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ABSTRACT

Introduction: Mechanistic target of rapamycin
(mTOR) inhibitors sirolimus and everolimus are
an effective therapy for subependymal giant cell
astrocytomas, cardiac rhabdomyomas, renal
angiomyolipomas, and lymphangioleiomy-
omatosis associated with tuberous sclerosis
complex (TSC). Everolimus was recently
approved in the EU and the USA for the treat-
ment of refractory focal-onset seizures. Despite
frequent use of mTOR inhibitors, there are only
a few studies on their effect on epilepsy control
in children under 2 years of age. This study aims
to assess the effect of adjunctive mTOR

inhibitor treatment on seizure frequency in this
age group.
Methods: We performed retrospective data
analysis of medical records of patients with TSC
who initiated sirolimus or everolimus under the
age of 2 years. Participants’ antiseizure medica-
tion was adjusted according to their epilepsy
control independently from mTOR inhibitor
administration. The data was assessed separately
for patients treated with mTOR inhibitors
before and after the onset of seizures. We also
compared the treatment group with a matched
control group. The follow-up duration was up to
24 months.
Results: Twenty-one patients with TSC from
two clinical centers were included in the study.
Nine participants had no history of seizures
before mTOR inhibitor initiation. Twelve
reported active epilepsy in the month prior to
treatment initiation. Most patients treated pre-
ventively with mTOR inhibitors did not report
active epilepsy at the end of their follow-up. In
the second group, the mean frequency of sei-
zures decreased with time. According to the
comparative analysis, seizure control was better
in the groups treated with mTOR inhibitors.
Conclusion: Patients with TSC treated with
mTOR inhibitors demonstrated better seizure
control than individuals without this treat-
ment. Adjunctive pharmacotherapy with mTOR
inhibitors appears to have a beneficial effect on
epilepsy outcome in young children. Further
prospective clinical trials should be conducted
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to determine the efficacy of mTOR inhibitors on
epilepsy in patients with TSC under the age of
2 years.

Keywords: Children; Epilepsy; Everolimus;
mTOR inhibitors; Seizures; Sirolimus; Tuberous
sclerosis complex

Key Summary Points

mTOR inhibitors are a novel
pharmacotherapy alternative for treating
TSC-associated subependymal giant cell
astrocytomas, renal angiomyolipomas,
focal-onset epilepsy, cardiac
rhabdomyomas, and
lymphangioleiomyomatosis. However,
there is limited research on their impact
on seizure control in patients under the
age of 2 years.

In this study, we aimed to assess the effect
of mTOR inhibitors on epilepsy control in
young children when administered
preventively and when added to the
current antiseizure medication.

Patients treated with mTOR inhibitors
demonstrated better seizure control when
compared with the patients in the control
group.

INTRODUCTION

Mechanistic target of rapamycin (mTOR) path-
way plays a specific role in epileptogenesis in
several neurological disorders, belonging to the
group of ‘‘mTORopathies’’, including focal cor-
tical dysplasia, tuberous sclerosis complex
(TSC), and hemimegalencephaly [1–3]. TSC is
an autosomal dominant neurocutaneous disor-
der resulting from a mutation in TSC1 or TSC2
genes. Under normal conditions, their protein
products, hamartin and tuberin, inhibit mTOR
function. mTOR is a protein kinase that regu-
lates cellular growth, metabolism, and differ-
entiation [4, 5]. The mutation leads to

disinhibition and overactivation of the mTOR
pathway and, thus, multiple benign tumor for-
mation in various organs.

Results of several clinical trials demonstrated
that mTOR inhibitors (mTORi) sirolimus and
everolimus are effective in the treatment of
TSC-associated subependymal giant cell astro-
cytomas (SEGA), cardiac rhabdomyomas (CR),
renal angiomyolipomas (AML), and lymphan-
gioleiomyomatosis (LAM) [6, 7]. mTOR inhibi-
tors were recently approved in the EU, USA, and
Japan [8]. Besides focal-onset seizures, ever-
olimus is currently approved for treating SEGA
and LAM and used as an off-label treatment for
CR reduction [9–13]. Sirolimus is approved only
as LAM therapy in patients with TSC, while its
impact on seizure frequency is not yet
determined.

Up to 80–90% of patients with TSC report
epilepsy, and almost 80% of them experience the
onset of seizures under 2 years of age [14]. The
direct mechanism of epileptogenesis in TSC is
still unknown. mTOR mutations may impact
synaptic plasticity mechanisms, while molecular
changes in protein expression may increase
neuronal excitability, leading to seizures [15–18].

Epilepsy control depends widely on the
timing of the treatment introduction, with the
best outcome when initiated prior to or within a
week from clinical seizure onset [19–22]. Viga-
batrin is recommended as the first-line treat-
ment for infantile spasms in the USA and all
seizures under the age of 1 year in the EU in
patients with TSC [23]. It increases GABA (c-
aminobutyric acid) levels and, thus, has a dif-
ferent mechanism of action from mTOR inhi-
bitors. Preclinical animal studies demonstrated
the antiepileptogenic effect of mTOR inhibitor
treatment [24, 25]. The synergistic action of
those drugs may strengthen their preventive
and disease-modifying function.

One-third of epileptic seizures in children
with TSC become refractory to treatment, and it
correlates with the early age at the first clinical
seizure, a mutation in the TSC2 gene, and the
number of cortical tubers [26].

Adjunctive treatment with sirolimus or
everolimus in the youngest patients with drug-
resistant seizures could improve their epilepsy
control, as was reported by a few studies [9, 27].
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However, analyses were conducted only on a
small number of patients. Prospective clinical
trials are ongoing in the EU and USA, but no
results have been published yet. This is the lar-
gest study so far to assess the effect of adjunctive
mTOR inhibitor treatment in seizure control in
patients with TSC under the age of 2 years.

METHODS

Study Design

We performed a retrospective analysis of medi-
cal records of patients with TSC born between
2008 and 2022. The data was derived from the
medical history of individuals treated with
mTOR inhibitors for SEGA, CR, renal AML, and
epilepsy in the two clinical centers in Warsaw,
Poland: the Department of Neurology and
Epileptology, The Children’s Memorial Health
Institute, and the Department of Pediatric
Neurology, the Medical University of Warsaw in
Warsaw, Poland. The ICD coding number for
TSC, Q85.1, was applied for the database search.
The data was extracted and transferred into a
spreadsheet. The data collection process was
performed until 30 June 2022.

The inclusion criteria were:

1. Genetic or clinical diagnosis of TSC
2. Oral pharmacotherapy with an mTORi,

sirolimus or everolimus, initiated before
the age of 2 years

3. Active epilepsy in the month prior to
mTORi introduction or no history of
epilepsy

4. At least 3 months of follow-up after mTORi
pharmacotherapy commencement

Patients’ characteristics collected from the
medical records included gene mutation and
sex. We also retrieved information on the age at
the first epileptic seizure and whether epilepsy
was active the month before mTORi treatment
introduction.

The details of mTORi and antiseizure medi-
cation (ASM) used during the follow-up were
collected.

We identified patients with refractory epi-
lepsy, also known as drug-resistant epilepsy. It

was defined according to the International
League Against Epilepsy (ILAE) definition, ‘‘the
failure of adequate trials of two tolerated and
appropriately chosen and used antepileptic
drug schedules (whether as monotherapies or in
combination) to achieve sustained seizure free-
dom’’ [28].

Regarding the patient’s medical history, the
following information from the follow-up visits
was collected: the number of seizures per week,
sirolimus and everolimus dose, their blood
concentration, and ASM used at the time. For
each patient, the data was collected from the
visit at the beginning of the treatment with
mTOR inhibitor, 3 months later, 6 months after
the initiation of the treatment, and 1 year and
2 years after starting pharmacotherapy (V0, V3,
V6, V12, and V24, respectively).

After data collection, the patients were divi-
ded into two groups:

G0 individuals with no history of epileptic
seizures prior to mTOR inhibitor initiation

G1 individuals with epileptic seizures prior to
mTOR inhibitor initiation

Each patient was then matched 1:1 with the
control group. The control group was recruited
from a database of patients with TSC from the
same two clinical centers but not treated with
mTOR inhibitors.

The study was conducted according to the
guidelines of the Declaration of Helsinki 1964,
and the Bioethics Committee of the Medical
University of Warsaw was informed of the
study. Ethical approval was waived for this
study as a result of the study characteristics.
Patient consent was waived because of the ret-
rospective nature of the study, minimal risk,
and data anonymization.

Propensity Score Matching

The matching of treated patients with the con-
trol group used a propensity score matching
(PSM) method based on propensity score (PS),
defined as the probability of assigning an indi-
vidual due to a set of specified variables, to
minimize differences between the individuals
being compared. Patients were matched on the
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basis of the covariates: gene mutation, sex, and
age at the onset of pharmacotherapy, ASM, or
mTOR inhibitor, depending on which was first.

Patients from the G0 group were matched
with individuals treated preventively with
vigabatrin. In the G0 group, the age at the onset
of pharmacotherapy was set at the initiation of
the mTORi treatment, while for their control
group it was set as the age at the initiation of
vigabatrin. The aim was to compare the effect of
preventive treatment with an mTOR inhibitor
and vigabatrin.

Participants from the G1 group were mat-
ched with patients treated conventionally with
ASM after the initiation of seizures. In the G1
group and their control group, the age at the
onset of pharmacotherapy was set at the first
ASM administration.

Detailed information on the statistical anal-
ysis applied in the PSM is available in the sup-
plementary materials.

The V0 visit in the control group for the G0
was set at the age of the first preventive ASM
administration. The V0 date in the G1 control
group was set at the age of the V0 visit of their
matched pair from the G1 group. The data on
the seizure frequency was recovered from the
control group at the V0 visit and after 3, 6, 12,
and 24 months (V3, V6, V12, V24).

Statistical Analysis

The statistical analysis is divided into two parts:

1. Baseline analysis—characteristics of the
treated patients; statistical analysis, and
graphical analysis of the course of seizures
in the group treated with mTOR inhibitors.

2. Comparative analysis—statistical analysis
comparing the epilepsy control between
the treatment and control groups. It was
performed separately for the G0 group and
their control, the G1 group and their con-
trol, and all treated patients collectively
compared with both control groups.

For quantitative variables, minimum and
maximum values, mean, standard deviation,
median, and interquartile range were assessed.
For qualitative variables, the number and

frequency of occurrence were described. For
numerical variables on consecutive visits, visits
were treated as dependent variables. Appropri-
ate statistical tests were used to assess the sig-
nificance of the impact of individual variables
between groups or visits. More detailed infor-
mation on the statistical tests applied in the
analysis is available in the supplementary
materials.

Differences were considered statistically sig-
nificant if p B 0.05.

The change in seizure frequency between
visits was compared to the baseline (V0). The
differences were also described in percentages:
relative and absolute changes in the number of
seizures between the visits.

Categories were assigned for relative change
calculations and are described in Table 1. The
formula to calculate the change was:

Seizure change ¼ � y � xð Þ
x

� 100

where y is the number of seizures at a consecu-
tive visit; x is the number of seizures at the first
visit (V0)

In the G0 group, the patients with stabiliza-
tion were categorized as ‘‘No seizures’’, while
those who reported epileptic seizures as
‘‘Seizures’’.

The analysis was conducted with R pro-
gramming language, version 4.1.1 (2021-08-10).

Table 1 Relative seizure frequency change: category
description

Change (%) Category description

C 75.00% Significant improvement

30.00% to 74.99% Improvement

0.00% to 29.99% Stabilization

- 25.00% to - 0.01% No improvement

\- 25.01% Deterioration
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RESULTS

Study Population

Twenty-one patients born between 2008 and
2022 were included in this study. Nine patients
(9/21, 42.86%) started treatment with an
mTORi before the first epileptic seizures and
were included in the G0 group. Twelve patients
began the mTORi treatment after the onset of
epilepsy and were included in the G1 group (12/
21, 57.14%). Thirteen patients were female (13/
21, 61.90%), and eight were male (8/21,
38.10%). All included individuals had a TSC2
mutation, and three had an additional muta-
tion in the PKD1 gene.

SEGA was the reason for treatment initiation
in 13 patients (13/21, 61.90%), refractory epi-
lepsy in seven (7/21, 33.33%), CR in seven (7/
21, 33.33%), and renal AML in one (1/21,
4.76%). Eight patients received mTORi as a
result of more than one cause (8/21, 38.10%).
Ten children (10/12, 83.33%) had epilepsy
refractory to treatment when the mTORi treat-
ment was initiated. One patient from the G0
group (1/9, 11.10%) developed drug-resistant
epilepsy during the follow-up.

The median age at the mTORi treatment
initiation was 20 days in the G0 group, and the
median age at the onset of seizures was
122 days. In the G1 group, the median age at
the mTOR inhibitor introduction was 444 days,
while epilepsy was first reported at 90 days.

Patients’ baseline characteristics are reported
in Table 2.

Dosing

Eighteen patients received sirolimus (18/21,
85.71%) and three everolimus (3/21, 14.29%).
All patients treated with everolimus were in the
G1 group. Patients received mTOR inhibitors
orally in the form of a solution.

The initial dosing of sirolimus was 0.5 mg/
m2 per day, while that of everolimus was 5 mg/
m2 per day. During the follow-up, doses were
adjusted on the basis of the mTORi blood levels
and the severity and frequency of reported
adverse effects. During the follow-up, the

median blood levels were 3.72 ng/mL (range
1.72–16.10) for sirolimus and 4.96 ng/mL
(range 1.9–6.6) for everolimus.

Treatment Discontinuation

Three patients (3/9, 33.33%) in the G0 group
completed the 2-year follow-up. The rest, six
individuals (6/9, 66.67%), continued the
mTORi treatment until the end of data collec-
tion, although their follow-up was shorter than
24 months. None of the patients withdrew from
the treatment during the follow-up. The med-
ian follow-up duration in this group was
183 days.

Seven patients (7/12, 58.33%) in the G1
group completed the 2-year follow-up. Two
individuals continued the mTORi treatment
until the end of data collection (2/12, 16.67%),
yet their follow-up was shorter than 2 years.
Three patients with large dysplastic lesions in
the brain discontinued pharmacotherapy
because of unsatisfactory results (3/12, 25.00%),
one after 6 months of treatment and two after
12 months. All qualified for neurosurgery. The
median follow-up duration in the G1 group was
732 days.

ASM Modification During Follow-up

During the follow-up, 19 patients (19/21,
90.48%) received antiseizure treatment.

In the G0 group, two patients did not receive
any ASM (2/9, 22.22%). Seven were adminis-
tered vigabatrin during the follow-up because of
the onset of seizures or EEG abnormalities; two
required additional valproic acid and levetirac-
etam. The mean number of ASM was 1.

In the G1 group, all patients were treated
with vigabatrin and had antiseizure pharma-
cotherapy modified during the follow-up. All
received more than one ASM, including val-
proic acid, carbamazepine, levetiracetam, clo-
bazam, and topiramate. Two children received
adrenocorticotropic hormone (ACTH), and two
patients were on the ketogenic diet. The mean
number of ASMs was 2.5.
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Table 2 Characteristics of the patients in the G0 and G1 groups

Variable G0 (N = 9) G1 (N = 12) Total (N = 21)

Sex

Female 6 (66.70%) 7 (58.30%) 13 (61.90%)

Male 3 (33.30%) 5 (41.70%) 8 (38.10%)

Family history of TSC

Yes 0 (0.00%) 1 (11.10%) 1 (7.10%)

No 5 (100.00%) 8 (88.90%) 13 (92.90%)

No information 4 3 7

Gene mutation

TSC1 0 (0.00%) 0 (0.00%) 0 (0.00%)

TSC2 9 (100.00%) 12 (100.00%) 21 (100.00%)

PKD1 0 (0.00%) 3 (25.00%) 3 (14.29%)

Reason for mTORi treatment

SEGA 6 (66.70%) 7 (58.30%) 13 (61.90%)

Cardiac rhabdomyoma 4 (44.40%) 3 (25.00%) 7 (33.33%)

Renal AML 0 (0.00%) 1 (8.30%) 1 (4.76%)

Epilepsy 0 (0.00%) 7 (58.30%) 7 (33.33%)

Epileptic seizures during follow-up

Yes 7 (77.78%) 12 (100.00%) 19 (90.48%)

No 2 (22.22%) 0 (0.00%) 2 (9.52%)

Age at onset of seizures (days)

Median [min, max] 122.00 [40, 304] 90.00 [1, 145] 93.00 [1, 304]

Mean (SD) 142.43 (86.28) 79.50 (43.16) 102.68 (67.77)

Age at mTORi initiation (days)

Median [min, max] 20.00 [3, 264] 444.00 [52, 656] 146.00 [3, 656]

Mean (SD) 49.56 (83.35) 413.50 (223.27) 257.52 (253.49)

mTORi

Sirolimus 9 (100.00%) 9 (75.00%) 18 (85.70%)

Everolimus 0 (0.00%) 3 (25.00%) 3 (14.30%)

Blood concentration (ng/mL), median [min, max]

Sirolimus 3.72 [1.71, 16.10] 3.59 [1.99, 13.89] 3.72 [1.71, 16.10]

Everolimus N/A 4.96 [1.9, 6.6] 4.96 [1.9, 6.6]

Follow-up duration (days)

Median [min, max] 183 [91.50, 732.00] 732 [91.50, 732.00] 549 [91.50, 732.00]
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Adverse Effects of mTORi

All included patients (21/21, 100.00%) reported
at least one adverse effect (AE). Adverse events
were of mild and moderate severity, grade 1 and
2, according to Common Terminology Criteria
for Adverse Events v5.0 [29]. None of the par-
ticipants discontinued the mTOR inhibitor
treatment because of an AE. The interpretation
of the blood test results was based on the norms
provided by the laboratories after adjusting for
age.

The most common adverse effects in patients
treated with sirolimus were hyperlipidemia in
16 (16/18, 88.89%), anemia in 11 (11/18,
61.11%), and elevated platelet count in 10 (10/
18, 55.56%).

All patients treated with everolimus reported
mouth ulcerations (3/3, 100%), hyperlipidemia
was found in two (2/3, 66.67%), and anemia in
two (2/3, 100%). Mouth ulcerations required
temporary treatment discontinuation.

None of the patients reported hemoglobin
levels below 8.0 g/dL, nor did they require

transfusion. Most patients who reported
thrombocytosis reported a platelet count
between 450,000 and 700,000/lL, considered
‘‘mild’’; one patient had a platelet count of
750,000/lL [29].

None of the participants had to be hospital-
ized because of hyperlipidemia, and it was
managed with dietary modifications. Two
patients with the highest hyperlipidemia levels
were on a ketogenic diet, and the blood test
results normalized after the adjustment of the
lipid-to-nonlipid ratio.

Effect on Epilepsy Control

G0 Group: Patients with mTORi Introduced
Before Onset of Seizures
Nine patients started pharmacotherapy with
mTOR inhibitors with no prior history of epi-
lepsy (9/21, 42.86%). Five individuals had their
first seizure in the first 3 months after treatment
initiation; in three, it was a one-time event, and
no other seizures appeared until the end of the

Table 2 continued

Variable G0 (N = 9) G1 (N = 12) Total (N = 21)

Mean (SD) 376.17 (276.19) 571.88 (247.14) 488.00 (271.95)

Refractory epilepsy

Yes 1 (11.11%) 10 (83.33%) 11 (52.38%)

No 6 (66.67%) 2 (16.67%) 8 (38.10%)

No epileptic seizures 2 (22.22%) 0 (0.00%) 2 (9.52%)

mTORi mTOR inhibitor, SEGA subependymal giant cell astrocytoma, ASM antiseizure medication, N/A not applicable

Table 3 Seizure occurrence in the G0 group, patients who initiated mTOR inhibitor treatment before the onset of seizures

V3 (N = 9) V6 (N = 8) V12 (N = 4) V24 (N = 3) p value

Change 0.456

No seizures 4 (44.4%) 5 (62.5%) 3 (75.0%) 3 (100.0%)

Seizures 5 (55.6%) 3 (37.5%) 1 (25.0%) 0 (0.0%)

V0 baseline visit, V3 visit 3 months after treatment initiation, V6 visit 6 months after treatment initiation, V12 visit
12 months after treatment initiation, V24 visit 24 months after treatment initiation
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follow-up. Two patients had their first epileptic
seizure between 3 and 6 months after the initi-
ation of the mTORi, one of them as a one-time
event. One patient had a follow-up of less than
6 months. At V3, they developed seizures yet
did not discontinue the treatment.

The detailed estimated frequency of epileptic
seizures per week during the follow-up in this
group is presented in supplementary Table S1.

Five patients were seizure-free 6 months after
starting the treatment (5/8, 62.50%). At
24 months, all patients who reached that
observation time did not have seizures (3/3,
100.00%). No seizures were reported in seven
patients in total at the end of their follow-up (7/
9, 77.78%) (Table 3).

G1 Group: Patients with mTORi Introduced
After Onset of Seizures
Twelve patients reported active epilepsy the
month before the initiation of mTOR inhibitor
treatment (12/21, 57.14%). The estimated fre-
quency of epileptic seizures per week during the
follow-up in this group is presented in Table 4.
The statistical significance was calculated for
differences between the seizure frequency at the
particular visit and the baseline (V0).

The mean number of seizures per week
reduced during the follow-up. Improvement in
epilepsy control between the baseline visit (V0)
and 24 months later (V24) was statistically sig-
nificant. The number of patients remaining in

the study and the standard deviation decreased.
The data on seizure frequency at V24 were not
available for one patient, although they did
not discontinue the treatment for more than
24 months.

Relative increase was used to characterize the
treatment outcome in this group (supplemen-
tary material Table S2). At 24 months, six
patients were followed up; a significant
improvement was achieved in five (5/6, 83.33%)
and improvement in one (1/6, 16.67%), com-
pared with V0. Four patients were seizure-free at
the end of the follow-up. One patient with the
shortest follow-up of less than 6 months pre-
sented a minimal initial response to the treat-
ment and a decrease in seizure frequency by
25%.

Absolute changes in the number of seizures
between each visit and the baseline are pre-
sented in supplementary materials Figs. S2–S5.

Propensity Score Matching

A total of 77 and 28 patients were included in
the initial database before PSM for the control
group for patients from G0 and G1 treatment
groups, respectively.

Detailed results of PSM are available in the
supplementary materials. A summary of
patients’ characteristics after matching is pre-
sented in Table S3.

Table 4 Mean seizure frequency per week in the G1 group: patients who started mTOR inhibitor treatment after the onset
of seizures

Number of seizures per week Visit comparison p value

Median [min, max] Mean (SD)

V0 (N = 12) 21.00 [0.25, 140.00] 37.10 (44.48) V0–V0 N/A

V3 (N = 11) 21.00 [0.00, 105.00] 26.45 (33.72) V3–V0 0.407

V6 (N = 10) 7.00 [0.00, 105.00] 24.60 (35.96) V6–V0 0.683

V12 (N = 9) 0.40 [0.00, 98.00] 17.49 (31.76) V12–V0 0.173

V24 (N = 6) 3.00 [0.00, 17.00] 5.00 (6.69) V24–V0 0.031

V0 baseline visit, V3 visit 3 months after treatment initiation, V6 visit 6 months after treatment initiation, V12 visit
12 months after treatment initiation, V24 visit 24 months after treatment initiation, p value estimated for the differences
between the visit and V0, N/A not applicable
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Fig. 1 Seizure frequency change compared to the baseline
(V0). Mean change in the number of seizures was
calculated for patients from the G0 group, with mTOR

inhibitor treatment initiated before the onset of seizures
(blue), and their control group (red)

Fig. 2 Seizure frequency change compared to the baseline
(V0). Mean change in the number of seizures was
calculated for patients from the G1 group, with mTOR

inhibitor treatment initiated after the onset of seizures
(blue), and their control group (red)
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The groups were not completely balanced,
yet the matching could be performed. After
analysis, nine patients from the control group
were matched with the G0 group, and 12 were
matched with the G1 group. All patients from
the G0 control group were treated preventively
with vigabatrin, and their V0 visit was set at the
age of the vigabatrin treatment initiation. All
patients from the G1 control group had active
epilepsy, and their V0 visit was set at the age of
the V0 visit of their respective matched pair
from the G1 mTORi treatment group.

All patients from the G0 control group
received vigabatrin preventively, before the
onset of seizures. During the follow-up, one
patient required two additional ASMs, leve-
tiracetam and topiramate, and four patients
were administered valproic acid because of
insufficient seizure control. The mean number
of ASMs was 1.67.

Patients from the G1 control group received
vigabatrin, valproic acid, levetiracetam, lamot-
rigine, carbamazepine, and clobazam. The
mean number of ASMs was 2.42. One patient
underwent surgical removal of cortical dysplasia

after the follow-up period, and one was on a
ketogenic diet.

Comparative Analysis

Three comparative analyses were performed:
the G0 treatment group compared with their
control group, the G1 treatment group com-
pared with their control group, and all patients
treated with mTOR inhibitors (G0 and G1)
compared with the whole control group.

The mean number of seizures increased in
both the G0 and their control groups compared
to no active epilepsy at the baseline. The
increment was more noticeable in the control
group, especially 3 months after the initiation
of the treatment. At 24 months, both groups
reached stabilization (Fig. 1).

In the G1 mTORi treatment group, the
reduction in the number of seizures was more
noticeable than in the control group. The
mTOR inhibitor in the treatment group was
administered as an adjunctive treatment to the
ASM, while the control group received only
ASMs (Fig. 2).

Fig. 3 Seizure frequency change compared to the baseline (V0). Mean change in the number of seizures was calculated for
all patients with mTOR inhibitor treatment (G0 and G1, blue) and their control group (red)
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The whole mTORi treatment group (G0 and
G1) was compared with the control group. The
seizure frequency reduction was greater in the
treatment than in the control group. The dif-
ference was statistically significant at
24 months of follow-up (Fig. 3).

The detailed data on the changes in all three
versions is presented in supplementary material
Tables S4–S6.

DISCUSSION

Randomized clinical trial EXIST-3 reported that
everolimus reduced seizure frequency in
patients with TSC and refractory epilepsy
[30–32]. Adjunctive treatment with everolimus
improved long-term epilepsy control in chil-
dren under 3 years of age, both in low- and
high-exposure groups.

Our study reports the results of the largest
research so far, assessing the effect of two mTOR
inhibitors, sirolimus and everolimus, in epilepsy
treatment in children under 2 years of age.

Various animal models described an
antiepileptogenic effect of preventive treatment
with mTOR inhibitors on epilepsy development
[25, 33, 34]. We collected data from nine
patients with no history of seizures prior to sir-
olimus initiation, the G0 group. In most of
them, seizures appeared during follow-up as
one-time events, and the patients did not
develop active epilepsy. The appearance of sei-
zures could overlap with the typical age at the
onset of epilepsy in patients with TSC, as more
than 60% of them experience the first epileptic
seizure in the first year of life [35]. The study by
Domańska-Pakieła et al. reported that 70% of
patients with normal EEG in the first 2 months
of life develop EEG abnormalities in the next
few months [36].

The G1 treatment group, to whom the
mTOR inhibitors were administered after the
onset of seizures, reported a decrease in seizure
frequency in all visits compared with the base-
line. The difference was statistically significant
at 24 months from the mTORi initiation. The
positive impact of everolimus on seizure
reduction in similarly young patients with TSC
under 2 years of age was reported in a smaller

retrospective study by Saffari et al. [9]. Ever-
olimus was effective as adjunctive therapy in
two out of four patients with refractory epi-
lepsy. Kotulska et al. reported improved seizure
control in three out of five patients with drug-
resistant epilepsy who received everolimus as a
result of SEGA [27].

Most patients in this study received sir-
olimus, a more common and available phar-
macotherapy than everolimus, although
according to the literature, its efficacy in epi-
lepsy control remains inconclusive [37–39].
Research studies on mTOR inhibitors often set
the target blood levels of everolimus and sir-
olimus at 5–15 mg/mL and 4–20 ng/mL,
respectively [10]. In our study, the median
serum levels of both medications were at the
lower threshold. The antiseizure effect could
probably be more significant if the blood levels
were greater. Similar observations were descri-
bed in the EXIST-3 reports, where the group
with lower exposure to everolimus (3–7 ng/mL)
had less significant improvement in epilepsy
control than the high-exposure group (9–15 ng/
mL) [40].

Once seizures develop, vigabatrin is a treat-
ment of choice in infantile spasms and refrac-
tory focal-onset seizures in Europe and the USA
[23]. Other conventional ASMs are considered
second-line therapy, and in our study, ASMs
and their dosing were modified independently
from the mTOR inhibitor treatment during the
follow-up. The modifications, such as increas-
ing the dose or changing to another ASM were
decided on the basis of epilepsy control. It may
have impacted the significance of the seizure
frequency reduction and led to an overestima-
tion of the role of mTOR inhibitors.

However, according to the comparative
analysis, seizure control improved in the group
treated additionally with mTOR inhibitors. This
study aimed to determine the effect of mTORi
added to currently recommended pharma-
cotherapy. The mean number of ASM and the
type of ASMs used in the treatment and control
groups were similar. All patients were treated in
the two clinical centers, so we assume that the
antiseizure pharmacotherapy approach was
similar. Therefore we may assess the positive

Neurol Ther (2023) 12:931–946 941



mTORi effect on seizure control as an added
disease-modifying treatment.

In all patients included in our study, TSC2
gene mutation, most commonly associated
with worse clinical outcomes and a higher
prevalence of refractoriness, was found [26, 41].
Dabora et al., in a study on 224 patients, found
that seizures are significantly more common in
patients with TSC2 than TSC1 mutation (98%
vs. 86%, p = 0.02) [42].

Early administration of mTORi could delay
the onset of seizures and reduce their severity,
as suggested by the results of our study. The risk
of refractoriness correlates with the age at the
first epileptic seizure [26]. Intellectual impair-
ment, learning difficulties, and disturbances in
social development also appear to be related to
earlier epilepsy onset [43]. Therefore, it is pos-
sible that delaying the onset of epilepsy may
contribute to overall better control in the
future.

Those findings are important to patients
with TSC2 mutation, as epilepsy is more likely
to become refractory to treatment if seizures
appear early, in the neonatal period, often in
individuals with perinatal complications and
SEGA [44]. Most patients in our study were
administered mTOR inhibitors as a result of
SEGA, CR, and epilepsy. According to Krueger
et al. and Saffari et al., those are the most
common reasons for mTORi treatment intro-
duction [6, 9]. In the last few years, clinical trials
have determined a positive effect of mTORi on
SEGA size reduction, and currently everolimus
is recommended for use in this indication.
Therefore, owing to the established role of
mTORi in SEGA size change, it was not included
as an outcome parameter in this study. mTORi
discontinuation may lead to SEGA recurrence,
especially if the treatment duration is relatively
short [45]. Therefore, most patients who begin
the treatment continue it for many years. Epi-
lepsy control after sirolimus and everolimus
discontinuation has not been determined yet.
Most patients in this study continued the
treatment at the end of data collection, so sei-
zure recurrence assessment in a long-term fol-
low-up after mTORi cessation was impossible.
The long-term effect of mTORi on epilepsy

control after their discontinuation should be
addressed in future studies.

Safety is one of the main concerns regarding
mTOR inhibitor administration to young chil-
dren and infants. All participants in our study
reported adverse effects, yet of mild or moderate
severity. Likewise, the results from EXIST-1 and
EXIST-3 clinical trials demonstrated everolimus
safety in children under 3 years of age [46, 47].
The adverse effects were more common and
significant in the high-dose group, although
they remained relatively safe and reversible.
Various reports also described sirolimus safety,
mostly in older children and adults with TSC
[48–50]. According to the studies, sirolimus
adverse effects are also frequent yet not severe
[9, 51]. Both sirolimus and everolimus appear to
be safe in young children as well as adults with
TSC.

The main limitation of this study is its ret-
rospective character, which may hinder the
objectivity and availability of all data. The
anamnesis technique and accuracy differed
among the physicians. The seizure types and
epileptiform discharge types could not be
determined for some patients in the treatment
and control groups because of missing data in
the medical records. PSM aims to assemble two
groups with similar characteristics with equal
mean baseline data. As the groups are analyzed
as a whole, not individually, the analysis was
mainly balanced despite the lack of those
parameters.

Secondly, the small cohort size, divided into
smaller subgroups, could impede the statistical
significance of the analysis. One participant
from each group, G0, and G1, had a follow-up
shorter than half a year, yet they did not with-
draw from the treatment until the end of data
collection. All information on the effect of
mTORi in epilepsy control was considered rele-
vant as few patients start mTORi treatment at
such a young age. Therefore incomplete follow-
up data were not excluded.

During the follow-up, the ASMs were adjus-
ted according to the epilepsy control and thus
could impact the significance of mTOR inhibi-
tors in seizure reduction.
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Despite these limitations, our study assesses
the effect of mTOR inhibitor treatment on sei-
zure control in infants and young children.

CONCLUSIONS

mTOR inhibitors are a novel promising treat-
ment for TSC-related symptoms and conditions,
including epilepsy. Young children and infants
could benefit from sirolimus and everolimus
use, which leads to a suppression of epileptic
activity and a lower risk of refractoriness.

Adjunctive treatment with mTOR inhibitors
appears to improve seizure control when
administered preventively or after the onset of
seizures. Further prospective clinical studies on
the efficacy of mTOR inhibitors on epilepsy in
young children with TSC should be performed.
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