:' frontiers ‘ Frontiers in Neurology

REVIEW
published: 13 April 2022
doi: 10.3389/fneur.2022.843975

OPEN ACCESS

Edited by:
Yvonne Holler,
University of Akureyri, lceland

Reviewed by:

Ricardo Zavala-Yoé,

Monterrey Institute of Technology and
Higher Education (ITESM), Mexico
Flavia Venetucci Gouveia,

University of Toronto, Canada

*Correspondence:
Guangyuan Lu
gylulifescience@163.com
Tao Sun
suntao_nxmu@163.com
Feng Wang
nxwwang@163.com

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Epilepsy,

a section of the journal
Frontiers in Neurology

Received: 27 December 2021
Accepted: 14 February 2022
Published: 13 April 2022

Citation:

Ding J, Wang L, Li W, Wang Y,

Jiang S, Xiao L, Zzhu C, Hao X, Zhao J,
Kong X, Wang Z, Lu G, Wang F and
Sun T (2022) Up to What Extent Does
Dravet Syndrome Benefit From
Neurostimulation Techniques?

Front. Neurol. 13:843975.

doi: 10.3389/fneur.2022.843975

Check for
updates

Up to What Extent Does Dravet
Syndrome Benefit From
Neurostimulation Techniques?

Jiangwei Ding **, Lei Wang "%, Wenchao Li"3, Yangyang Wang ", Shucai Jiang "2,
Lifei Xiao 2, Changliang Zhu'?, Xiaoyan Hao*, Jiali Zhao, Xuerui Kong', Ziqin Wang',
Guangyuan Lu™, Feng Wang ** and Tao Sun"?*

" Ningxia Key Laboratory of Cerebrocranial Disease, The Incubation Base of National Key Laboratory, Ningxia Medical
University, Yinchuan, China, ? Department of Neurosurgery, General Hospital of Ningxia Medical University, Yinchuan, China,
3 Department of Neurosurgery, The First Affiliated Hospital of Xinxiang Medical University, Weihui, China, * Department of
Neurology, First Affiliated Hospital of Zhengzhou University, Academy of Medical Sciences of Zhengzhou University,
Zhengzhou, China, ° Department of Neurosurgery, The First Affiliated Hospital, Zhejiang University School of Mediicine,
Hangzhou, China

Background: Dravet syndrome (DS) is a refractory developmental and epileptic
encephalopathy (EE) with a variety of comorbidities, including cognitive impairment,
autism-like behavior, speech dysfunction, and ataxia, which can seriously affect the
quality of life of patients and impose a great burden on society and their families.
Currently, the pharmacological therapy is patient dependent and may work or not.
Neuromodulation techniques, including vagus nerve stimulation (VNS), deep brain
stimulation (DBS), transcranial magnetic stimulation (TMS), responsive neurostimulation
(RNS), and chronic subthreshold cortical stimulation (CSCS), have become common
adjuvant therapies for neurological diseases, but their efficacy in the treatment of DS
is unknown.

Methods: \We searched Web of Science, PubMed, and SpringerLink for all published
cases related to the neuromodulation techniques of DS until January 15, 2022. The
systematic review was supplemented with relevant articles from the references. The
results reported by each study were summarized narratively.

Results: The Web of science, PubMed and SpringerLink search yielded 258 items. A
total of 16 studies published between 2016 and 2021 met the final inclusion criteria.
Overall, 16 articles (109 cases) were included in this study, among which fifteen
(107 patients) were involved VNS, and one (2 patients) was involved DBS. After VNS
implantation, seizures were reduced to >50% in 60 cases (56%), seizure free were found
in 8 cases (7.5%). Only two DS patients received DBS treatment, and the initial outcomes
of DBS implantation were unsatisfactory. The seizures significantly improved over time
for both DBS patients after the addition of antiepileptic drugs.

Conclusion: More than half of the DS patients benefited from VNS, and VNS may
be effective in the treatment of DS. However, it is important to note that VNS does
not guarantee improvement of seizures, and there is a risk of infection and subsequent
device failure. Although DBS is a safe and effective strategy for the treatment of refractory
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epilepsy, the role of DBS in DS needs further study, as the sample size was small. Thus
far, there is no strong evidence for the role of DBS in DS.

Keywords: Dravet syndrome, drug-resistant epilepsy, neuromodulation, vagus nerve stimulation, deep brain
stimulation, transcranial magnetic stimulation

INTRODUCTION

Epileptic encephalopathy (EE) generally refers to severe cognitive
and behavioral impairments resulting from epileptic activity.
Such impairments can worsen over time, and the extent of these
impairments often exceeds what would be expected from the
underlying pathology alone (1). Dravet syndrome (DS), also
known as severe infantile myoclonic epilepsy, is a severe EE
primarily caused by haploinsufficiency of the SCN1A gene, which
encodes the brain voltage-gated sodium channel Nay1.1 (2, 3).
Similarly, gene missense or point mutation mutations in SCN2A,
SCNS8A, SCN1B, PCDH19, GABRA1, GABRG2, STXBPI1, HCNI,
CHD2, and KCNA2 can also cause DS or DS-like symptoms (4).

Febrile seizure is a typical feature of the early stage
(“febrile” phase) of DS. Patients usually have seizures (mostly
clonic generalized and unilateral motor seizures) after a fever,
vaccination, or warm bath in the first year of life (usually between
4 and 8 months) and often progress to status epilepticus (5-7).
This phase is followed by the “worsening” phase at the age of 1-4
years, characterized by the presence of additional seizure types
(such as generalized motor, atypical, myoclonic, and absence
seizures) with cognitive, behavioral, and motor impairments in
which thermogenic factors can still induce seizures (5-8). Finally,
the “worsening” phase is followed by the “stabilization” phase,
in which the frequency of seizures is reduced compared with the
febrile stage (generalized tonic-clonic seizures and

FIGURE 1 | Multiple genetic mutations cause DS or DS-like phenotypes and lead to epilepsy and its comorbidities including cognitive dysfunction (motor, language,
and intellectual deficits), autistic behavior, ataxia, sleep disorders, SUDEP and premature death.
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tonic seizures are still observed), but cognitive and psychomotor
disorders and ataxia are significantly aggravated in the previous
phase (5, 7-9). In addition to difficult-to-control epilepsy, DS
is often associated with some serious comorbidities, including
cognitive impairment, premature death, autism, sleep disorders,
hyperactivity, ataxia, and sudden unexpected death in epilepsy
(SUDEP) (Figure 1) (9-12), which seriously affect the quality of
life of affected children and impose heavy burdens on society
and family.

Neuromodulation, including vagus nerve stimulation (VNS),
deep brain stimulation (DBS), and transcranial magnetic
stimulation (TMS), responsive neurostimulation (RNS), and
chronic subthreshold cortical stimulation (CSCS) (Figure 2),
has been widely used in drug-resistant epilepsy (DRE), drug-
resistant depression, Parkinson’s disease, and other neurologic
diseases (Figure2) (13-19), VNS is the most commonly used
of these neuromodulation techniques. Currently, approximately
1,00,000 patients worldwide have received VNS implants (20),
but the effectiveness of neuromodulation in DS has rarely
been evaluated.

METHODS

Literature Search
A systematic search was performed in Web of science, PubMed
and SpringerLink. The most recent search was performed on

January 15, 2022, using the term (Dravet Syndrome) AND
[(VNS) OR (DBS) OR (TMS) OR (RNS) OR (CSCS)]. We also
screened references from the published review papers on VNS
and Dravet syndrome. References from relevant articles were
used to supplement the systematic review (Figure 3).

Data Extraction

We excluded articles not written in English or Chinese, if
any. Non-original work that has nothing to do with people,
such as reviews, meta-analysis, animals or cells, experimental
articles not adding information to the question posed in this
review, and papers that could not be retrieved via PubMed
or SCOPUS. The records were screened by JD and evaluated
by LW with respect to the inclusion and exclusion criteria.
Disagreements were resolved through a discussion between the
two review authors.

Study Selection Criteria
Inclusion criteria: (i) all neuromodulation techniques related
to DS, (ii) effective data between DS and neuromodulation
techniques that can be extracted independently, and (iii) not only
must the neuromodulation techniques be applied, but also the
purpose of epilepsy improvement in DS.

Exclusion criteria: (i) non-neuromodulation techniques, such
as antiepileptic drugs, and resection; (ii) DS mixed with other
refractory epilepsy disease so that data cannot be summarized for
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FIGURE 2 | Brief schematic diagram of three neuromodulation techniques commonly used in Dravet syndrome. (A) Vagus nerve stimulation (VNS); (B) Deep brain
stimulation (DBS); (C) Transcranial magnetic stimulation (TMS). (A) Vagus nerve technique (VNS); (B) Deep brain stimulation (DBS); (C) Repetitive transcranial
magnetic stimulation (rTMS) (13); (D) Responsive neurostimulation (RNS) (18); (E) and chronic subthreshold cortical stimulation (CSCS) (20).

/ { ,\Electrodes c

N TMS figure-of-

P eight coil
(SN
Plulse generator
E
CSCS
® o o
® o ¢
® o o
® o o

Frontiers in Neurology | www.frontiersin.org

April 2022 | Volume 13 | Article 843975


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

Ding et al.

Dravet Syndrome Benefit From Neuromodulation

258 records identified:
20 web of science

56 PUBMED

182 SpringerLink

—'| 20 Duplicates removed |

238 titles and abstracts screened |

179 records excluded:

12 for Reference Work
70 for Book and Chapter
32 for Review and Meta
Analysis

65 for irrelevant exposure

59 full-text articles assessed for eligibility |

——| 49 for irrelevant exposure |

6 records identified
through other sources

| 16 studies were included |

| 15 for VNS;1 for DBS |

FIGURE 3 | Flow diagram depicting search process and study selection.

the treatment effect of DS; (iii) only neuromodulation techniques
applied but no focus on therapeutic effects for epilepsy; and (iv)
unpublished studies, case reports, comments, practice guidelines,
reviews, or letters.

RESULTS

After the elimination of duplicates (20 articles), the literature
search yielded 238 articles (Figure 1). After screening all the
abstracts, 179 records were excluded. Thus, 59 articles were
included in the full-text analysis. Of these, 49 full-text articles
were excluded. Six records were identified and supplemented by
references to other articles.

Finally, 16 studies met the inclusion and did not meet the
exclusion criteria (Figure 1).

Summary of Findings

According to the previous description, in this study, we still
defined the improvement of epilepsy control (responder) as
a reduction of more than 50% in generalized tonic-clonic
or secondarily generalized tonic-clonic seizures. Patients were
followed up for at least 6 months after implantation, otherwise,
there was no improvement (responder) (21).

Sixteen articles were eligible in the study, among which 15
(107 patients) were involved in the treatment of DS by VNS
(21-35), and one (2 patients) was involved in the treatment
of DS by DBS (36) and a total of 107 patients with DS were
implanted with VNS, of which 60 (56%) had good epileptic
control reduced to more than 50%, and the remaining 47(44%)
patients had unsatisfactory epileptic control (Table 1). Eight of
the patients were seizure-free, and although most of the adverse
effects of VNS implantation were not reported, hoarser was the
major side effect and weight loss was reported in one case.
The clinical experience of DBS in DS is limited. Two patients
with anterior thalamic nucleus stimulation had good epileptic
control over time, and their seizures were reduced by more
than 90% (Table 2).

DISCUSSION

DS is a special type of DRE. Despite the emergence of new
antiseizure medications (ASMs; such as cannabidiol, CBD;
stiripentol, STP; and fenfluramine, FFA) in recent years, the
treatment of DS is still challenging (38). Neuromodulation
techniques as a minimally invasive or non-invasive approach is
a promising treatment for neurologic disorders. Our objective in
this review was to demonstrate the efficacy of neuromodulation
techniques, especially VNS, in DS and to provide a treatment
option for patients with DS.

Effect of ASMs on Dravet Syndrome
Conventional ASMs Therapy

The treatment of DS follows an individualized treatment
regimen, but medication is only partially effective for DS seizures.
Commonly used sodium channel blockers such as carbamazepine
and lamotrigine may exacerbate seizures or even cause epileptic
status, and may also cause further deterioration of cognitive
function. Control of seizures often requires a combination of
antiepileptic drugs (AEDs), of which valproate and clobazam are
considered first-line treatments for DS (38-41). Ketogenic diet
(KD) have shown promise in the treatment of DS and have been
effective in animal models of DS (41, 42).

Novel ASMs Therapy

Cannabidiol

CBD is one of the most abundant plant-derived cannabinoids.
CBD, as a non-psychoactive agent, has pharmacological
properties of anti-epilepsy (43-45). The United States Food
and Drug Administration (FDA) has approved CBD for two
childhood-onset EE: DS and Lennox-Gastaut syndrome (LGS)
(46, 47). In 2017,Devinsky et al. conducted a double-blind
controlled trial of 120 patients with DS and found that 43%
of the patients in the CBD group (oral, 20 mg/kg/day) had
at least a 50% reduction in seizures compared with a 27%
reduction in the placebo control group (48). Miller et al’s
double-blind evaluation of the efficacy of different doses of
CBD for DS showed that the oral administration of 10 and 20
mg/kg/day resulted in seizure control rates of 48.7% and 45.7%,
respectively (49). Recently, seizures were reduced to 50 in 71%
of patients a long-term open-label extension trial (50). Although
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TABLE 1 | Clinical data of DS patients with VNS implantation.

References

DS case

AVI

Follow
up

Responders

Non-

responders

Other

Seizure

interventions response

Adverse
events

Youn et al. (32)

Wang et al. (37)

Fulton et al. (21)

Sirsi et al. (29)

Dlouhy et al. (22)

Fernandez et al. (23)

Dressler et al. (24)

Spatola et al. (27)

Chen et al. (34)

Cersoésimo et al. (33)

Caraballo et al. (25)

Zamponi et al. (26)

Shahwan, et al. (35)

Rossignol et al. (28)

Kang et al. (31)

Total

22

20

20

107

10.0y

11.8 (6-19) y

6.7 (1.9-16)y

6.2y

4.3y

22vy,28y

NR

19y

NR

14 (13,14,15)

NR

10.3 (5-25)

5.7,11.8

NR

165m

43y

2y

2-10y

2-13y

6.6y

3y

3m
24m
26 (23,

26, 30) m
NR

1y

6 and
7.5m

2y

12m

12

10

13

60 (56%)

10

10

47 (44%)

ASMs

ASMs

NR

ASMs

VNS,CC

ASMs

ASMs

ASMs

ASMs

NR

ASMs

ASMs

ASMs

NR

NR

Other
interventions

36.4 % (8/22),
54.5 % (12/22),
and 63.2 %
(12/19) had >50%
seizure reduction
at 12, 24, and 36
months,
respectively, and
13.3% (3/22) had
seizure free >1y
50% (10/20)
>50% seizure
reduction at 24
months

65% (13/20)
>50% seizure
reduction, and
25% (5/20) had
seizure free at 6
months

50% (4/8) >50 %
seizure reduction
67% (4/6) >50%
seizure reduction*®
100%(2/2) >50%
seizure reduction
at 12 months
38% (3/8) >50%
seizure reduction
3m

>90% seizure
reduction

>90% seizure
reduction

67% (2/3) >50%
seizure reduction
67% (2/3) had
>50% seizure
reduction

50% (4/8) had
>50% seizure
reduction at 12
months

50% (1/2) >50%
seizure reduction
and SUDEP#
50% (1/2)
had>90% seizure
reduction

25% seizure
reduction

7.5% (8/107) had
seizure free and
56%(60/107)
had>50% seizure
reduction

Hoarseness
(4/22,18.2 %)

NR

NR

NR

NR

NR

NR

NR

Hoarseness

Hoarseness,
coughing
NR

NR

Weight loss

NR

Hoarseness

NR, No recorded; AVI, age at VNS implantation.
*One of the patients who underwent corpus callotomy after VNS implantation had a 50% reduction in seizures and was not counted.
#Although the patient’s epilepsy was well controlled after VNS implantation, SUDEP was not avoided (6 months after VNS implantation).
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TABLE 2 | Clinical data of DS patients with DBS implantation.

Study Case Gender Age of onset ADI Stimulating nuclei Follow up Seizure response Adverse
events
Andrade et al. (36) 1 M 15y 19y Anterior nucleus (AN) thalamic 9.5y GTCS >90% seizure reduction NR
2 F 1y 34y Anterior nucleus (AN) thalamic 10y 67-93% seizure reduction NR

NR, No recorded; ADI, age at DBS implantation.

CBD has been a great success for patients with DS (45, 51),
it still fails in 29% to 57% of patients (48, 50). In addition,
in a retrospective analysis, CBD was found to be effective in
only 3/17 patients and reduced seizures by only >30% (52).
Some objective factors, such as CBD is illegal in some countries
including mainland China, which also limits the use of CBD to a
certain extent (53). Adverse reactions to CBD include diarrhea,
vomiting, fatigue, fever, drowsiness, and abnormal liver function
(45, 48) (Table 3).

Stiripentol

STP is a novel antiepileptic drug with oral activity and unique
structure (59, 60). In the European Union and Canada, STP is
approved for use in combination with clobacan and valproate
as an adjunct treatment for refractory generalized tonic-clonic
seizures in patients with DS (infancy). In Japan, STP is approved
in combination with clobazam and valproate for the treatment
of clonic or tonic-clonic seizures in DS patients with poor
response to clobazam and valproate. The United States approved
indication for STP is for the treatment of DS related seizures in
patients 2 years of age and older taking clobazine (61). Unlike
the European Union, Canada and Japan, the United States has
an age limit on the use of STP for DS patients and does not
specify valproic acid as a required combination drug. STP reduces
the frequency of epileptic seizures in DS patients. Compared
with other antiepileptic drugs, it acts as an allosteric modulator
of GABAAR, and may increase the inhibitory effect of GABA
on neurotransmission and enhance the effect of BZ. The initial
dose of the drug is 15-20 mg/(kg-d) and the target dose is
50 mg/(kg-d) in 2-4 weeks, with the maximum dose of 100
mg/(kg-d) available for children (56). In a recent study, STP was
shown to respond to only 54% of patients (57). Adverse effects
commonly observed with STP are dose-dependent and include
somnolence, fidgety, irritability, low IOP, nausea, vomiting,
loss of appetite and weight. There are also reported risks of
elevated y-glutamyltransferase and neutropenia, so routine tests
of liver function and blood are also necessary. Since some of
these side effects may be associated with an accompanying
increase in valproate or clobazam levels, it is recommended
to reduce the dose of the latter two drugs at the onset of
STP (Table 3).

Fenfluramine

Sullivan et al. administered FFA to 232 DS patients (initial dose
0.2 mg/kg/d, 4 weeks later, the dose of fenfluramine can be
adjusted according to efficacy and tolerability, with a maximum
dose of 0.7 mg/kg/d, a maximum dose of 0.4 mg/kg/d when
combined with STP), which has been shown to reduce the

frequency of seizures in patients (62). Specchio et al. (58) enrolled
52 patients with DS with a median age of 8.6 years and found
that FFA reduced the median incidence of DS seizures by 77.4%.
32 patients (71.1%) had a >50% reduction in seizures, and
24 patients (53.3%) had a >75% reduction in seizures, among
which 5 patients (11.1%) had good control without seizures (58).
The most common adverse reactions included fever (21.6%),
nasopharyngitis (19.4%) and loss of appetite (15.9%), without
valvular disease or pulmonary hypertension (62) (Table 3).

Surgery and Ketogenic Diet

Surgical Operation

Epilepsy lesions removal is the preferred treatment for intractable
focal epilepsy, such as focal cortical dysplasia and hippocampal
sclerosis (63-65). However, DS is mainly caused by SCN1A gene
mutation, which belongs to “whole brain” epilepsy (66), resulting
in over-excitability of the whole brain region without obvious
focal lesions, and does not belong to the surgical indication for
focal resection. The corpus callosotomy is a palliative surgical
treatment and used as an adjunct treatment for refractory
epilepsy. Dlouhy et al. (22). made a retrospective analysis of 7
DS patients, in which 5 patients only received VNS implantation,
1 patient only received corpus callosotomy, and 1 patient only
received corpus callosotomy after VNS due to poor epileptic
control. However, it is important to note that corpus callosotomy
is not currently recommended for the treatment of Dravet
syndrome (38-41).

Ketogenic Diet

KD is a diet with a high proportion of fat intake, a
moderate proportion of protein intake and a low proportion of
carbohydrate intake, which is commonly used as an adjutant
non-drug therapy for the treatment of epilepsy in children (67,
68). Although the mechanism of KD is not fully understood, it
has benefits in anti-epilepsy and in improving cognitive function
and behavior. Caraballo et al. (42) found that epilepsy was
significantly controlled in 76.9% of DS patients with a continuous
KD for more than 1 year, in which 2 patients (15.4%) had seizure
free, and 8 patients (61.5%) had a 75-99% decrease in seizures.
A study of 60 Chinese patients with DS also found that KD
had a good antiepileptic effect, and with the prolongation of
KD use time, the benefits of DS patients increased. Most of the
patients had KD effect within 2 weeks. At 12 weeks, 58.3% of the
patients had >50% seizure reduction. At 24 weeks and 48 weeks,
the percentage of DS patients with >50% reduction in seizures
increased to 61.1 and 77.3%, respectively. In addition to epilepsy
control, cognitive function improved in 22 patients, language
progression in 14 patients, and motor function improved in 13

Frontiers in Neurology | www.frontiersin.org

April 2022 | Volume 13 | Article 843975


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

Ding et al.

Dravet Syndrome Benefit From Neuromodulation

TABLE 3 | Representative studies of novel ASMs for DS.

AEDs Study Study Recommended Concomitant Response No- Side effect
design dose AEDs Response
CBD Devinsky Double-blind, 2-5 mg/kg/d Clobazam; 43% seizure 57% Diarrhea, vomiting,
et al. (48) placebo- (Initial dose) and valproate, all reduction fatigue, fever,
controlled 25 mg/kg/d forms; >50% drowsiness, abnormal
trial (maximum dose) stiripentol; liver function,
levetiracetam; decreased appetite.
topiramate
Miller et al. An open-label 10 Valproate (all 48.7% seizure 51.3%
(49) extension trial mg/kg/d(14weeks) forms);clobazam; reduction
stiripentol; >50%
levetiracetam;
topiramate
Devinsky Double-blind, 2.5 to 20 mg/kg/d Clobazam; 51% seizure 49%
et al. (54) placebo- (Initial dose) and valproic acid; reduction
controlled 30 mg/kg/d stiripentol; >50%
trial (maximum dose) levetiracetam;
y(48 weeks) topiramate
Scheffer et al. An open-label <20 mg/kg/day, Valproic acid; 71% seizure 29%
(50) extension trial >20-25 clobazam; reduction
mg/kg/day, >25 stiripentol; >50%
mg/kg/day(156weeks)  levetiracetam;
topiramate
Madan Cohen Double-blind, CBD 10 and Valproate; 54.1% seizure 45.9%
et al. (55) placebo- 20 mg/ kg/day clobazam; reduction
controlled stiripentol; >50%
trial levetiracetam;
topiramate
STP Inoue et al. An open-label 15-20 Clobazam; 61% (GTCS) 49% loss of appetite, sleep
(56) multicenter mg/kg/d(Initial), 50 valproate had >50% disturbance, ataxia,
study mg/kg/d(target) bromide; and
and 100 phenobarbital; hyperactivity/irritability,
mg/kg/d(maximum) zonisamide; fatigue, diarrhea, and
clonazepam; pyrexia
ethosuximide;
phe nytoin;
carbamazepine;
diazepam
FFA Specchio A 0.2 Clobazam; 71.1% had a 28.9% No echocardiographic
et al. (58) Randomized mg/kg/d(Initial), clonazepam; > 50% signs of cardiac
Clinical Trial 0.7 ethosuximide; seizure valvulopathy or
mg/kg/d(maximum) levetiracetam; reduction pulmonary
phenobarbital; hypertension were
stiripentol; observed
topiramate;
valproic acid;
zonisamide
Nabbout et al. A 0.4 mg/kg/d,17 Stiripentol; 54% 46%
(57) Randomized mg/kg/d(maximum) clobazam; had>50%
Clinical Trial valproate; seizure
topiramate; reduction
levetiracetam

CBD, Cannabidiol; STR, Stiripentol; FFA, Fenfluramine.

at 6 and 12 months were 78 and 49%, respectively (37). The
KD not only effectively controlled seizures, but also improved
cognitive, motor and other behaviors. Even in patients with

patients (69). A recent meta-analysis also concluded that 63,
60, and 47% of DS patients had a >50% reduction in seizures
at 3, 6, and 12 months after KD, and the seizure control rates
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FIGURE 4 | (A), Percentage of DS patients receiving VNS before and after 2017; (B), 15 articles on the epilepsy control rate of VNS in the treatment of DS; (C),
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unreduced seizures, the quality of life was improved, and the
number of AEDs reduced to one or two on the ketogenic diet
(37, 42). Caraballo et al. (42) believed that KD treatment should

be considered immediately after three failed AEDs.

Neurostimulation Techniques
VNS

VNS is the most commonly used neuromodulation for DRE.
To date, VNS has been implanted in at least 1,00,000 patients
worldwide (20, 70). In addition to DRE, VNS has been approved
by the FDA for the treatment of refractory depression, migraine
(15, 71, 72), and other central nervous system diseases, such as
schizophrenia, addiction, Parkinson’s disease (73-75), and non-
psychiatric diseases such as rheumatoid arthritis, inflammatory

bowel disease, and asthma (76-78).

In 2006, a 165-month-old child with DS received VNS
implantation, which may be the first reported case of a child
with DS receiving VNS treatment (31). Although seizures were
not well controlled in this patient, with only a 25% seizure rate
reduction, this has provided new ideas for the treatment of DS.
In 2017, the FDA approved VNS for the treatment of DRE in
children (79). Since then, an increasing number of DS patients
have also received VNS treatment (Table 1). The number of DS
patients who received VNS implants after 2017 (62/107, 58%) is
significantly more than those receiving them before 2017 (45/107,

42%) (Figure 4A).

The efficacy of VNS for DRE has been widely established. A
recent meta-analysis of 101 studies showed that the 50% response
rate and seizure freedom were 56.4 and 11.6%, respectively (14).
Another study showed that VNS was effective in 54.6% of patients
with LGS (80). Obviously, VNS is effective for non-DS refractory
epilepsy, but its efficacy against DS, a genetic refractory epilepsy,
is our main concern. Dibue-Adjei et al. reported that about
52.9% of patients with VNS had a >50% reduction in seizure
rates (81).

Currently, we have included 15 studies involving 107 patients,
of which 60 (56%) saw their seizures reduce by >50% and
eight (7.5%) became seizure-free, indicating that patients with
DS can benefit from VNS (Figures 4B,C, Table 1). These results
suggest that VNS is equally effective for both DS and non-DS
refractory epilepsy.

Similar findings were reported in a meta-analysis by Dibue-
Adjei et al. (81), who reported that 52.9% of patients experienced
a 50% reduction of seizures. However, since they included only 68
patients in their study, this is slightly lower than our results (56%
reduction of seizures), which may be more reliable than Dibue-
Adjei etal.’s (81) results since we systematically included the latest
studies (30, 32). Although some studies reported hoarseness,
coughing, and weight loss in DS patients treated with VNS (31—
35) (Table 1), most of them did not describe side effects, and
hence we still cannot draw conclusions on tolerability. But despite
this, we think these side effects may be insignificant for good
seizure improvement. Currently, only VNS has been included
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in the third-line treatment of DS, and other surgical options,
including callosotomy, are not recommended for DS (53).

DBS

DBS, which is commonly used to treat movement disorders
such as Parkinson’s disease, has also been shown to improve the
treatment of refractory epilepsy (82-84).

DBS implantation in patients with DS is currently rare, but in
two current patients (36). DBS has been shown to significantly
reduce epileptic status and appears to be beneficial. In one
patient, after ANT-DBS implantation, the frequency of seizures
was reduced to 11 generalized tonic-clonic seizures per month
(81% reduction). Nine and a half years after DBS implantation,
the patient experienced 0.5-1 secondarily generalized tonic-
clonic seizures per month. Another DS patient underwent
callosotomy at the age of 19 and received ANT-DBS at the age
of 36. Levetiracetam and lamotrigine therapy were added in the
third and 8 years after the operation, but the seizure frequency
changed only slightly. Ten years after DBS implantation, the
patient’s seizure frequency decreased from 15 seizures per month
before DBS to 1-5 seizures per month (Table 2).
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