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EpilEpsy is a common pediatric disorder affecting 
1% of the population.1 Although children have an 
overall favorable long-term prognosis, roughly 

10%–30% develop drug-resistant epilepsy (DRE), defined 
as “a failure of two or more anticonvulsant medications to 
achieve seizure freedom for a sustained period of time in 
either monotherapy or polytherapy.”2–6 For patients with 
DRE, resection is indicated if the epileptic focus is iden-
tifiable and can be removed without compromising neu-
rological function. Laser interstitial thermal therapy is an 
established, minimally invasive alternative to traditional 
resection with comparable clinical efficacy.7–9 Neither re-
section nor ablation is recommended in cases of multiple 

seizure foci, a focus in an eloquent area, or poor delin-
eation of the network, a frequent occurrence in pediatric 
epilepsy.10–12 These limitations have led to the develop-
ment of neuromodulatory treatments, such as vagus nerve 
stimulation (VNS) and deep brain stimulation (DBS).13 In 
2013, the FDA approved the closed-loop responsive neuro-
stimulation (RNS) system (NeuroPace Inc.) as an adjunc-
tive therapy for adults with drug-resistant partial-onset sei-
zures with no more than two epileptogenic foci.14–16

Only two case reports have demonstrated the efficacy of 
RNS in pediatric patients.17,18 In an effort to determine the 
safety and applicability of RNS in the pediatric group, we 
conducted a retrospective review of 27 consecutive cases 
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OBJECTIVE Approximately 75% of pediatric patients who suffer from epilepsy are successfully treated with antiepi-
leptic drugs, while the disease is drug resistant in the remaining patients, who continue to have seizures. Patients with 
drug-resistant epilepsy (DRE) may have options to undergo invasive treatment such as resection, laser ablation of the 
epileptogenic focus, or vagus nerve stimulation. To date, treatment with responsive neurostimulation (RNS) has not been 
sufficiently studied in the pediatric population because the FDA has not approved the RNS device for patients younger 
than 18 years of age. Here, the authors sought to investigate the safety of RNS in pediatric patients.
METHODS The authors performed a retrospective single-center study of consecutive patients with DRE who had un-
dergone RNS system implantation from September 2015 to December 2019. Patients were followed up postoperatively 
to evaluate seizure freedom and complications.
RESULTS Of the 27 patients studied, 3 developed infections and were treated with antibiotics. Of these 3 patients, one 
required partial removal and salvaging of a functioning system, and one required complete removal of the RNS device. 
No other complications, such as intracranial hemorrhage, stroke, or device malfunction, were seen. The average follow-
up period was 22 months. All patients showed improvement in seizure frequency.
CONCLUSIONS The authors demonstrated the safety and efficacy of RNS in pediatric patients, with infections being 
the main complication.
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(age < 18 years) with DRE that had undergone adjunctive 
treatment with RNS at our institution in the period from 
September 2015 to December 2019.

Methods
All surgical procedures were performed according to 

standard patient care. Patients and their families were in-
formed of the proven efficacy of RNS in adults and the 
potential, yet unproven, therapeutic effects in the pediatric 
population. During such discussions, the off-label use of 
the device was made clear to the patients and their fami-
lies, and viable alternatives were presented and discussed 
in full. We conducted a retrospective review of the elec-
tronic medical records (EMRs) with approval from the 
IRB of the Mount Sinai Health System (MSHS) to inves-
tigate surgical complications and postoperative seizure 
frequency.

Study Variables
Patient management was discussed at a multidisci-

plinary conference (MDC) consisting of neurosurgeons, 
epileptologists, neuroradiologists, neurologists, advanced 
practice providers, and neuropsychologists. Each evalua-
tion followed the standards of our comprehensive epilep-
sy center with MRI, video-EEG, functional MRI, Wada 
testing, magnetoencephalography, and positron emission 
tomography, as indicated. Diagnostic intracranial EEG 
with either cortical grids/strips (4 patients) or stereo-EEG 
(SEEG; 23 patients) was performed, and a consensus was 
reached to rule out resective and ablative options at a fol-
low-up MDC prior to RNS device implantation.

Seizure outcomes were reviewed using the EMRs, and 
outcome classification was recorded with a minimum 
follow-up of 1 year after RNS device implantation. In ad-
dition to applying Engel outcome classes, we stratified 
patients into quartiles according to the percentage reduc-
tion in seizure frequency as follows: group I, 75%–100% 
(including seizure freedom); group II, 50%–74%; group 
III, 25%–49%; and group IV, 0%–24% (including no im-
provement or worsening).

Selection Criteria and Implantation Technique
Pediatric patients with DRE who had been treated with 

RNS at the MSHS were eligible for inclusion in this study. 
We adopted the selection criteria and RNS implantation 
techniques previously discussed in adults.19

Targeting for RNS device implantation was performed 
on MRI volumetric sequences with gadolinium con-
trast using ROSA robotic software (Zimmer Biomet) for 
both depth and strip electrode placement. In the case of 
strip placement only, the StealthStation planning station 
(Medtronic) or intraoperative anatomical landmarks were 
used.

Implantations were planned considering the primary 
and alternative areas of stimulation. Placement of the fer-
rule, the tray for the neurostimulator, was based on skull 
thickness and ease of neurostimulator replacement or revi-
sion.

In cases requiring depth electrode placement, five bone 

fiducials were placed for registration (two at the coronal 
suture 4 cm from the midline, one anterior to the vertex 
midline, one at the vertex, and one in the parietal boss op-
posite the ferrule) with the patient under general anesthe-
sia. An intraoperative volumetric CT or O-arm–acquired 
volumetric scan (Medtronic) was fused with preoperative 
MR images. Head pin fixation was performed using the 
Mayfield head clamp (Integra Life Sciences) or the Lek-
sell base ring (Elekta), depending on exposure needs, and 
the head holder was directly connected to the robot. A sat-
isfactory fiducial registration error (under 1 mm) was con-
firmed in all cases. The head was prepped and draped in a 
sterile fashion, and cefazolin was administered in weight-
based dosages intravenously within 1 hour of the incision, 
unless a documented penicillin allergy prompted the use 
of vancomycin.

If only strip electrodes were required, StealthStation 
facial registration was used for trajectory planning and 
placement. If the anatomy was well documented from 
an open diagnostic stage, anatomical landmarks (corti-
cal veins and gyral patterns) and SEEG entry sites guided 
placement.

Minimal head shaving was performed to accommodate 
the ferrule incision and the smaller depth or strip electrode 
entry incisions. Depth electrodes were placed first to limit 
target error due to brain shift. Strip electrodes were sub-
sequently placed utilizing loss of cerebrospinal fluid at the 
small dural opening at the ferrule site when possible. In-
traoperative ECoG was done in all cases. All patients had 
a volumetric head CT after extubation to rule out malpo-
sition and hematoma as complications. All patients were 
observed for the 1st night in either the pediatric ICU or 
the neurosurgical ICU, and the majority were discharged 
home the next day. Neurostimulator replacement proce-
dures—6 cases to date—were performed for end-of-life 
devices by following the same paradigm.

Data Analysis
All patient data collected for the study were handled 

strictly by following the protocols approved by the IRB 
of the MSHS.

Results
Patient Demographics

Twenty-seven consecutive pediatric patients with DRE 
treated with RNS were included in this study (Table 1). 
The median age at implantation was 14 years (range 7–17 
years). Over 40% (11 of 27) of patients had undergone 
previous resective surgery with continuing DRE at the 
time of MDC presentation at our center. Postoperatively, 
patients were closely followed by the comprehensive epi-
lepsy team to evaluate for seizure frequency and surgi-
cal complications. The average follow-up was 22 months 
(range 9–50 months).

Complications
No postoperative hematoma, stroke, or RNS system 

malfunction was seen in our cohort. The percentages be-
low are presented for both the total cohort (N = 27) and 
those patients having reached a 1-year follow-up (n = 22).
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Three patients (11%) in our cohort experienced post-
operative infections, with 2 (7%) requiring return to the 
operating room and 1 (4%) requiring complete explanta-
tion of the system (Table 2). A 14-year-old male developed 
a superficial infection at a small strip electrode incision 2 
months after RNS device placement. The patient was seen 
continuously picking at the incision. He was conservative-
ly treated with antibiotics along with outpatient incisional 
care. The infection resolved completely without surgi-
cal intervention. He is now 28 months post–RNS device 
placement and seizure free.

In another case, a 17-year-old male developed an in-
fection at a depth incision contralateral to the ferrule. 
This patient noticed drainage 6 weeks after RNS system 

implantation, was admitted to the hospital, and had two 
at-risk depth electrodes removed and the small incisions 
washed out. The other two depth electrodes, ferrule, and 
neurostimulator were salvaged. He was discharged the 
same day. Treatment with antibiotics resolved his infec-
tion, and he continued to have seizure reduction with the 
two remaining depth electrodes.

In the third case, an 18-year-old male (17 at the time 
of the implant) experienced a delayed infection 4 months 
after the RNS system placement. After a trial of antibiot-
ics, the entire system was explanted because of continuing 
drainage from the incision. The patient was doing well 6 
months after explantation, with a planned reimplantation 
being considered by the family.

TABLE 1. Demographics of our pediatric RNS cohort, organized by relative success of outcomes

Case 
No.

Age at 
Implant 

(yrs)
SOZ 

Identification*
Implant 

Strategy* Primary Targets 
Alternative 
Targets† Prior Resection 

Outcome 
Classification 
(at 1-yr FU)

Engel 
Class

1 14 SEEG Depth Lt SMA/lt MTL None No Seizure free IIB
2 14 SEEG Strip Lt OF Lt temp Lt ATLAH 75%–99% IB
3 17 SEEG Depth Bilat inf parietal ANT No 75%–99% IIB
4 17 SEEG Combo Lt OF ANT CC 75%–99% IIB
5 17 SEEG Combo Rt OF/rt SMA Rt temp No 75%–99% IIB
6 17 SEEG Depth Rt cing/lt insula None No 75%–99% IIB
7 12 SEEG Combo CMPF Bilat SMA No 75%–99% IIB
8 10 Grid & strip Strip Lt medial M1/S1 Lt lat M1/S1 No 75%–99% IIIA
9 12 Combo Depth Bilat ANT Lt MTL/lt cing Rt ATLAH  75%–99% IIIA

10 9 SEEG Depth Rt PVNH/rt cing Rt SMA/rt OF Lt frontal disconnection 75%–99% IIIA
11 7 SEEG Strip Rt medial M1/S1 Rt lat M1/S1 No 75%–99% IIIA
12 17 Grid & strip Strip Lt M1/S1 Lt temp Lt MST 50%–74% IIIA
13 12 Combo Depth Lt CMPF/lt OF Lt SMA Rt hemispherec 50%–74% IIIA
14 10 SEEG Combo Rt MTL/lt ANT Lt SMA/rt ANT CC 50%–74% IIIA
15 9 SEEG Depth Lt MTL/lt cing Rt MTL No 50%–74% IIIA
16 17 SEEG Depth Bilat inf parietal Bilat pst temp No 25%–49% IIB
17 15 Grid & strip Combo ANT Rt temp Rt frontal disconnection/

CC/ lt ATLAH
25%–49% IIIA

18 16 SEEG Combo Lt MTL/lt insula Lt SMA No 25%–49% IIIA
19 15 SEEG Depth S1 Bilat frontopolar Rt frontal resection 25%–49% IIIA
20 16 SEEG Depth Bilat cing Rt MTL No 25%–49% IIIA
21 17 SEEG Depth Bilat MTL Bilat occ No 0%–25% IVB
22 14 SEEG Combo Rt OF/rt SMA Bilat ANT No 0%–25% IIIA
23 12 Combo Depth Rt inf parietal/rt superior parietal None No NA NA
24 9 SEEG Depth Lt CMPF/rt frontal Lt MTL/rt CMPF CC NA NA
25 17 SEEG Depth Lt PVNH/lt MTL None No NA NA
26 16 SEEG Depth Rt insula None Rt ATLAH/rt frontal discon-

nection
NA NA

27 17 SEEG Strip Lt frontal/lt temp None No NA NA

ANT = anterior nucleus of the thalamus; ATLAH = anterior temporal lobectomy with amygdalohippocampectomy; CC = corpus callosotomy; cing = cingulate; CMPF = 
centromedian parafascicular nucleus; Combo = combination; FU = follow-up; hemispherec = hemispherectomy; inf = inferior; MST = multiple subpial transections; MTL 
= mesial temporal lobe; M1 = primary motor; NA = not available; No = no surgery; occ = occipital; OF = orbitofrontal; pst = posterior; PVNH = paraventricular nodular 
heterotropia; SMA = supplementary motor area; SOZ = seizure onset zone; S1 = primary sensory; temp = temporal.
* The term “combo” (combination) indicates that both grids and strips as well as SEEG were used, but the electrodes were not necessarily implanted during the same 
surgery.
† “Alternative targets” refer to the areas implanted but not connected for possible reattachment in the future.
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Clinical Outcomes of RNS
Patients had regular follow-up visits with their epilep-

tologists and neurosurgeons postoperatively. Twenty-two 
of the 27 patients had at least a 1-year follow-up. The 
breakdown of seizure reduction was as follows: 11 had a 
75%–100% reduction, 4 had a 50%–74% reduction, 5 had 
a 25%–49% reduction, and 2 patients experienced a 0%–
24% reduction (Table 3). No patient suffered a worsening 
of seizure control.

Discussion
FDA approval of RNS for adjunctive treatment of DRE 

heralded a paradigm shift in neuromodulation for epi-
lepsy. The ability to monitor and modulate seizures on a 
long-term, outpatient basis offered a way forward to a sub-
set of patients without a valid alternative. RNS has several 
advantages over the more invasive treatment methods such 
as resection or ablative therapies. RNS is reversible, can be 
modified over time, and does not preclude other surgical 
treatments if the gathered long-term data open up such a 
possibility. Unlike resective and ablative therapies, whose 
efficacy decreases with time, RNS effectiveness improves 
with time, possibly because of a chronic neuromodulatory 
effect.11,20 While the RNS device requires a full-thickness 
craniotomy, patients tolerate this well without chronic dis-
comfort. Some advantages of an implanted RNS system 
compared with the DBS experience in the neurosurgical 
community include its lack of moving parts, the absence 
of pulling (bowstringing) of the extensions, and lack of 
additional chest incisions. These characteristics could de-
crease the hardware failure rate seen in DBS, as issues 
such as extension fractures and twirling of the pulse gen-
erator are eliminated. Approval of the implanted RNS 
device for MRI in early 2020 is an important step in al-
lowing utilization of the device in cases in which frequent 
MRI scans are required.

RNS allows for chronic monitoring in an ambulatory 
setting, overcoming temporal restrictions and pharma-
cological perturbations of the epilepsy monitoring unit 
(EMU).21,22 The seizure burden can be more accurately 
obtained, as seizures can be subclinical. Children tend to 
have less clear localization on EEG and semiology, mak-
ing it difficult to pinpoint epileptogenic foci.23 The chil-
dren’s “immature” central nervous system may contain 
diffuse epileptogenic networks.24 McGovern et al. showed 
that despite SEEG defining an epileptogenic zone in 95% 
of cases, only 50% seizure freedom was achieved with 

therapeutic stages because of the spread of electrical ac-
tivity from an untreated location in the complex circuit.23 
Pediatric diagnostic stages may be less accurate in epilep-
tic focus localization, leading to less effective ablation or 
resection.25 RNS may improve the evaluation of pediatric 
epilepsy networks outside the EMU setting, as reported 
in adults.21

Given the initial promising RNS experience in adults, 
our center initiated off-label placement of the RNS device 
in the pediatric population as a palliative option for pa-
tients and families who had been through numerous diag-
nostic and therapeutic stages. Philosophically, our center 
embraced the idea by Gillis and Loughlan: “Both children 
and adults belong to the human race. Progress in medicine 
can be applied to and be of benefit to all. The transition 
from childhood to adulthood should be one of continu-
ity rather than migration.”26 In each case, the patient and 
family were thoroughly counseled about the procedure 
and the lack of current evidence to support efficacy. Al-
ternatives, including no intervention and VNS, were also 
presented and discussed.

Off-label implantation is difficult in part because of 
the resistance of insurance companies. While a significant 
minority of our patients on Medicaid or combined Med-
icaid/Children’s Health Insurance Program (CHIP) saw 
no hurdles in preapproval, the majority of patients with 
private insurance required significant effort and frequent 
communications with medical directors (peer to peer) 
and even several specialty peer-to-peer phone reviews 
with outside neurosurgeons. Several insurance companies 
such as Aetna and Blue Cross Blue Shield are notoriously 
difficult, and we attempted to preempt denials by send-
ing SEEG data, seizure diaries, studies linking improved 
seizure control to future cost savings,27 and letters from 
providers and family for justification. 

Epilepsy surgery is still underutilized across the pedi-
atric and adult populations. The ability to offer a reversible 
or modulatory therapy can help to address the fear that 
ablative or irreversible approaches can cause. This may al-
leviate anxiety and aid in parental decision-making.

Outcomes
The Engel scale was designed to measure the degree of 

seizure reduction or the achievement of seizure freedom 
after resective surgery. However, RNS is an adjunctive 
treatment designed to detect and abort a seizure after its 
onset. Therefore, judging RNS by a scale focused on sei-

TABLE 2. Overview of postoperative complications from RNS 
device implantation in a pediatric cohort

Complication Events/Total Patients
Events/Patients 

w/ 1-Yr FU

Infection 3/27 (11%) 3/22 (14%)
Intracranial hemorrhage 0/27 0/22
Stroke 0/27 0/22
Device malfunction 0/27 0/22
Device migration 0/27 0/22

TABLE 3. Outcome classification based on percent decrease in 
seizure frequency, classified into quartiles

Outcome Classification (% decrease in 
seizure frequency)

No. of 
Patients (%)

Group I: 75%–100% 12 (55)
Group II: 50%–74% 4 (18)

Group III: 25%–49% 4 (18)
Group IV: 0%–24% 2 (9)

Twenty-two patients with a postoperative follow-up of at least 1 year were 
evaluated.
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zure freedom is difficult. In addition to applying the En-
gel scale, we evaluated the decrease in seizure frequency. 
There was a significant decrease overall, with over half 
of the patients experiencing a 75% or more reduction in 
seizure frequency (Table 3). No patient had worsening of 
seizures after RNS system implantation.

RNS efficacy improves with each year the implant is 
active.11,20 Hence, reporting the Engel classification and 
reductions in seizure frequency in the early postimplant 
phase likely underestimated its eventual therapeutic ef-
fect. Nevertheless, the majority of the patients already 
showed improvement at 1 year.

Complications
To our knowledge, to date there are no large-scale pedi-

atric RNS studies. Currently, the closest comparison groups 
include pediatric DBS, grid/strip implants, and SEEG. In 
such studies, bleeding, infection, and device malfunction 
were among the major contributors to morbidity.28

Hemorrhage
Bleeding is among the most feared complications in 

neuromodulation. In McGovern and colleagues’ series of 
64 robot-assisted SEEG implantations in children,23 1 pa-
tient (1.6%) suffered major intraparenchymal hemorrhage 
requiring hematoma evacuation and electrode removal. 
In a large review of DBS for Parkinson’s disease, hemor-
rhage was among the most common early complications 
(< 90 days postsurgery) at 1.4%.29 In microelectrode re-
cording (MER)–guided DBS studies, the risk of symp-
tomatic hemorrhage was 0.5%–2.2%,30,31 while studies us-
ing interventional MRI-guided DBS for pediatric dystonia 
did not show hematoma as a complication.32 Postopera-
tive hematoma rates in pediatric strip and grid cases have 
ranged from 0% to 0.8%.33,34

Infection
Infection can be a major challenge with hardware im-

plantation. Arya et al., who reported adverse events af-
ter invasive EEG grid/strip monitoring in 2542 patients, 
found that the most common complications were neu-
rological involvement (2.3%) and superficial infections 
(3.0%).28 Pediatric VNS infection rates have ranged from 
3%35 (all requiring reoperation) to 9% (5% requiring reop-
eration).36 The Stimulation of the Anterior Nucleus of the 
Thalamus for Epilepsy (SANTE) trial, the most appropri-
ate adult comparison group receiving DBS for epilepsy, 
reported a 12.7% infection rate with the need for surgical 
explantation (partial or total) in 7%.37 By comparison, the 
infection rate in RNS in adults has ranged up to 9%, and 
surgical revision was required in up to 6%.11 Sillay et al. 
described 420 DBS patients, 19 (4.5%) of whom developed 
hardware-related infections requiring reoperation within 
6 months. All 19 were treated with partial or complete re-
moval of the involved hardware and antibiotics.38

We had 3 infections in our series, with one of the pa-
tients not having reached the 1-year posttreatment mark. 
It is important to stress that the pediatric epilepsy popula-
tion, with its concomitant comorbidities such as autism, 
severe anxiety, and obsessive-compulsive disorder, may 

be at higher risk for wound complications. One of the 3 
infections was likely attributable to the patient’s contin-
ued manual picking of the incision. Careful postoperative 
wound care is advised in all young patients. We instituted 
a postoperative paradigm including protection of the in-
cision with dry bandages until postoperative day 5, after 
which the patient and the family were encouraged to wash 
the head with shampoo. We maintained frequent commu-
nication with the family and instituted the secure sending 
of photographs of the incision. Two of the 3 infections oc-
curred early in our series and only 1 in the last 36 months. 
We believe that increasing the comfort with the procedure 
may aid in decreasing the infection rate. We recommend 
at least 1 year of follow-up after RNS device implantation 
to monitor for delayed infections, as seen in one of our pa-
tients. Repeat operations to replace end-of-life neurostim-
ulators are a significant burden on the patient and carry 
an additional risk of infection. While no increased risk 
from repeat revisions was found,39 decreasing the lifetime 
number of device replacements seems a valuable way to 
decrease the absolute infection risk. The newly available 
neurostimulator model 320 doubles the battery life from 4 
to 8 years, thus lowering the number of replacements over 
the lifespan of the patient. To date, no infections have oc-
curred in the 6 replacements in our series.

Failure of Hardware
Baizabal et al. investigated complications from DBS 

for Parkinson’s disease in 512 patients and found that lead 
fracture was the most common complication (2.5%).40 In 
another DBS study by Chan et al., hardware malfunctions 
were reported as fractures, migration, and erosion of elec-
trodes.41 Unlike DBS, RNS bypasses extensions because 
the distance to the neurostimulator is shorter.42 Thus, RNS 
may have a lower inherent risk of lead fracture. While 
none were seen in our cohort, larger studies and longer 
follow-ups would be required to evaluate hardware migra-
tion and erosion.

Techniques
Our experience with pediatric RNS prompts a brief 

discussion on minimizing complications and streamlining 
RNS system implantation at centers beginning to use this 
approach. Concerns about pediatric skull anatomy, includ-
ing skull thickness and growth, have been raised. While 
the human skull does not reach adult size until around 
7 years old, the growth curve significantly flattens after 
3–4 years of age.43 While the Back to Sleep campaign 
has brought about significant plagiocephalic deformity to 
20% of all infants, the approximately 5-cm RNS device 
is contoured to the skull and does not alter skull shape or 
growth. In our series, scalp breakdown was not seen given 
the mandate to place the device flush with the skull outer 
table. This finding is significant considering the thin soft 
tissues of the pediatric scalp. All 3 infections occurred 
away from the ferrule site at a small depth incision and 
were not caused by device pressure or skin breakdown. 
We consider it safe to apply pin fixation and to place the 
RNS ferrule in patients above 4 years of age, although 
there is no hard age cutoff. Preoperative CT (low radiation 
protocol to evaluate bony anatomy) is valuable to assess 
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the thickness for pinning, craniotomy design, as well as 
bone fiducial placement. Although children present unique 
anatomical challenges because of their smaller, thinner 
skulls, we did not encounter complications intrinsic to pe-
diatric anatomy during stereotactic head fixation or RNS 
system implantation. The avoidance of atlas-based target-
ing in pediatric neuromodulation is generally suggested 
because of significant anatomical variability, especially in 
the thalamic architecture from developmental abnormali-
ties and previous surgeries.

The parietal boss appears optimal for ferrule placement 
given its thickness and location away from suture lines, 
decreasing the theoretical risk of arrested skull growth. 
Countersinking the ferrule is crucial in patients with a thin 
skull and thin skin. We observed that mild pressure on the 
dura mater is better tolerated than any pressure outward on 
the healing skin. Bending the “legs” of the ferrule closer 
to the screw hole allows deeper placement, potentially pre-
venting wound complications (Fig. 1 left).

Direct anatomical targeting in lieu of MER for depth 
electrodes seems preferable in a pediatric epilepsy cohort. 
Unlike DBS for parkinsonian, tremor, and dystonia pa-
tients, the value of MER in epilepsy is unproven, as the 
majority of targets do not have agreed upon characteristics. 
The downsides of MER are significant, including keeping 
a pediatric patient engaged during a lengthy procedure as 
well as the additional bleeding risk from multiple MER 
passes.31,44,45

While the number of parenchymal penetrations in our 
cohort was small, we hypothesize that as the number of 
implants increases, the intracranial hemorrhage risk will 
follow the literature on DBS and adult RNS.11,30,31 Such 
risk is low, and RNS safety is likely to continue to improve 
with ongoing enhancements in the implantation technique. 

In 78% of cases we placed more than two leads in the 
hope of having easy-to-institute alternatives if the primary 
detection or stimulation areas proved insufficient. Infec-
tion being a significant concern, we wanted to keep the 
length of possible revision procedures to a minimum. The 
additional benefit of an electrode placed proactively for 
later possible connection via a short outpatient procedure 
outweighed the risks of placement in several instances. 
Such decisions were made as a group during the MDC 
while taking into account the likely risk of additional elec-
trode placement versus the possible benefit to the patient, 
as well as the time point at which the initial stimulation 
paradigm would be reevaluated by the group, usually 1 
year. Such leads were placed and tunneled as usual but 
were left capped within easy reach from the neurostimula-
tor inlet. Tucking the leads in a small trough between the 
skull and the long side of the ferrule, held by a dog bone 
plate, may simplify later procedures to connect the backup 
leads (Fig. 1 right).

As with all surgeries that require reopening, thoughtful 
planning of the incision is of the utmost importance. For 
example, the ferrule must be placed carefully so that only a 
small opening is sufficient to remove or replace the neuro-
stimulator and to exchange the connected leads. Even with 
continuing improvements in battery life and the eventual 
introduction of rechargeable configurations, children are 
still likely to undergo numerous procedures during their 
lifetime. While the current data do not show an increased 

risk for these procedures,39 any safeguard to decrease the 
infection risk is desired.

Many patients undergoing RNS device implantation 
have had previous neurosurgical interventions. Therefore, 
using an old craniotomy and fashioning the ferrule within 
may increase surgical efficiency (Fig. 1 left). It is also pos-
sible that the initial surgery failed because of the residual 
epileptogenic foci at the perimeter of the resection or at 
nearby eloquent areas or because of the initial quiescence 
of surrounding tissues during previous diagnostic moni-
toring. In such cases, reopening the previous craniotomy 
may save additional incisions and allow for strip or depth 
electrode placement in concerning areas.

Historically, neuromodulation was borne out of lesion-
ing. There has been a slow paradigm shift in movement 
disorders evolving from irreversible to reversible and from 
invasive to minimally invasive. It is possible that we may 
see the same trajectory for pediatric epilepsy treatment. 
As neuromodulation continues to increase its share of the 
market, we may see a philosophical shift in the communi-
ty, especially in pediatric patients and families. Resections 
and ablations may decrease or may be put off in favor of a 
longer evaluation period with chronic implanted ambula-
tory EEG. While patients are not likely to be seizure free 
during this time, they are likely to have better control of 
their condition and the risk of sudden unexpected death 
in epilepsy (SUDEP) is decreased.11 Utilization of chronic 
recordings may in turn show that resection or ablation is a 
possibility and may augment the efficacy of such eventual 
treatment. Further pediatric studies are needed to show the 
neuropsychological and quality of life benefits of avoiding 
resection. While already reported in adults, the value of 
“getting it right” in pediatric patients may be even more 
important because of their life expectancy and the higher 
incidence of surgical failure with resective and ablative 
methods.24

Study Limitations
Although our initial results with pediatric RNS are 

promising, our study has several limitations that must be 
addressed. This study is a retrospective single-institution 

FIG. 1. Techniques for lead placement during RNS system implantation 
into the skull. Left: To avoid wound problems, the “legs” of the ferrule 
were bent so that they were closer to the screw hole to allow the ferrule 
to sit deeply in the skull. Right: A demonstration of the method used to 
place backup leads into a small trough between the skull and the sides 
of the ferrule, with application of a dog bone to keep the leads in place. 
While there is a recommendation to avoid wires over the neurostimula-
tor, the true no-go area is the tan connector cover. In our experience, we 
have not seen interference with a mild overlap of wires over the metallic 
casing.
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experience. To alleviate the former shortcoming, we have 
proposed to an IRB a prospective analysis of pediatric pa-
tients treated with RNS and are working with our hospital 
legal team on a standardized consent process. To amelio-
rate the latter limitation (single institution), we are work-
ing on partnering with other hospitals to present a multi-
center experience. Furthermore, as a large referral center, 
our institution harbors a potential selection bias for cases 
of higher complexity. Given our relatively small cohort, a 
sampling error must be considered as well. Our patients 
had regular outpatient follow-up visits with the same epi-
leptologists after implantation of the RNS system. Dur-
ing these sessions, some patients had adjustments in their 
antiepileptic drug regimen to optimize seizure control. 
Therefore, the observed improvement in outcomes could 
be partially attributed to medication adjustments. Because 
of the small sample size and limited follow-up, it is beyond 
the scope of this safety paper to analyze outcomes in terms 
of the following variables: response to neurostimulation as 
stratified by lobe and circuit, evaluation of medication re-
duction with RNS, and elucidation of response rates re-
lated to targeting accuracy of the electrodes. Our center 
will continue to work on such questions for upcoming pub-
lications as the cohort increases in size and the follow-up 
reaches 3- and 5-year milestones.

Conclusions
Our preliminary data suggest that RNS is safe in pedi-

atric patients with DRE, with the greatest risk being post-
operative infection. RNS offers a good risk-benefit ratio 
with the goal of alleviating the seizure burden of patients 
with medically refractory epilepsy.
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