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Summary
Objective: To study the association between timing and characteristics of the first 
electroencephalography (EEG) with epileptiform discharges (ED-EEG) and epilepsy 
and neurodevelopment at 24 months in infants with tuberous sclerosis complex (TSC).
Methods: Patients enrolled in the prospective Epileptogenesis in a genetic model of 
epilepsy – Tuberous sclerosis complex (EPISTOP) trial, had serial EEG monitoring 
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1  |   INTRODUCTION

Tuberous sclerosis complex (TSC) is a rare autosomal-
dominant multisystem disorder.1 Although the clinical phe-
notype is both age dependent and highly variable, central 
nervous system manifestations form the major burden of 

disease in young children with TSC.1,2 Epilepsy affects 80%–
90% of TSC patients, of whom two thirds develop the first 
seizure during their first year of life.3,4 Up to 60% of TSC 
patients develop drug-resistant epilepsy.3,5 Intellectual dis-
ability, behavioral problems, and autism spectrum disorder 
(ASD) are reported to affect half of TSC patients.2,4,6,7

until the age of 24 months. The timing and characteristics of the first ED-EEG were 
studied in relation to clinical outcome. Epilepsy-related outcomes were analyzed sep-
arately in a conventionally followed group (initiation of vigabatrin after seizure onset) 
and a preventive group (initiation of vigabatrin before seizures, but after appearance 
of interictal epileptiform discharges [IEDs]).
Results: Eighty-three infants with TSC were enrolled at a median age of 28 days 
(interquartile range [IQR] 14–54). Seventy-nine of 83 patients (95%) developed epi-
leptiform discharges at a median age of 77 days (IQR 23–111). Patients with a patho-
genic TSC2 variant were significantly younger (P-value .009) at first ED-EEG and 
more frequently had multifocal IED (P-value .042) than patients with a pathogenic 
TSC1 variant. A younger age at first ED-EEG was significantly associated with lower 
cognitive (P-value .010), language (P-value .001), and motor (P-value .013) develop-
mental quotients at 24 months.
In the conventional group, 48 of 60 developed seizures. In this group, the presence 
of focal slowing on the first ED-EEG was predictive of earlier seizure onset (P-value 
.030). Earlier recording of epileptiform discharges (P-value .019), especially when 
multifocal (P-value .026) was associated with higher risk of drug-resistant epilepsy.
In the preventive group, timing, distribution of IED, or focal slowing, was not as-
sociated with the epilepsy outcomes. However, when multifocal IEDs were present 
on the first ED-EEG, preventive treatment delayed the onset of seizures significantly 
(P-value <.001).
Significance: Early EEG findings help to identify TSC infants at risk of severe ep-
ilepsy and neurodevelopmental delay and those who may benefit from preventive 
treatment with vigabatrin.

K E Y W O R D S

EEG, epilepsy, epileptogenesis, neurodevelopment, tuberous sclerosis complex

Key Points
•	 In infants with tuberous sclerosis complex (TSC), epileptiform discharges on elec-

troencephalography (EEG) typically appears before the age of 3 months and often 
with a multifocal distribution.

•	 Early appearance of epileptiform discharges is associated with worse developmen-
tal outcome.

•	 First EEG with epileptiform discharges does not predict autism spectrum disorder 
risk at 24 months of age.

•	 In the group of conventionally treated TSC infants, early onset of IED as well as 
focal slowing are associated with earlier seizure onset.

•	 Infants with TSC presenting with multifocal IED benefit more from preventive 
vigabatrin treatment in delaying seizure onset.
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Early diagnosis, before onset of clinical seizures, enables 
prospective study of the process of epileptogenesis and its 
relation to neurodevelopment. Serial electroencephalography 
(EEG) is a feasible, noninvasive investigation that provides 
information on both brain maturation and epileptogene-
sis.8,9 Domanska-Pakiela et al. reported that interictal epi-
leptiform discharges (IEDs) preceded clinical seizure onset 
by 1–8 days.10 In the study of Wu et al., the appearance of 
IEDs correctly identified 77% of infants who subsequently 
developed clinical seizures. The presence of IEDs pre-
ceded the onset of clinical seizures by an average interval of 
3.6 months.11 Both studies imply that there is a time window 
between the emergence of IEDs on EEG and the development 
of clinical seizures, providing an opportunity for preventive 
treatment.11 Several studies have reported that preventive 
treatment with the antiepileptic drug vigabatrin after the 
appearance of IEDs on EEG but before seizure onset was 
associated with improved outcome compared to vigabatrin 
initiated after the appearance of seizures.12–14

The pathogenic TSC mutations causing mammalian 
target of rapamycin complex 1 overactivation, cause a cas-
cade of events resulting in both early epileptogenesis and 
neurodevelopmental comorbidities. In addition to a genetic 
predisposition, early onset of seizures further worsens neuro-
developmental outcomes.15 Because a relationship between 
epilepsy and neurodevelopment has been established, it is of 
interest to study whether early epileptiform EEG features, re-
corded before the onset of clinical seizures in infants with 
TSC are associated with neurodevelopmental outcome.

In this exploratory, prospective cohort study in infants 
with TSC we study the relation between the timing and char-
acteristics of the first EEG with epileptiform discharges and 
epilepsy and neurodevelopmental outcome. We hypothesized 
that the early appearance of epileptiform discharges or spe-
cific EEG patterns is associated with worse epilepsy and neu-
rodevelopmental outcome.

2  |   MATERIAL AND METHODS

2.1  |  Patients

This prospective, exploratory cohort study analyzed EEG 
studies that were collected as part of the long-term, pro-
spective multicenter Epileptogenesis in a genetic model of 
epilepsy – Tuberous sclerosis complex (EPISTOP) project 
(NCT02098759). The primary objective of the EPISTOP 
project was to identify clinical and molecular biomarkers 
of epileptogenesis in a prospective clinical study of infants 
with TSC. A secondary objective of the EPISTOP project 
was to investigate the potential benefit of preventive treat-
ment with vigabatrin after the appearance of IED on the 
EEG vs conventional treatment, in which vigabatrin was 

initiated only after the onset of clinical or electrographic sei-
zures.14 In the EPISTOP trial, two cohorts of infants with 
TSC were followed: a conventional cohort (clinical and EEG 
follow-up and start of vigabatrin after seizure onset) and a 
preventive group (identical follow-up and start of vigabatrin 
after reaching specific EEG criteria—focal IED for >10% 
of the recording time, multifocal IED, generalized IED, or 
hypsarrhythmia—and before seizure onset).14 Results and 
methodology, including the assignment to the preventive and 
conventional group, addressing the secondary objective of 
the EPISTOP project are published elsewhere.14,16

Enrollment of infants for this study took place from 
November 2013 to August 2016 at 10 sites. Inclusion criteria 
were male or female infants aged up to 4 months with a defi-
nite diagnosis of TSC,17 without previous clinical seizures 
seen by caregivers or recorded at baseline EEG, and written 
informed consent of their caregivers in accordance with the 
Declaration of Helsinki. Exclusion criteria were infants with 
observed clinical seizures before and at the baseline visit, an-
tiepileptic treatment at or prior to study entry, contraindica-
tions for magnetic resonance imaging (MRI), or any severe 
or uncontrolled medical condition that was considered as 
possibly affecting the EPISTOP analyses or procedures. The 
EPISTOP study was approved by local ethical committees at 
all study sites.

For the present EEG study, 83 EPISTOP children were 
included in whom a full EEG set was available. One hun-
dred one patients gave informed consent for the EPISTOP 
trial.14 Seven patients were misdiagnosed with TSC, reduc-
ing the number to 94 patients in the EPISTOP trial.14 For 
one patient, only local EEG scoring was available but no full 
EEG sets to perform our analysis. In 10 patients, there was 
a discrepancy between local EEG scoring and central EEG 
interpretation during follow-up. Those 10 patients were ex-
cluded from the current EEG analysis. Two of those 10 pa-
tients were in the preventive treatment cohort, reducing the 
number in the preventive treatment group in our cohort to 23. 
Our cohort combines the randomized and observational arms 
of the EPISTOP trial. The “conventional group” of our EEG 
study included all children with serial video-EEG follow-up, 
but without preventive treatment. Therefore, the conventional 
group included infants treated with vigabatrin after seizure 
onset and children without seizures and without vigabatrin 
during follow-up.

2.2  |  EEG

Video EEG was conducted at inclusion and then every 4 
weeks until the age of 6 months, every 6 weeks until the age 
of 12 months, and every 8 weeks until the age of 24 months. 
EEG recordings included wake and sleep to at least stage two 
and had a minimum duration of 1 hour. A minimum of 19 
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electrodes in the 10–20 position were used. In infants younger 
than 3 months of corrected age, a reduced array with nine elec-
trodes was allowed (Fp1, Fp2, C3, C4, T4, T3, O1, O2, Cz). 
EEG assessment was performed using BrainRT software ver-
sion 3.5 (OSG BVBA, Rumst, Belgium). For this EEG study, 
the first EEG showing epileptiform discharges was analyzed 
by three experienced clinical EEG readers at the University 
of Leuven in Belgium. When there was disconcordance, 
consensus was reached after discussion between the read-
ers. Epileptiform discharges included both IEDs and electro-
graphic seizures. IEDs included sharp waves, sharp and slow 
wave complexes, slow sharp waves, spikes, spike and slow 
wave complexes, polyspikes, slow wave complexes, general-
ized IEDs, and hypsarrhythmia. IEDs were categorized into 
focal and multifocal. Electrographic seizures were defined as 
paroxysmal EEG patterns, with clear distinction from normal 
background activity, evolving both in frequency, amplitude, 
and morphology; without clinical correlate; and lasting for 
at least 10 seconds.18 Besides the appearance of epileptiform 
discharges, we also assessed the presence of focal slowing.

2.3  |  Outcome measures

The following epilepsy-related outcome measures were 
included:

•	 Age at the first electrographic or clinical seizure, which-
ever occurred first (for those without electrographic sei-
zures on the first EEG with epileptiform discharges)

•	 Drug-resistant epilepsy for those with complete follow-up19

The neurodevelopmental outcomes were studied at the 
age of 24 months for those with complete follow-up:

•	 ASD risk based on the Autism Diagnostic Observation 
Scale 2 (ADOS-2) score or Diagnostic and Statistical 
Manual of Mental Disorders, Fifth Edition (DSM-5) clini-
cal criteria.20

•	 Cognitive, language, and motor developmental quotients 
(DQs) based on the Bayley Scales of Infant and Toddler 
Development III (BSID-III).20

2.4  |  Statistical analysis

Continuous non-normally distributed variables between two 
independent groups were assessed by the Mann-Whitney 
U test (MWU). The Kendall tau test was used to correlate 
non-normally distributed continuous variables. Because the 
EPISTOP trial demonstrated that preventive treatment with 
vigabatrin successfully delays the onset of seizures and sig-
nificantly reduces the risk of drug-resistant epilepsy, we 

analyzed epilepsy-related outcomes separately for the con-
ventional and preventive group. The positive predictive value 
(PPV), and corresponding negative predictive value (NPV), 
of IEDs in the prediction of seizures were calculated (Table 
S2). Prediction, based on EEG characteristics, of the interval 
between the first appearance of epileptiform discharges and 
the first seizure was done with Kaplan-Meier survival method 
with Breslow test, since the assumption of nonproportional 
hazards, assessed with log-minus-log plots, was not consist-
ently met. The multivariable cox-regression model could not 
be performed for the same reason. The mean seizure-free in-
terval was calculated and indicates the length of time that 
a patient can be expected to remain seizure-free.21 Missing 
data were censored in the survival analysis. We also as-
sessed subgroups of patients based on EEG characteristics, 
including focal slowing and the distribution of IED, which 
had more benefit from preventive antiepileptic treatment in 
terms of delaying seizure onset than the conventional group. 
Associations between discrete variables and discrete out-
come measures were analyzed using univariable and mul-
tivariable logistic regression analyses. Multivariable linear 
models were used to assess the relation between continuous 
and discrete variables and the DQs at 24 months. Most im-
portant non-EEG characteristics considered in multivariable 
analyses were the mutation and the treatment strategy (con-
ventional vs preventive).22 Multicollinearity was assessed for 
each multivariable regression model. Tolerance values were 
greater than 0.1 and VIF values were less than 10, indicating 
no collinearity between the variables. A two-sided P-value 
below .05 was considered statistically significant. Analyses 
were performed using the Statistical Package for the Social 
Sciences (SPSS version 26.0 Armonk, NY: IBM Corp).

3  |   RESULTS

3.1  |  First epileptiform discharges on EEG

For the present EEG study, 83 EPISTOP children were 
included for whom a full EEG set was available. Nine pa-
tients had incomplete follow-up. These nine patients were 
included in the analysis of age at first seizure but were not 
included in the assessment of outcomes at 24 months of age 
(Figure 1). The median age at enrollment was 28 days (IQR 
14–54 days). Serial EEG studies never showed epileptiform 
discharges in four patients, and therefore these four patients 
could not be included in our prediction models (Table S1). 
However, one of these four patients developed a seizure dur-
ing follow-up. The clinical and EEG characteristics of the 79 
patients who had epileptiform discharges during follow-up 
are shown in Table 1. The median age at first epileptiform 
discharge was 77 days (IQR 23–111). In 34 of 83 patients 
(41%), the first recorded EEG at inclusion already showed 



1212  |      DE RIDDER et al.

epileptiform discharges. Figure 2A shows the cumulative 
increase in number of patients with epileptiform discharges 
during the study: At the age of 4 months 78% (65/83) had at 

least one EEG with epileptiform discharges; at 5 months 83% 
(69/83); at 6 months 87% (72/83); at 12 months 93% (77/83); 
and at 18 months 95% (79/83).

F I G U R E  1   Flow-chart showing patients’ disposition. A, clinical and electrographic seizure. B, Drug-resistant epilepsy and 
neurodevelopmental outcome at the age of 24 months. A red star (*) indicates the patients that were included in the prediction model. ASD, autism 
spectrum disorder risk; BSID-III, Bayley Scales of Infant and Toddler Development III; CS, clinical seizure; DQ, developmental quotient; DRE, 
drug-resistant epilepsy; ED, epileptiform discharge; ES, electrographic seizure; FU, follow-up; Int., interval; NS, no seizure
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The description of the first epileptiform discharges is 
shown in Table 1. In 27 of 79 infants (34%), the first ep-
ileptiform discharges were focal and in 50 of 79 infants 
(63%) they were multifocal. Two infants had electrographic 
seizures without any other IEDs. Infants displaying mul-
tifocal IEDs on the first EEG with IEDs, were younger 
than those with focal IEDs (median age 68 days [IQR 19–
105] in 50/77 vs 93  days [IQR 40–157] in 27/77, MWU 
P-value .049). Infants with electrographic seizures on their 
first EEG with epileptiform discharges were significantly 
younger than those who did not (median age 25.5  days 
[IQR 5.25–75.50] vs 85 days [IQR 34–115], MWU P-value 
.034).

Study of the clinical characteristics showed that patients 
with a pathogenic TSC2 variant were significantly younger 
at first EEG with epileptiform discharges than patients with 
a pathogenic TSC1 variant (median 68 days [IQR 20–105] 
in TSC2 vs 132.5 days [IQR 63.5–282.5] in TSC1, MWU p-
value .009). TSC2 patients more frequently had multifocal 
compared to TSC1 patients (42/61 [69%] in TSC2 vs 8/18 
[44%] in TSC1—logistic regression P-value .042, odds ratio 
[OR] 3.1, 95% confidence interval [CI] 1.04–9.2).

3.2  |  Epilepsy-related outcome

3.2.1  |  Conventional treatment group

Sixty patients (including the four infants with no epileptiform 
discharges during follow-up) were included in the conven-
tional group (Figure 1A). The median age at first observed 
epileptiform discharges in the 56 patients with epileptiform 
discharges was 72.5 days (IQR 19.50–114). Twelve patients 
(12/60, 20%) did not develop electrographic or clinical seizures 
during follow-up. Forty-eight patients (48/60, 80%) developed 
clinical or electrographic seizures at a median age of 92 days 
(IQR 43.25–159.75; Figure 2B). In 20 of these 48 (42%), the 
first seizure was an electrographic seizure: subsequently, 10 of 
these 20 patients (50%), developed clinical seizures at a me-
dian interval of 75 days (IQR 51 −355.25; Figure 1A).

In 14 of 48 patients who developed seizures, the first sei-
zure was recognized on the same day as the first EEG with 
epileptiform discharges. Twenty-seven patients developed 
clinical or electrographic seizures after the first EEG with 
epileptiform discharges by a median interval of 36 days (IQR 
19–110; Figure 1A). In 7 patients, the first clinical seizure 
occurred before epileptiform discharges were seen on EEG.

To assess the value of IEDs in the prediction of subse-
quent seizures, the PPV and NPV were calculated. The PPV 
of the presence of IEDs in predicting the subsequent devel-
opment of electrographic or clinical seizures was 75%. The 
NPV was 12.5% (Table S2).

T A B L E  1   Clinical, EEG, epilepsy, and neurodevelopmental data 
of children with epileptiform discharges during follow-up

Patients with epileptiform 
discharges (N = 79)

Baseline

Median GA at birth in weeks 
(IQR)

38 0/7 (37 0/7–40 0/7)

Sex

Male 43 (54%)

Female 36 (46%)

Mutation

Pathogenic TSC1 variant 18 (23%)

Pathogenic TSC2 variant 61 (77%)

Treatment

Preventive treatment 23 (29%)

Conventional treatment 48 (61%)

No treatment 8 (10%)

EEG characteristics

Age at first epileptiform discharges

Median GA in weeks (IQR) 49 5/7 (42 2/7–55 1/7)

Median chronological age in 
days (IQR)

77 (23–111)

Presence of IED 77 (98%)

Focal IED 27 (34%)

Multifocal IED 50 (63%)

Number of foci 2 (1–3)

Electrographic seizures 12 (15%)

Focal slowing 26 (33%)

Epilepsy outcome

Clinical or electrographic 
seizures

61 (77%)

Median age at seizure onset in 
days (IQR)

108 (57–216)

Drug-resistant epilepsy 35 (50%)a 

Hypsarrhythmia 3 (4%)°

Epileptic spasms 10 (14%)a 

Neurodevelopmental outcome

ASD 19 (31%)b 

Median cognitive DQ (IQR) 75 (60–90)c 

Median language DQ (IQR) 66.50 (59–77)b 

Median motor DQ (IQR) 73.00 (63.75–82.75)b 

Four children of 83 patients had no epileptiform discharges during follow-up. 
Of the 79 patients with epileptiform discharges during follow-up, two had 
electrographic seizures, without IEDs in-between the electrographic seizures on 
the first EEG with epileptiform abnormalities.
Abbreviations: ASD, autism spectrum disorder; DQ, developmental quotient; 
GA, gestational age; IED, interictal epileptiform discharges; IQR, interquartile 
range.
a70 patients with follow-up until the age of 24 months; bData available for 62 
patients; cData available for 63 patients.
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We also assessed the predictive value of specific features 
of the first epileptiform discharges on the subsequent devel-
opment of clinical or electrographic seizures in the 27 patients 
who developed seizures after the first EEG with epileptiform 

discharges. The mean seizure-free interval (153.9 days, 95% 
CI 51.3–256.7) of patients with multifocal IEDs on the first 
EEG with epileptiform discharges was shorter compared to 
the mean seizure-free interval (394 days, 95% CI 97–500.7) 

F I G U R E  2   A, proportion of children with at least one EEG with epileptiform discharges in relation to the age of the child in days. B, relation 
of the time in days between the appearance of epileptiform discharges and the development of electrographic or clinical seizures in the preventive 
and conventional group

F I G U R E  3   Time in days between 
the appearance of IEDs on EEG and 
the onset of electrographic or clinical 
seizures for different EEG characteristics 
present on this first EEG with epileptiform 
discharges. P-values were obtained with 
Breslow test. IEDs, interictal epileptiform 
discharges
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of patients with focal IED. This difference, however, did 
not reach statistical significance (Breslow test P-value .075; 
Figure 3A). On the other hand, the presence of focal slowing 
on the first EEG with epileptiform discharges was associ-
ated with a significantly shorter mean seizure-free interval 
(134.3 days, 95% CI 0–283.9)) compared to patients without 
focal slowing on the first EEG with epileptiform discharges 
(mean 271.4 days, 95% CI 161.5–381.3, Breslow test P-value 
.030; Figure 3C).

Twenty-eight of 51 patients with complete follow-up to 
the age of 24  months (55%) developed drug-resistant epi-
lepsy. Children who developed drug-resistant epilepsy were 
significantly younger at first epileptiform discharges (median 
35  days, IQR 11.75–100.25) compared to children without 
evolution to drug-resistant epilepsy (median 101 days, IQR 
36 −173, MWU P-value .019).

Children with multifocal IEDs on the first EEG with ep-
ileptiform discharges had a higher probability of developing 
drug-resistant epilepsy compared to children with focal IEDs 
(72% (21/29) vs 37.5% (6/16), OR 4.4, 95% CI 1.1–16, P-
value .026 (four children with no epileptiform discharges and 
two children with electrographic seizures but no IEDs were 
not included in this analyses). In a multivariable model, the 
age at first epileptiform discharges (P-value .429) and the 
presence of multifocal IED (P-value .058) were no longer 
significant predictors of drug-resistant epilepsy (Table S3). 
Focal slowing was not significantly associated with the risk 
of drug-resistant epilepsy (65% (11/17) vs 57% (17/30) if no 
focal slowing, OR 1.4, 95% CI (0.4–4.8), P-value .590).

3.2.2  |  Preventive treatment group

Twenty-three patients completed EPISTOP on preventive 
treatment. The median age at the first EEG with epilepti-
form discharges was 78  days (IQR 41–111). Nine patients 
(39%) did not develop clinical or electrographic seizures 
during follow-up. In four patients, the first seizure was an 
electrographic seizure; two of these developed clinical sei-
zures at the age of 65 and 376 days. In 10 patients, the first 
seizure was a clinical seizure. In the 14 patients who devel-
oped electrographic or clinical seizures, the median age at 
the first seizure was 305.5 days (IQR 188.25–473.50; Figure 
2B). The median interval between the first EEG with epi-
leptiform discharges and the first clinical or electrographic 
seizure was 184.5 days (IQR 85–400.5). Age at first epilep-
tiform discharges, the presence of multifocal IEDs, and focal 
slowing, were not predictive for the subsequent development 
of clinical or electrographic seizures.

Seven patients (7/23, 30%) developed drug-resistant epi-
lepsy. None of the features of the first EEG with epileptiform 
discharges were associated with drug-resistant epilepsy risk 
(Table S4).

3.2.3  |  Patients with multifocal IEDs on the 
first EEG with epileptiform discharges benefit 
more from preventive antiepileptic treatment

Of interest, of the 36 children who presented with multifocal 
IEDs on the first EEG with epileptiform discharges, those 
who were treated with preventive treatment (n = 16) had a 
significantly longer mean seizure-free interval (451.8 days, 
95% CI 321.4–582.2) compared to those in the conventional 
group (n = 20; mean seizure-free interval 154 days, 95% CI 
51.3–256.7, Breslow test P-value <.001; Figure 4A). In con-
trast, the mean seizure-free interval was not significantly dif-
ferent between the children who first presented with focal 
IEDs and those who were treated with preventive treatment 
(n = 7; mean seizure-free interval 353.7 days, 95% CI 184.4–
523.1) compared to those with the same presentation and 
conventional treatment approach (n = 16; mean seizure-free 
interval 349 days, 95% CI 197.4–500.7, Breslow test P-value 
.527; Figure 4B).

3.3  |  Neurodevelopmental outcome

Twenty of 66 patients (30%) who underwent neurodevelop-
mental assessments were diagnosed with ASD symptoms 
at the age of 24  months (Tables 1 and S5). We could not 
identify any EEG variable on the first EEG with epilepti-
form discharges that could predict ASD risk: neither the age 
at first epileptiform discharges (P-value .284), nor the pres-
ence of focal or multifocal IED (P-value .406), presence of 
electrographic seizures (p-value .462) or focal slowing (p-
value .670) was predictive for ASD symptoms at the age of 
24 months (Table S5).

On the other hand, a younger age at first epileptiform dis-
charges was significantly associated with lower cognitive (P-
value .007 Kendall Tau), language (P-value .002), and motor 
(P-value .002) DQs on the BSID-III results at 24  months 
(Figure 5). In a multivariable linear regression model analy-
sis, including the TSC1/TSC2 variant and the treatment group 
as covariables, age at first epileptiform discharges remained 
a significant predictor for the cognitive (P-value .010), 
language (P-value .001), and motor (P-value .013) DQs at 
24 months (Table S6). No other variables could predict neu-
rodevelopmental outcome.

4  |   DISCUSSION

In this cohort of prospectively followed infants with TSC, 
we investigated the potential value of early EEG findings in 
the prediction of epilepsy and neurodevelopmental outcome. 
Infants with a diagnosis of TSC were followed with regu-
lar video-EEG, and in this article we focus on the first EEG 
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showing epileptiform discharges. This cohort is unique be-
cause infants were young at inclusion, without preceding sei-
zures or antiepileptic drugs and were prospectively followed. 
In the subgroup of infants followed and treated in the con-
ventional manner, the appearance of IED predicted seizures 
in 75%. It is interesting to note that focal slowing predicted 
an earlier onset of seizures. This finding is not entirely un-
expected, as the presence of focal slowing is associated with 
both structural and functional abnormalities of the underly-
ing brain region.23 Drug resistance could not be predicted, 
although younger age at first epileptiform discharges or mul-
tifocal IEDs on the first EEG with epileptiform discharges 
each separately predicted drug resistance. In the preventive 
treatment group, it is worth noting that no predictive value 

of early EEG characteristics could be established. However, 
we could identify a subgroup of infants who benefit more 
from preventive treatment in delaying seizure onset: those 
who present with multifocal IED on their first EEG with epi-
leptiform discharges. In these infants, early vigabatrin can 
modify the epilepsy course.

The age at which the first epileptiform discharges occurred 
is highly predictive for neurodevelopmental outcome: the 
earlier, the more severe the cognitive, language, and motor 
delay. When the first epileptiform discharges appear after the 
age of 160 days, all children had a cognitive and motor Bayley 
scale >70 (Figure 5). However, we did not find an association 
of early epileptiform discharges and ASD at 24 months. Not 
surprisingly, infants with a pathogenic variant in TSC2 had 

F I G U R E  4   Time in days between 
the appearance of IEDs on EEG and the 
onset of electrographic or clinical seizures 
for the conventional and preventive group. 
A, Presentation with multifocal IEDs. B, 
Presentation with focal IEDs. P-values were 
obtained with Breslow test. IEDs, interictal 
epileptiform discharges
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epileptiform discharges earlier than those with a TSC1 vari-
ant, illustrating the known more severe phenotype in TSC2.24 
The main findings of our study have clinical implications, as 
they can help to identify TSC infants at risk of developing 
epilepsy and intellectual disability.

In the conventional group, the seizures were not preceded 
by IED in 21 of the 48 patients (44%) with clinical or elec-
trographic seizures. In the remaining, the median interval 
between first detectable epileptiform discharges and seizure 
onset was only 36 days. This suggests that the onset of sei-
zures in TSC can be a rather an abrupt phenomenon. In the 
prospective serial EEG study of Wu et al., the PPV for the 
presence of IEDs on EEG preceding the development of 
clinical seizures by the age of 2  years was 77.3%.11 Their 
findings are comparable with the reported PPV of 75% for 
clinical or electrographic seizure onset in our conventional 
group. The NPV in the study of Wu et al. was 70%.11 Absence 

of IED had a low NPV of 12.5% for no subsequent clinical 
or electrographic seizures in our conventional group. The 
interval between IEDs and clinical seizure onset averaged 
3.6  months in Wu et al.11 Despite these similarities, there 
are specific differences in study designs. First, in our study, 
the age at onset of electrographic or clinical seizures was 
the outcome of interest. All detected electrographic seizures 
were treated in the same way as clinical seizures according 
to the latest recommendation, namely immediate initiation 
of vigabatrin.25 The clinical significance and implications of 
electrographic seizures are not fully understood. The second 
difference in study design was the enrollment window. Our 
patients were younger at enrollment (average age of 1 month) 
compared with the patient cohort of Wu et al. (average age 
of 2.7  months). Because both studies excluded patients 
with previous seizures or antiepileptic drugs, it is possible 
that our study included patients with a more severe epilepsy 

F I G U R E  5   Relation between the age at first epileptiform discharges in days and the cognitive (A), language (B), and motor (C) DQ based 
on Bayley Scales of Infant and Toddler Development III test results at 24 months. A younger age at first epileptiform discharges was significantly 
associated with lower cognitive (P-value 0.007, correlation coefficient 0.243), language (P-value .002, correlation coefficient 0.277), and motor (P-
value .002, correlation coefficient 0.278) DQs on the BSID-III results at 24 months. Horizontal dashed line: DQ of 70. Vertical dashed line: latest 
first appearance of epileptiform discharges in patients with a DQ <70. DQ, developmental quotients
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phenotype and a more rapid process of epileptogenesis. 
Finally, in all age categories, the interval between the EEG 
recordings was shorter in the EPISTOP study.

Ogórek et al. observed in the EPISTOP cohort that TSC2 
pathogenic variants are associated with a more severe clin-
ical phenotype, including younger age at seizure onset and 
higher risk of drug-resistant epilepsy and intellectual disabil-
ity.24 This finding stresses the important prognostic role of 
genetic findings in the prediction of neurological comorbid-
ities in TSC. The current study now adds early epileptiform 
discharges and specific EEG patterns such as focal slowing 
and multifocal IED to the overall predictive model.

Post factum, one of our limitations is the interval be-
tween the EEG studies, which may be too long to capture 
epileptogenesis that proceeds rapidly, including capturing 
electrographic seizures preceding clinical seizures. More 
information about epileptogenesis could be obtained with 
shorter intervals between EEG recordings. The low sample 
size in the subgroups could have resulted in a failure to detect 
a significant relation between the EEG characteristics and the 
outcome of interest. Moreover, the low sample size impaired 
the inclusion of interaction terms in the multivariable mod-
els. Because this is an exploratory study, no corrections for 
multiple comparisons were made.26 Another limitation is that 
socioeconomic status, parental IQ, ASD features in parents, 
or parental education were not assessed and therefore not 
included as potential confounders in the prediction models 
of neurodevelopmental outcome. Our results were obtained 
from prospectively studying a cohort of infants identified 
early in life. Whether our results could be extrapolated to in-
fants and children who are diagnosed with TSC later is focus 
of future research. More tailored prediction models, combin-
ing multiple patient, molecular, EEG, and MRI features, in a 
larger cohort will result in better predictions of both epilepsy 
and neurodevelopment, facilitating personalized follow-up 
and interventions.

5  |   CONCLUSION

In a prospectively studied cohort of young infants with TSC, 
epileptiform discharges were seen on early EEG and often 
included multifocal IEDs. Early epileptiform discharges 
were associated with more severe cognitive, language, and 
motor delay but not with ASD. Infants with multifocal IEDs 
on first EEG with epileptiform discharges gained more from 
preventive treatment in terms of delaying seizure onset, than 
children with focal IED. The presence of focal slowing on 
the first EEG with epileptiform discharges was predictive of 
earlier seizure onset. Together with molecular findings, early 
EEG findings can provide better insight into epileptogenesis 
and identify infants at higher risk of worse epilepsy and neu-
rodevelopmental outcomes.
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