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Abstract

Objective: To investigate the localizing ability and surgical
outcome using 3D-EEG Source Imaging (3D-ESI) Moving Di-
pole (MD) methodology in children with Tuberous Sclerosis
Complex (TSC).

Methods: We retrospectively studied a cohort of pediat-
ric patients with TSC and multiple tubers undergoing exci-
sional surgery for drug resistant epilepsy. Patients were un-
der age 18 years at time of surgery and had at least one year
of outcome data. Rotating Dipole (RD) and MD models were
constructed for individual interictal spike or sharp wave dis-
charges and each inverse algorithm was compared to the
surgical resection cavity (SRC). MD findings were considered
“single touch” if the solution included only one tuber, and
“multi-touch” when the solution included more than one tu-
ber. We also compared 3D-ESI findings and surgical outcome
to the ictal SPECT (iSPECT).

Results: RD analyses were highly correlated with SRC loca-
tion (85% at year 1, 84.6% at year 2), the highest correlation
being achieved in patients undergoing temporal lobe resec-
tion (100.0% at years 1 and 2) compared to extra-temporal
(84.6% at year 1, 88.9% at year 2) or multilobar resection
(75% at year 1, 66.7% at year 2). Outcome was uniformly
favorable when the RD solution was inside the SRC and the
MD was one-touch. When the RD solution was inside the
SRC and the MD multi-touch zone the outcome was favor-
able if surgery comported with a multi-touch MD solution.
3D-ESI showed equivalent sensitivity and superior specific-
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ity compared to iSPECT at 1 and 2 years post-operatively.
Sensitivity was improved when surgery was performed when
the RD finding was associated with the MD solution.

Significance: 3D-ESI showed equivalent sensitivity and
superior specificity compared to iSPECT at 1 and 2 years
post-operatively, and greater sensitivity when the RD and
MD solutions were analyzed together. Analyzing a compos-
ite RD-MD solution could improve our understanding of the
epileptogenic networks underlying TSC.

Introduction

Tuberous sclerosis complex is a multi-organ genetic disorder
with variable effects on the central nervous system character-
ized by aberrant neuronal differentiation and proliferation, and
multiple central nervous system hamartomas[1,2]. Epilepsy oc-
curs in more than 80% of TSC patients with nearly two

thirds being medically refractory and potential surgical can-
didates [3,4]. Although multiple tubers are common, seizures
often arise from a single tuber [5-15]. However, precise identi-
fication of the epileptogenic tuber presents unique challenges
[16-25].

Ictal SPECT is currently one of the most definitive procedure
for selecting the epileptogenic tuber but is often not feasible
for seizures that are infrequent or unpredictable [26-34]. When
SPECT findings are inconclusive, definitive localization typically
requires invasive EEG studies [35,36].

Given the inherent challenges of performing a diagnostic ic-
tal SPECT study, and the cost and risks of invasive monitoring,
we analyzed the utility of 3D-ESI in pediatric patients with TSC.
Our study assessed the localizing ability and surgical outcome
for 3D-ESl in TSC patients harboring multiple tubers.

Methods
Patient population

We retrospectively analyzed scalp EEG data from pediatric
patients with TSC, multiple tubers and drug-resistant epilepsy
being evaluated for excisional surgery at our institution be-
tween 2008 and 2016. Inclusion criteria were (1) age 18 years
or younger at surgery, (2) at least one pre-surgical volumetric
brain MRI, (3) at least one year of follow up. Exclusion criteria
included prior excisional surgery and epileptic encephalopathy
with multifocal interictal discharges without a clearly prevalent
interictal focus and/or disorganized background activity. Our
analyses focused on single or multi-tuber excisional procedures.
Analysis was conducted in accordance with an institutionally
approved human subjects’ protection protocol.

EEG and MRI Acquisition

Scalp EEG data was recorded using a 32-channel digital XLTEK
system (Neuroworks Ver.7.1.1) at a sampling frequency of 512
Hz. After 2007 we added 4-10 electrodes to the standard 10-20
system. This created a locally dense EEG matrix (LD-EEG) cov-
ering the region of interest in order to boost signal and avoid
noise from unrelated regions. The LD-EEG configuration was
based on known seizure semiology, imaging findings and pre-
viously identified interictal discharges. In cases lacking a clear
semiology, imaging, or electrophysiology data, sub-temporal
electrodes were utilized to overcome poor sampling from the
temporal base. Volumetric T1 sequences were obtained on a

Signal Horizon LX 3 Tesla MRI scanner.
3D-ESI Analysis

Pre-operative EEG and individual volumetric MRI were im-
ported into CURRY V.7.0 software from NeuroScan for 3D-ESI
analysis. MRl images were used to construct a realistic subject-
dependent Boundary Element Model (BEM) which was utilized
for each dipole analysis. CURRY software determined electrode
positions by idealized label-matching.

Two experienced epileptologists reviewed standard bipolar
and referential montages to select three interictal spikes or
sharp waves for each patient. Concordance with ictal discharges
was not taken in account. Discharges were selected as typical
for each patient without any pre-processing and not utilizing
the added channels from the LD-EEG.

3D-ESI findings were calculated from the onset of the dis-
charge to the peak of the negative phase [27].The bandwidth
for analysis was 1-30 Hz. An RD model was constructed for
each discharge to maximize signal-to-noise ratio (SNR). The RD
model maintains a single position for the dipole with orienta-
tion and strength allowed to change through the spike. MD
modeling and Independent Component Analysis (ICA) evalu-
ated propagation effects and validity of the single dipole model.
The MD model allows the position, orientation and strength of
the dipole to vary independently for each analyzed time point
resulting in a trace of dipoles. Single RD and MD models were
selected for each interictal epoch.

Comparison of 3-D ESI to Surgical Resection

Two experienced epileptologists reviewed the position of
the RD dipole model and compared it to the surgical resection
cavity (SRC) for all three analyzed discharges per subject. RD to
SRC locations were considered localizing if the results were con-
cordant for at least two of the three analyzed discharges. The
MD finding was considered invalid if the RD solution was non-
concordant with the SRC.

When the RD solution co-localized with the SRC, the MD
findings were designated single touch for MD solutions local-
ized to one tuber (Figure 1) or multi-touch for MD solutions lo-
calized to multiple tubers (Figure 2).

If the primary reviewers’ assessments were divergent, a third
reviewer assessed the images and the final determination was
based on consensus.

Figure 1: Electroencephalography source imaging. 3D-ESI of sin-
gle spikes (A) using a Rotating Dipole (B) Moving Dipole (C) models
reveals one possible source in the right frontal region. Comparison
of 3-D ESI to Surgical Resection. 3D-ESI sources using the Rotat-
ing Dipole (A) and Moving Dipole (B) models were both localized

within the surgical resection cavity (C).
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Figure 2: Electroencephalography source imaging. 3D-ESI of sin-
gle spikes (A) using a Rotating Dipole (B) Moving Dipole (C) models
reveals one possible source in the parasagittal left frontal region.
Comparison of 3-D ESI to Surgical Resection. 3D-ESI sources using
the Rotating Dipole (A) and Moving Dipole (B) models. Moving di-
pole findings extends beyond the source indicated by the Rotating
dipole.

Ictal SPECT data

Ictal SPECT imaging was performed by administering 14.2
mCi of 99mTc-HMPAO within 30 seconds of electrographic sei-
zure onset. iSPECT images were acquired within four hours of
radiotracer injection [28]. iSPECT scans were interpreted by
Neuroradiologists blinded to the clinical histories. Subtraction
of ictal SPECT co-registered to MRI (SISCOM) data was not uti-
lized in our analysis as it is unavailable at our institution.

Comparison of ictal SPECT imaging to Surgical Resection

All iSPECT images were independently re-evaluated by two
epileptologists and classified as localizing only if the perfusion
abnormalities were resected completely. We classified iSPECT
scans with abnormalities outside the SRC or with multifocal
functional abnormalities as non-localizing. Subtraction of ictal
SPECT co-registered to MRI (SISCOM) data was not utilized in
our analysis, as it was performed infrequently.

Surgical procedure and outcome

Surgical resections were guided by MR imaging and EEG data
while 3D-ESI and iSPECT served as adjunctive procedures. We
typically employ 3D-ESI to assist in lobar and sub-lobar localiza-
tion rather than delineate between various possible tubers to
resect. Surgical resections were categorized as temporal, extra-
temporal or multilobar. Multilobar cases were characterized as
continuous areas spanning more than one lobe, not separated
by discrete epileptogenic foci.

Engel Classification of surgical outcome data was obtained
via direct clinical assessment or telephone interview at one and
two years post resection.

We defined true positives as cases with a localizing RD and
Engel Class | or Il outcomes, and true negatives as cases with
a non-localizing RD and Engel Class Ill or IV outcomes. We de-
fined sensitivity as the percentage of true positives among all
patients with Class | and Il outcomes, and specificity as the per-
centage of true negatives among all patients with unfavorable
Class lll and IV outcomes.

Results
Patients

Twenty patients met inclusion criteria. Mean age at surgery
was 6 years (range 1-18 years). All patients underwent video-
EEG monitoring and brain MRI. Thirteen patients had ictal
SPECT. There were three temporal (15%), thirteen extra-tempo-
ral (65%) and four multilobar (20%) resections.

3D-ESI and iSPECT findings in relation to the surgical resec-
tion

Table 1 summarize the RD findings of 3D-ESI analyses and
iSPECT findings.

RD analyses were highly correlated with the SRC (85% at year
1, 84.6% at year 2), with the highest correlation found in pa-
tients undergoing temporal lobe resection (100% at years 1 and
2) compared to either extra-temporal (84.6% at year 1, 88.9% at
year 2) or multilobar resection (75% at year 1, 66.7% at year 2).

Thirteen patients (65%) underwent at least one iSPECT. The
RD method was more localizing than iSPECT in extra-temporal
(62.5% at years 1 and 2) and multilobar resections (33.3% at
year 1, 0% at year 2), but there were no differences in outcome
for temporal resections (100% at years 1 and 2).

Table 1: Localizing value of 3D-ESI and iSPECT for Surgical
Resection.

Year 1 n(%)  Temporal @ Extratemporal | Multilobar
3D-ESI 20 3 13 4
RD Localizing = 17 (85) 3 (100) 11 (84.6) 3(75)
iSPECT 13 2 8 3
Localizing | 8(61.5) = 2(100) 5(62.5) 1(33.3)
Year 2 n (%) Temporal | Extratemporal | Multilobar
3D-ESI 13 1 9 3
RD Localizing 11 (84.6) | 1(100) 8(88.9) 2(66.7)
iSPECT 11 1 8 2
Localizing 6 (54.5) 1(100) 5(62.5) 0(0)

Legend: 3D-ESI: 3D-EEG source imaging; RD: rotating dipole; RD: Ro-
tating Dipole; iSPECT: ictal single-photon emission-computed tomogra-
phy; n: number of patients.

3D-ESI and surgical outcome

Table 2 summarizes the relationship between 3D-ESI, resec-
tion area and surgical outcome at one and two years. All pa-
tients with a RD outside the SRC had an unfavorable surgical
outcome.

In contrast, the outcome was uniformly favorable in all pa-
tients (100%) when the RD solution was inside the SRC and the
MD was one-touch (50%).

When the RD solution was inside the SRC but the MD was
multi-touch (35%) the outcome was unfavorable for surgeries
limited to one tuber, but favorable if surgery comported with a
multi-touch MD solution.
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Table 2: Relationship of 3D-ESI to surgical outcome.

Type of surgery Concordance RD-SRC = Moving Trajectory = Multi-touch Surgery YEAR 1 YEAR 2
Extratemporal YES Multi-touch No I I
Temporal YES One touch | |
Multilobar YES Multi-touch Yes | |
Extratemporal YES Multi-touch No I *
Extratemporal YES One touch Il Il
Multilobar No * 1]l 1]l
Extratremporal YES One touch | |
Extratemporal YES Multi-touch No I I
Extratemporal YES One touch Il Il
Multilobar YES Multi-touch Yes | |
Extratemporal YES Multi-touch No I I
Temporal YES One touch |
Temporal YES One touch |
Extratemporal No * I *
Extratemporal YES One touch Il Il
Extratemporal YES One touch | |
Extratemporal No * I I
Extratemporal YES One touch |
Extratemporal YES Multi-touch No v
Multilobar YES One touch |

Legend: RD: rotating dipole; MD: moving Dipole; SRC: surgical resected cavity; YEAR 1: 1 Year after the surgery;
YEAR 2: 2 Years after the surgery; By analyzing MD method in association to RD solution the overall localizing
value of 3D-ESI analysis improved. The outcome of surgical resection improved if SRC followed the MD multi-
touch trajectory (blue color) instead of being limited to the result obtained with the RD analysis (orange color);
when RD solution was not concordant with SRC the outcome was poor both YEAR 1 and YEAR 2 (violet color).

Comparative Sensitivity and Specificity of Different Local-
izing Tests

Table 3 presents the respective sensitivity and specificity of
3D-ESI and iSPECT for surgical outcome. 3D-ESI showed equiva-
lent sensitivity and superior specificity compared to iSPECT at
both 1 and 2 years post-operatively.

In addition, table 2 shows an improvement in sensitivity if
surgery followed the RD finding in association with the MD solu-
tion (blue color).

Table 3: Sensitivity and Specificity of 3D-ESI and iSPECT at 1
and 2 Year follow-up.

Year 1 Sensitivity | Specificity Year 2 Sensitivity | Specificity
3D-EsI 3D-ES|

70.60% 100% 72.70% 100%
(n=20) (n=13)
iSPECT iSPECT

75.00% 60.00% 66.70% 60.00%
(n=13) (n=11)

Legend: 3D-ESI: 3D-EEG source imaging; iSPECT: ictal single-photon
emission-computed tomography

Discussion

Our study demonstrates that 3D-ESI contributes meaningful
prognostic information in the non-invasive pre-surgical evalua-
tion of children with TSC and pharmaco-resistant epilepsy, and
has superior localizing capability compared to iSPECT. 3D-ESI
showed an equivalent sensitivity but a superior specificity pro-
file compared to iSPECT when evaluating seizure outcome at 1

and 2 years post-operatively. Improved sensitivity was obtained
only when the RD and MD solutions were analyzed together.

Our present findings also provide support for our previous in-
vestigations that demonstrated greater sensitivity and specific-
ity of 3D-ESI compared to PET or iSPECT using a RD plus MD so-
lution [37,38]. Because SISCOM has been associated with higher
rates of postoperative seizure freedom, it would be interesting
in the future to compare3D-ESI to SISCOM. However, SISCOM
data were not available for this study [39-41]. The additive ef-
fects of combined RD and MD analysis are best explained by
methodological differences between the solutions. A RD is the
key dipole parameter that mathematically defines ‘goodness-
of-fit’ from the square root of the summed differences between
the measured EEG signal and forward fit of the dipole signal
across electrodes. The RD has the advantage of maintaining the
SNR of a fixed dipole solution as the ‘rotating’ vector provides
accommodation for the spatiotemporally dynamic nature of
epileptiform spikes. In contrast, the MD best represents the
temporal properties of a propagating epileptiform discharge.

Epilepsy is currently conceptualized as a system disorder
subtended by large-scale networks [42-48]. To understand this
theoretical framework, the seizure onset zone is considered
the “hub” of brain regions responsible for seizure generation
and propagation with “nodes” being remotely involved [49,50].
Therefore, while epileptic activity could involve abnormal neu-
ronal activation in connected regions or by abnormal inter-re-
gional interactions, seizure freedom is unlikely without remov-
ing the “hub”. Nonetheless, the core relationships of extensive
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epileptogenic networks remain largely unknown. Whether net-
work perturbations are capable of inducing independent nodal
seizure onset is also unresolved and particularly important in
TSC because of possible secondary activation of an indepen-
dent pacemaker tuber. This secondary pacemaker tuber could
act as a “false node” or “hidden hub” of the TSC complex epi-
leptic network.

Our findings confirm that 3D-ESI improves seizure outcome
if the resection plane followed the MD multi-touch trajectory
instead of being limited to the results of RD analysis. Further-
more, when the MD solution was multi-touch and surgery was
confined to the RD finding (one tuber), the surgical outcome was
unfavorable. Therefore, the MD solution may help define mul-
tiple distributed epileptogenic networks in TSC by revealing the
presence of multiple potentially epileptogenic tubers or an epi-
leptogenic field that is more extensive and difficult to map. This
facilitates “tuber node” excision and prevents the appearance
of potential secondary pacemaker tubers (“false node” or “hid-
den hub”) or the lack of consideration of a larger epileptic hub
region that are an important potential causes of surgical failure.

We previously demonstrated the importance of MD solutions
to map extensive epileptogenic fields in MRI negative patients
[38]. Our current experience further supports the recognition of
the MD as a marker of epileptic discharge propagation, and im-
plies that MD solutions within the SRC represent stable sources
[51]. We therefore hypothesize that the establishment of resec-
tion boundaries in cases of epilepsy due to wide and complex
networks, as is often the case in patients with focal cortical dys-
plasia or TSC, should include a MD solution in addition to the RD
solution. As the RD and MD solutions are complementary, their
combined application increases the localizing power of 3D-ESI,
particularly in MRI-negative surgical candidates [37-38].

Only one retrospective clinical study examined the utility of
ESI for source localization in 11 TSC patients (age range: 1-32
Years) [52]. The authors concluded that 3D-ESI was an impor-
tant tool for the pre-surgical evaluation of TSC patients, com-
plementary to the PET and SPECT results, and improved the
management of candidates for surgery when integrated with
electro-clinical information. However, unlike our study, high
and low resolution EEG was analyzed and a distributed inverse
model resulting from an averaging of the IEDs was employed.

We previously demonstrated high sensitivity and specificity
of 3D-ESI using fewer than 32 electrodes in conjunction with
strategically placed extra-electrodes [37,38,53].

Magnetoencephalography (MEG) and EEG-fMRI are other
noninvasive tools that can help to delineate the epileptogenic
zone in TSC patients. MEG has shown a comparable ability to
identify the epileptogenic zone to the 3D-ESI and ictal-SPECT,
but is cost- prohibitive for most centers [54-58]. The differences
between the 3D-ESI and MEG were previously analyzed [38].
Only one study analyzed EEG-fMRI data during the pre-surgical
evaluation of TSC patients, but the BOLD responses were typi-
cally limited to part of the lesion or extended beyond the tuber
border [59].

Our study is subject to several limitations, including retro-
spective design and small study population. This study does not
compare the 3D-ESI to the invasive investigations performed for
the patients as we focused on the use of 3D-ESI modalities in
the non-invasive evaluation and its impact on surgical outcome.
Source localization analysis was performed on 3 typical spikes

selected on the basis of visual inspection EEG data alone, with-
out more sophisticated analysis. Averaging similar spikes may
improve SNR, but should only be performed if voltage topog-
raphy and spike evolution are utilized and remain similar when
selecting the spikes[51].Spikes were selected based on review
of conventional EEG, not on review of the locally dense EEG
(LD-EEG) or sub-temporal channels, which were used solely for
3D-ESI analysis. Simulated models with non-uniform sensors
increased in the area of suspected dipole generation demon-
strated no loss of accuracy [60]. Furthermore, direct compari-
son of a point-source dipole to an iSPECT may be better served
by comparing to the centroid of the iSPECT. Challenges exist in
the best definitions for specificity and sensitivity and these have
previously been addressed [53,61]. Additionally, none of our
temporal cases were multi-touch, suggesting a more restricted
epileptic network, and therefore we could not compare tempo-
ral to extra-temporal lobe resection.

In conclusion, our limited sample size, short follow-up and
reduced statistical power requires further investigation in a
larger subject pool before drawing any definitive conclusions.
However, while preliminary, our findings suggest the potential
importance of 3D-ESI in the evaluation of children with TSC and
medically refractory focal epilepsy. The increased accuracy in lo-
calization of 3D-ESI when single RD and MD models are analyzed
together could reduce surgical failure and lead to a better un-
derstanding of epileptogenic networks underlying complex par-
tial epilepsies including focal cortical dysplasia type 1 and TSC.

Disclosure of conflicts of interest
None of the authors has any conflict of interest to disclose.
Ethical publication statement

We confirm that we have read the Journal’s position on is-
sues involved in ethical publication and affirm that this report is
consistent with those guidelines.

References

1. Yamamoto N, Watanabe K, Negoro T, Matsumoto A, Miyazaki S,
et al. Long- term prognosis of tuberous sclerosis with epilepsy in
children. Brain Dev. 1987; 9: 292-295.

2. Monaghan HP, Kratchick BR, MacGregor DL.Tuberous sclerosis
complex in children. Am J Dis Child. 1981; 135: 912-917.

3. Thiele EA. Managing and understanding epilepsy in tuber- ous
sclerosis complex. Epilepsia. 2010; 51 (Suppl 1):90-91.

4, Chu-Shore CJ, Major P, Camposano S, Muzykewicz D, Thiele EA.
The natural history of epilepsy in tuberous sclerosis complex.
Epilepsia. 2010; 51: 1236-1241.

5. Bye AM, Matheson JM, Tobias VH, Mackenzie RA. Selective epi-
lepsy surgery in tuberous sclerosis. Aust Paediatr J. 1989; 25:
243-245.

6. Fallah A, Guyatt GH, Snead OC Ill, Ebrahim S, Ibrahim GM, et al.
Predictors of seizure outcomes in children with tuberous sclero-
sis complex and intractable epilepsy undergoing resective epi-
lepsy surgery: an individual participant data meta-analysis. PLoS
One. 2013; 8: e53565.

7. Jansen FE, van Huffelen AC, Algra A, van Nieuwenhuizen O. Epi-
lepsy surgery in tuberous sclerosis: a systematic review. Epilep-
sia. 2007; 48: 1477-1484.

8. Guerreiro MM, Andermann F, Andermann E, Palmini A, Hwang P,
et al. Surgical treatment of epilepsy in tuberous sclerosis: strate-
gies and results in 18 patients. Neurology. 1998; 51: 1263-1269.

Neurology and Neurological Sciences: Open Access



MedDocs Publishers

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Perot P, Weir B, Rasmussen T. Tuberous sclerosis: surgical thera-
py for seizures. Arch Neurol. 1966; 15: 498-450

Bye AM, Matheson JM, Tobias VH, Mackenzie RA. Selective epi-
lepsy surgery in tuberous sclerosis. Aust Puediatr J. 1989; 25:
243-245.

Guerreiro MM, Andermann F, Andermann E, Palmini A, Hwang P,
et al. Surgical treatment of epilepsy in tuberous sclerosis: strate-
gies and results in 18 patients. Neurology. 1998; 51: 1263-1269.

Avellino AM, Berger MS, Rostomily RC, Shaw CM, Ojemann GA.
Surgical management and seizure outcome in patients with tu-
berous sclerosis. ) Neurosurg. 1997; 87: 391-396.

Bebin EM, Kelly PJ, Gomez MR. Surgical treatment for epilepsy in
cerebral tuberous sclerosis. Epilepsia. 1993; 34: 651-657.

Erba G, Duchowny MS. Partial epilepsy and tuberous sclerosis:
indication for surgery in disseminated disease. J Epilepsy. 1990;
3:315-319.

Weiner HL. Tuberous sclerosis and multiple tubers: localizing the
epileptogenic zone. Epilepsia. 2004; 45: 41-42.

Ganji S, Hellman CD. Tuberous sclerosis: long-term follow-up
and longitudinal electroencephalographic study. Clin Electroen-
ceph. 1985; 16: 219-224.

Pampiglione G, Moynahan EJ. The tuberous sclerosis syndrome:
clinical and EEG studies in 100 children. J Neurol Neurosurg
Psych. 1976; 39: 666-673.

Westmoreland BF. Electroencephalographic experience at the
Mayo clinic. In: Gomez MR, ed. Tuberous sclerosis. New York:
Raven Press. 1988; 37-49.

Cusmai R, Chiron C, Curotolo P, Dulac O, Tran-Dinh S. Topo-
graphic comparative study of magnetic resonance imaging and
electroecephalography in 34 children with tuberous sclerosis.
Epilepsia. 1990; 31: 747-755.

Chugani DC, Chugani HT, Muzik O, Shah JR, Shah AK, et al. Im-
aging epileptogenic tubers in children with tuberous sclerosis
complex using alpha-11C-methyl-L-tryptophan positron emis-
sion tomography. Ann Neurol. 1998; 44: 858-866.

Jahodova A, Krsek P, Kyncl M, Jezdik P, Kudr M, et al. Distinctive
MRI features of the epileptogenic zone in children with tuberous
sclerosis. Eur J Radiol. 2014; 83: 703-7009.

Xiao Z, Xiang J, Holowka S, Hunjan A, Sharma R, et al. Volumetric
localization of epileptic activities in tuberous sclerosis using syn-
thetic aperture magnetometry. Pediatr Radiol. 2006; 36: 16-21.

Asano E, Chugani DC, Muzik O, Shen C, Juhasz C, et al. Multimo-
dality imaging for improved detection of epileptogenic foci in
tuberous sclerosis complex. Neurology. 2000; 54: 1976-1984.

Chandra PS, Salamon N, Huang J, Wu JY, Koh S, et al. FDG-PET/
MRI co-registration and diffusion-tensor imaging distinguish ep-
ileptogenic tubers and cortex in patients with tuberous sclerosis
complex: a preliminary report. Epilepsia. 2006; 47: 1543-1549.

Wu JY, Salamon N, Kirsch HE, Mantle MM, Nagarajan SS, et al.
Noninvasive testing, early surgery, and seizure freedom in tu-
berous sclerosis complex. Neurology. 2010; 74: 392-398.

Rintahaka PJ, Chngani HT. Clinical role of positron emission to-
mography in children with tuberous sclerosis complex. J Child
Neurol. 1997; 12: 42-52.

Szelies B, Herholz K, Heiss WD, Rackl A, Pawlik G, et al. Hypo-
metabolic cortical lesions in tuberous sclerosis with epilepsy:
demonstration by positron emission tomography. J Comput As-
sist Tomog. 1983; 7: 946-953.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Oshima M, Yasukouri H. Early detection of tuberous sclerosis by
1-123 IMP SPECT in a neonate. Clin Nucl Med. 1997; 19: 824-
825.

Tamaki K, Okuno T, lwasaki Y, Yonekura Y, Konishi J, et al. Re-
gional cerebral blood flow in relation to MRI and EEG findings in
tuberous sclerosis. Bruin Dev. 1991; 13: 420-424.

Seig KG, Harly JR, Simons M, Preston DF, Erickson Jr HM, et al.
TC-99, HMPAO SPECT imaging of the central nervous system in
tuberous sclerosis. Clin Nucl Med. 1991; 16: 665-667.

Koh S, Jayakar PS, Resnick T, et al. The role of ictal SPECT in tu-
berous sclerosis complex. Epileptic Disorders. 1999; 1: 41-46.

Mullan BP, O’Connor MK, Hung JC. Single photon emission com-
puted tomography brain imaging. Neurosurg Clin. 1996; 7: 617-
651.

Treves ST, Connolly LP. Single-photon emission computed to-
mography (SPECT) in pediatric epilepsy. Neurosurg Clin. 1995; 6:
473-480.

Harvey AS, Berkovic S. Functional neuroimaging with SPECT in
children with partial epilepsy. J Child Neurol. 1994; 9: S71- S81.

Ma TS, Elliott RE, Ruppe V, et al. Electrocorticographic evidence
of perituberal cortex epileptogenicity in tuberous sclerosis com-
plex. J Neurosurg Pediatr. 2012; 10: 376-382.

Major P, Rakowski S, Simon MV, et al. Are cortical tubers epilep-
togenic? Evidence from electrocorticography. Epilepsia. 2009;
50:147-154.

Russo A, Jayakar P, Lallas M, et al. The diagnostic utility of 3D
electroencephalography source imaging in pediatric epilepsy
surgery. Epilepsia. 2016; 57: 24-31.

Russo A, Lallas M, Jayakar P, et al. The diagnostic utility of 3D-
ESI rotating and moving dipole methodology in the pre-surgical
evaluation of MRI-negative childhood epilepsy due to focal cor-
tical dysplasia. Epilepsia. 2016; 57: 1450-1457.

O’Brien TJ, So EL, Mullan BP, et al. Subtraction peri-ictal SPECT
ispredictive of extratemporal epilepsy surgery outcome. Neurol-
ogy. 2000; 55: 1668-1677.

O’Brien TJ, So EL, Cascino GD, et al. Subtraction SPECT coregis-
tered to MRI in focal malformations of cortical development:
localiza-tion of the epileptogenic zone in epilepsy surgery can-
didates. Epilepsia. 2004; 45: 367-376.

Cascino GD, Buchhalter JR, Mullan BP, et al. Ictal SPECT in nonle-
sional extratemporal epilepsy. Epilepsia. 2004; 45: 32-34.

Fahoum F, Lopes R, Pittau F, Dubeau F, Gotman J.Wide spread
epileptic networks in focal epilepsies EEG-fMRI study. Epilepsia.
2012; 53: 1618-1627.

Varotto G, Tassi L, Franceschetti S, Spreafico R, Panzica F. Epilep-
togenic networks of type Il focal cortical dysplasia: a stereo-EEG
study. Neuroimage. 2012; 61: 591-598.

Centeno M, Carmichael DW. Network connectivity in epilepsy:
resting state fMRI and EEG-fMRI contributions. Front Neurol.
2014; 5: 93.

Laufs H, Hamandi K, Salek-Haddadi A, Kleinschmidt AK, Duncan
JS, Lemieux L. Temporal lobe interictal epileptic discharges af-
fect cerebral activity in “default mode” brain regions. Hum Brain
Mapp. 2007; 28: 1023-1032.

Gotman J. Epileptic networks studied with EEG-fMRI. Epilepsia.
2008; 49: 42-51.

Neurology and Neurological Sciences: Open Access



MedDocs Publishers

47.

48.

49.

50.

51.

52.

53.

54.

Richardson MP. Large scale brain models of epilepsy: dynam-
ics meets connectomics. J Neurol Neurosurg Psychiatry. 2012;
83:1238-1248.

Duchowny M, Bhatia S. Epilepsy: preserving memory in tempo-
ral lobectomy - are networks the key? Nat Rev Neurol. 2014; 10:
245-246.

Duchowny M, Jayakar P, Levin B. Aberrant neural circuits in mal-
formations of cortical development and focal epilepsy. Neurol-
ogy. 2000; 55: 423-428.

Pittau F, Mégevand P, Sheybani L, Abela E, Grouiller F, et al. Map-
ping epileptic activity: sources or networks for the clinicians?
Front Neurol. 2014; 5: 218.

Ebersole JS, Hawes-Ebersole S. Clinical application of dipole
models in the localization of epileptiform activity. J ClinNeuro-
physiol. 2007; 24: 120-129.

Kargiotis O, Lascano AM, Garibotto V, Spinelli L, Genetti M, et
al. Localization of the epileptogenic tuber with electric source
imaging in patients with tuberous sclerosis. Epilepsy Res. 2014;
108: 267-279.

Russo A, Lallas M, Jayakar P, Miller |, Hyslop A, et al. Response:
Added value and limitations of electrical source localization. Epi-
lepsia. 2017; 58: 175-176.

Wau JY, Salamon N, Kirsch HE, Mantle MM, Nagarajan SS, et al.
Non-invasive testing, early surgery, and seizure freedom in tu-
berous sclerosis complex. Neurology. 2010; 74: 392-398.

55.

56.

57.

58.

59.

60.

61.

Jansen FE, Van Huffelen AC, Van Rijen PC, Leijten FSS, Jennek-
ens-Schinkel A, et al. Epilepsy surgery in tuberous sclerosis: the
Dutch experience. Seizure. 2007; 16: 445-453.

Sugiyama I, Imai K, Yamaguchi Y, Ochi A, Akizuki Y, et al. Localiza-
tion of epileptic foci in children with intractable epilepsy sec-
ondary to multiple cortical tubers by using synthetic aperture
magnetometry kurtosis. J Neurosurg Pediatr. 2009; 4: 515-522.

Arya R, Tenney JR, Horn PS, et al. Long-term outcomes of re-
sective epilepsy surgery after invasive presurgical evaluation in
children with tuberous sclerosis complex and bilateral multiple
lesions. J Neurosurg Pediatr. 2015; 15: 26-33.

Koptelova A, Bikmullina R, Medvedovsky M, Novikova S, Go-
lovteev A, et al. Ictal and interictal MEG in pediatric patients
with tuberous sclerosis and drug resistant epilepsy. Epilepsy Res.
2018; 140:162-165.

Jacobs J, Rohr A, Moeller F, Boor R, Kobayashi E, et al. Evaluation
of epileptogenic networks in children with tuberous sclerosis
complex using EEG-fMRI. Epilepsia. 2008; 49: 816-25.

Benar C, Gotman J. Non-uniform spatial sampling in EEG source
analysis. Engineering in Medicine and Biology Society, Proceed-
ings of the 23rd Annual International Conference of the IEEE.
2001; 1: 903-905.

Rikir E, Koessler L, Ramantani G, Maillard LG. Added value and
limitations of electrical source localization. Epilepsia. 2017; 58:
174-17 5.

Neurology and Neurological Sciences: Open Access



