.989) 12/13 koren et al 2018 0.600 (0.348, 0.008) 9/15 —_—
Nemtsas et al 2017 0.917 (0.378, 0.995) b/h Nemtsas et al 2017 0.625 (0.180, 0.927) 2/3 s 3
Overall (1*2=0 % , P=0.694) 0.899 (0.818, 0.946) 95/104 e Overall (1*2=26.77 % , P=0.234) 0.469 (0.305, 0.639) 24/55 —_——=— T T—— =
Sensitivity Specificity
FIGURE 4 | Forest plot showing sensitivity and specificity of the IC-ESI studies (individual studies: size of the squares are proportional to weights used in
meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
Sensitivity Specificity
Studies Estimate (95% C.I.) TB/(TP + FN) Studies Estimate (95% C.I.) TN/(FP + TN)
Almubarak et al 2014 0.700 (0.376, 0.900) /10 ——- Almubarak et al 2014 0.500 (0.225, 0.775) 5/10 —_— &
Assaf et al 2004 0.978 (0.732, 0.999) 22/22 — Assaf et al 2004 0.500 (0.019, 0.981) 0/0
Chang et al 2009 0.917 (0.378, 0.995) 5/5 Chang et al 2009 0.375 (0.073, 0.820) 1/3
Englot et al 2015 0.817 (0.710, 0.891) 58/71 —— Englot et al 2015 0.688 (0.510, 0.823) 22/32 S e am—
Kim et al 2012 0.778 (0.421, 0.944) 179 - Kim et al 2012 0.500 (0.059, 0.941) 1/2
Jeong et al 2012 0.800 (0.309, 0.973) 4/5 Jeong et al 2012 0.556 (0.330, 0.760) 10/18 -
Kaiboriboon et al 2010 0.786 (0.506, 0.929) 11/14 —_—— Kaiboriboon et al 2010 0.200 (0.027, 0.691) 1/5
Kasper etal 2018 0.885 (0.583, 0.977) 11/12 —l Kasper et al 2018 0.833 (0.194, 0.990) 2/2
Kim H et al 2013 0.667 (0.406, 0.854) 10/15 _— Kim H et al 2013 0.286 (0.072, 0.673) 2/7
Knowlton et al 1997 0.958 (0.575, 0.997) 11/11 —_—t Knowilton et al 1997 0.250 (0.050, 0.679) 1/5
Mamelak et al 2012 0.636 (0.339, 0.857) 7/11 -— Mamelak et al 2012 0.500 (0.123, 0.877) 2/4
Schneider et al 2012 0.700 (0.376, 0.900) /10 ———— Schneider et al 2012 0.875 (0.463, 0.983) /8 ———
Smith et al 2003 0.667 (0.473, 0.817) 18/27 R — Smith et al 2003 0.667 (0.461, 0.824) 16/24 B e
Sutherling et al 2008 0.833 (0.369, 0.977) 5/6 Sutherling et al 2008 0.500 (0.059, 0.941) 1/2
Koptelova et al 2013 0.944 (0.495, 0.997) 8/8 _—mm Koptelova et al 2013 0.100 (0.006, 0.674) 0/4
Wang et al(1) 2014 0.769 (0.478, 0.924) 10/13 R Wang et al(1) 2014 0.500 (0.225, 0.775) 5/10 I
Wang et al(2) 2015 0.500 (0.123, 0.877)  2/4 Wang et al(2) 2015 0.455 (0.203, 0.732)  5/11 L
Wu X-Tet al(1) 2013 0.900 (0.326, 0.994) a/4 ‘Wu X-Tet al(1) 2013 0.350 (0.128, 0.664) 3/9 —_—.
Wu X-T et al(2) 2012 0.923 (0.609, 0.989) 12/13 I Wu X-T et al(2) 2012 0.571 (0.316, 0.794) 8/14 —
Overall (1*2=0 % , P=0.563) 0.774 (0.715, 0.823) 219/270 _— Overall (1*2=0.7 % , P=0.447) 0.541 (0.462, 0.619) 92/170 g
r T T T 1 r T — T 1
Sensitivity Specificity

FIGURE 5 | Forest plot showing sensitivity and specificity of the II-MSI studies (individual studies: size of the squares are proportional to weights used in
meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 6 | Forest plot showing sensitivity and specificity of the IC-MSI studies (individual studies: size of the squares are proportional to weights used in
meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 7 | Forest plot showing diagnostic odds ratio of the II-ESI studies (individual studies: size of the squares are proportional to weights used in meta-analysis;
the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 8 | Forest plot showing diagnostic odds ratio of the IC-ESI studies (individual studies: size of the squares are proportional to weights used in meta-analysis;
the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).

Specificity of the source imaging methods was between 20.5 The overall accuracy of the source imaging methods was
and 45.1%, highest for II-MSI and lowest for IC-MSI. Specificity =~ between 50 and 74.84%, highest for IC-ESI and lowest for
of IC-MSI was significantly lower compare with II-MSI (p =  IC-MSI. Accuracy of the IC-MSI was significantly lower
0.007) and IC-ESI (p = 0.02). compared to the other methods (p < 0.002). There was
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FIGURE 9 | Forest plot showing diagnostic odds ratio of the II-MSI studies (individual studies: size of the squares are proportional to weights used in meta-analysis;
the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 10 | Forest plot showing diagnostic odds ratio of the IC-MSI studies (individual studies: size of the squares are proportional to weights used in meta-analysis;
the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 11 | Forest plot showing negative and positive likelihood ratios of the II-ESI studies (individual studies: size of the squares are proportional to weights used in
meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).

0w o o 1o
Positive Likelihood Ratio (log scale)

Frontiers in Neurology | www.frontiersin.org

December 2019 | Volume 10 | Article 1250


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Sharma et al.

Accuracy of Electromagnetic Source Imaging

Negative Likelinood Ratio

Studies Estimate (95% C.I.) (FN * Di-)/(TN * Di+)
Assaf et al 1909 0.250 (0.200, 0.32 66/260 -

Beniczky et al(1) 2013 0.17 /39 R

Beniczky et al(2) 2016 0 15/45 _—.
Lietal 2016 o 312

koren et al 2018 0 157117 — -

Nemisas et al 2017 0.133 (0.037, 0.48 0/10

Overall (1*220.84 % , P=0.353) 0.218 (0.169, 0.281) 106/483 —_—

Negative Likelirood Retio (log scale)

Positive Likelihood Ratio

Studies Estimate (95% C.I.) (TP * Di-)/(FP * Dit)
Assaf etal 1999 1.219 (0.963, -,

Beniczky et al(1) 2013 1.615 (0.835,

Beniczky et al(2) 2016 2.000

Lietal 2016 2.500 ’

Koren et al 2018 2.308 (1.2 180/78 —-—
Nemisas et al 2017 2.444 (0.674, 1575

Overall (1258.06 % , P=0.365) 1.470 (1.149, 1.881) 1432/1055 —_—

Positive Likslihood Ratio (log scale)

FIGURE 12 | Forest plot showing negative and positive likelihood ratios of the IC-ESI studies (individual studies: size of the squares are proportional to weights used in
meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 13 | Forest plot showing negative and positive likelihood ratios of the II-MSI studies (individual studies: size of the squares are proportional to weights used in
meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).
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FIGURE 14 | Forest plot showing negative and positive likelihood ratios of the IC-MSI studies (individual studies: size of the squares are proportional to weights used
in meta-analysis; the summary measure: center line of the diamond; associated 95% confidence intervals: lateral tips of the squares and the diamond).

no significant difference in accuracy between II-ESI, IC-ESI
and II-MSL

Diagnostic Odds Ratio was between 0.823 and 7.896, highest
for IC-ESI and lowest for IC-MSI. The 95% ClIs of all source
imaging methods, except for IC-MSI, were >1.

Positive Likelihood Ratio was between 0.98 and 1.47, highest
for IC-ESI and lowest for IC-MSI. Negative Likelihood Ratio was
between 0.22 and 1.04, lowest for IC-ESI and highest for IC-MSI.

The sub-group analyses taking into account the spatial
sampling, could not show significant difference in sensitivity,
specificity or accuracy of II-ESI or IC-ESI, between HD and LD
recordings (Table 2). However, the overall accuracy of II-ESI with
HD recordings was significantly higher compared with II-MSI
with HD recordings (p = 0.0187).

DISCUSSION

Based on a large number of operated patients (n = 1,152), the
various EEG and MEG source imaging methods proved to have
high accuracy in localizing the epileptic focus.

IC-MSI had the lowest performance, especially concerning its
specificity. IC-ESI was done in a small number of patients (n =
38) due to its low feasibility (short recording time compared to
EEG long term monitoring, and limited mobility of the patients
with motor seizures in the MEG). These limitations might be
overcome in future by the new generation of MEG equipment
that allows room temperature measurements using optically-
pumped magnetometers. Recently, EEG systems which allow
EEG recordings of up to 256 electrodes for one or several days
became commercially available. We hypothesize that there will
be more studies on the yield of HD-EEG and HD-ESI with
more widespread use of these systems, especially if electrode
application and EEG analysis become easy to do.

Excluding the IC-MSI, the large pooled data showed high
sensitivity of the source imaging methods, between 77 and 90%,
highest for IC-ESI. However, their specificity was lower, between
45 and 54%, highest for II-MSI. The overall accuracy of the
three methods was between 71 and 75% (highest for IC-ESI).
Their Diagnostic Odds Ratio was between 4 and 7.9, highest for
IC-ESI, demonstrating the diagnostic utility of these three source
imaging methods.
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TABLE 2 | Comparisons of the outcome measures among the source imaging methods.

Sensitivity (95%Cl) P Specificity (95%Cl) p Accuracy (95%Cl) P

II-ESI 82.29% (78.56-86.03%) 0.021 45.61% (36.47-54.76%) 0.887 74.17% (70.39-77.95%) 0.865
IC-ESI 91.35% (85.94-96.05%) 43.64% (30.53-56.74%) 74.84% (68.10-81.95%)

II-ESI 82.29% (78.56-86.03%) 0.697 45.61% (36.47-54.76%) 0.160 74.17% (70.39-77.95%) 0.22
II-MSI 81.11% (76.44-85.04%) 54.12% (46.63-45.61%) 70.68% (66.43-74.95%)

IC-ESI 91.35% (85.94-96.05%) 0.056 43.64% (30.53-56.74%) 0.023 74.84% (68.10-81.95%) 0.002
IC-MSI 77.27% (59.76-94.17%) 12.50% (03.370-87.70%) 50.00% (34.10-65.95%)

IC-MSI 77.27% (59.76-94.17%) 0.660 12.50% (03.370-87.70%) 0.007 50.00% (34.10-65.95%) 0.0082
II-MSI 81.11% (76.44-85.04%) 54.12% (46.63-45.61%) 70.68% (66.43-74.95%)

II-ESI (HD) 84.21% (79.27-89.04%) 0.753 53.57% (40.51-46.63%) 0.964 77.74% (72.73-82.95%) 0.98
II-ESI (LD) 86.00% (76.38-95.09%) 52.94% (29.21-47.67%) 77.61% (67.63-87.95%)

IC-ESI (HD) 85.00% (69.35-00.15%) 0.261 62.50% (28.95-37.05%) 0.245 78.57% (63.37-93.95%) 0.61
IC-ESI (LD) 92.86% (87.35-98.05%) 40.43% (26.40-59.46%) 74.05% (66.54-81.95%)

II-ESI (HD) 84.21% (79.27-89.04%) 0.261 53.57% (40.51-46.63%) 0.962 77.74% (72.73-82.95%) 0.0187
II-MSI (HD) 80.00% (74.59-85.05%) 53.19% (44.96-46.43%) 69.23% (64.40-74.95%)

Significant diifferences are highlighted in bold.

The pooled data showed a significantly higher sensitivity
of IC-ESI compared with II-ESI. From a technical point of
view, IC-ESI is more challenging, due to the lower signal-to-
noise ratio, difficulties in delimiting the ictal onset epoch, rapid
propagation, electrodecremental response. However, our data
suggest that these difficulties can be overcome, and that the gain
from imaging the SOZ exceeds the errors potentially induced by
the technical difficulties.

When restricting the analyses to the sub-groups of patients
with HD EEG and HD MEG recordings, II-ESI had a higher
diagnostic accuracy compared to II-MSI. The pooled data could
not confirm higher accuracy of HD compared to LD ESI. It is
important to emphasize the limitations in comparing accuracy of
the source imaging methods, based on data pooled from different
studies. There was a high heterogeneity in terms of study design
and included patient populations among the studies, which could
have biased the results of comparisons among the source imaging
methods. Ideally, these methods should have been compared on
the same patients (cross-over design) which was not the case
here. Furthermore, most LD-recordings were obtained with >
30 electrodes, which is not that low and might be sufficient
for lesional epilepsy. Another important point is the underlying
syndrome. Non-lesional extratemporal epilepsy may need HD-
EEG/MEG to obtain correct localization, but this may be less
relevant for tumoral temporal lobe epilepsy. Future studies may
help to better stratify patients who need source localization with
>64 electrodes or sensors

Our meta-analysis has several limitations. We did not limit
our search strategy with any a priori assumption (for example,
we did not exclude ictal studies or LD recordings). This rather
inclusive strategy resulted in a high number of selected studies,
but the drawback was the increased heterogeneity of study design,
patient inclusion and source imaging methods, which potentially
could have biased the results. Nevertheless, the large number
of analyzed patients might have compensated for this, when
inferring the main outcome results. The retrieval of published
studies was limited to PubMed and EMBASE databases. We

did not use Cochrane library. We restricted the studies that
reported surgical standard as gold standard, thus excluding
studies comparing source imaging with intracranial recordings.
Strictly speaking, the best method of assessing the localization
accuracy, per se, is comparing it with the intracranial recordings.
However, the clinical relevance of this is questionable, since
resecting the focus identified by intracranial recordings often
does not lead to seizure-freedom. In addition, not all operated
patients are implanted, which limits its use as a comparator
for the whole group of operated patients. Furthermore, a
systematic bias in all source imaging studies is the inclusion
only of the operated patients. Although this is necessary for
pragmatic reasons (need for gold standard), it potentially can
lead to overestimation of the accuracy of the index test (source
imaging). We grouped the methods according to the recorded
modality (EEG vs. MEG) and the type of the analyzed EEG
signals (interictal vs. ictal). This resulted in four categories,
for which we calculated the accuracy measurements separately.
Within each category, various types of inverse solutions were
used for the analysis. However, recently published, large
prospective and retrospective studies failed to prove significant
difference I accuracy between the various inverse solutions
(26, 53, 54).

Future studies need to address these limitations, with study
design that overcome the issues listed above. There is a need
for prospective, multi-center studies, with standardized
electrode array and analysis pipeline (ideally as much
automated as possible) and comparison of the various analysis
methods within the same patients (cross-over design). Such
a large, multi-center study has been recently initiated by
European Reference Network (EpiCare), involving 20 epilepsy
surgery centers.

Based on a large number of patients and studies, our results
provide evidence for the accuracy of IC and II ESI and II MSI in
localizing the epileptic focus. These methods should be included
into the multimodal presurgical evaluation of patients with drug-
resistant focal epilepsy.
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