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E
pilEpsy affects 0.5%–1% of children.1 The condition 
in approximately 25% of these patients is medically 
refractory.2,3 In utero insults to the central nervous 

system and aberrant neuronal migration and development 
can cause epilepsy in infants and young children, which 
is refractory to pharmacological therapy.4 Refractory epi-
lepsy leads to cognitive and functional decline.5 Although 
greater than 50% of children with epilepsy become seizure 
free in adulthood, there is a relative paucity of knowledge 
about the overall outcomes of prolonged epilepsy in very 

young children.6 Early intervention is thought to improve 
outcomes by limiting the effects of refractory seizures on 
development and by taking advantage of greater plasticity 
at younger ages, resulting in better recovery from surgi-
cal morbidity.7,8 It also allows for decreased exposure to 
antiepileptic medications, which can have deleterious ef-
fects on cognitive development.9,10 Contrary to historical 
paradigms, early surgical intervention is increasingly ad-
vocated for these patients.11

The success of resective epilepsy surgery relies on pre-
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OBJECTIVE Early surgical intervention for pediatric refractory epilepsy is increasingly advocated as surgery has be-
come safer and data have demonstrated improved outcomes with early seizure control. There is concern that the risks 
associated with staged invasive electroencephalography (EEG) in very young children outweigh the potential benefits. 
Here, the authors present a cohort of children with refractory epilepsy who were referred for invasive monitoring, and 
they evaluate the role and safety of staged invasive EEG in those 3 years old and younger.

METHODS The authors conducted a retrospective review of children 3 years and younger with epilepsy, who had been 
managed surgically at two institutions between 2001 and 2015. A cohort of pediatric patients older than 3 years of age 
was used for comparison. Demographics, seizure etiology, surgical management, surgical complications, and adverse 
events were recorded. Statistical analysis was completed using Stata version 13. A p < 0.05 was considered statistically 
significant. Fisher’s exact test was used to compare proportions.
RESULTS Ninety-four patients (45 patients aged ≤ 3 [47.9%]) and 208 procedures were included for analysis. Eighty-six 
procedures (41.3%) were performed in children younger than 3 years versus 122 in the older cohort (58.7%). Forty-two 
patients underwent grid placement (14 patients aged ≤ 3 [33.3%]); 3 of them developed complications associated with the 
implant (3/42 [7.14%]), none of whom were among the younger cohort. Across all procedures, 11 complications occurred 
in the younger cohort versus 5 in the older patients (11/86 [12.8%] vs 5/122 [4.1%], p = 0.032). Two adverse events oc-
curred in the younger group versus 1 in the older group (2/86 [2.32%] vs 1/122 [0.82%], p = 0.571). Following grid place-
ment, 13/14 younger patients underwent guided resections compared to 20/28 older patients (92.9% vs 71.4%, p = 0.23).
CONCLUSIONS While overall complication rates were higher in the younger cohort, subdural grid placement was not 
associated with an increased risk of surgical complications in that population. Invasive electrocorticography informs 
management in very young children with refractory, localization-related epilepsy and should therefore be used when 
clinically indicated.
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operative identification of the epileptogenic zone.12,13 Non-
invasive localization utilizing techniques such as video 
electroencephalography (EEG), functional neuroimaging, 
PET, SPECT, and magnetoencephalography has shown 
favorable results.14,15 However, these techniques are not al-
ways sufficient to identify the surgical target. Discordant 
data from these modalities or evidence of the epileptogen-
ic zone residing in eloquent cortex requires invasive in-
tracranial monitoring to guide resection.16,17 Additionally, 
the younger pediatric population is challenging to evaluate 
noninvasively given the varying patterns of seizure semi-
ology, rapid generalization, and the varying radiographic 
changes observed with evolving patterns of myelination.18 
While subdural grid implantation is a commonly em-
ployed method for this purpose in adults and older chil-
dren, there is less robust evidence of its safety and efficacy 
in younger patients.

The present study was designed to analyze the safety 
and efficacy of subdural grid implantation in children 3 
years of age or younger as compared to a cohort of older 
children treated for refractory epilepsy at two tertiary care 
centers in North America. This work is significant for the 
treatment of very young pediatric patients with refractory 
epilepsy, as it will help guide decision-making and preop-
erative planning.

Methods
We conducted a retrospective review of children (age 

< 18 years) with refractory epilepsy who had been man-
aged surgically at two tertiary care institutions in North 
America between 2001 and 2015. Patients were dichoto-
mized into groups based on age (≤ 3 and > 3 years old). 
The study was approved by the institutional review board 
and ethical review board at the participating institutions. 
Patients with a history of surgical procedures performed at 
other institutions were not excluded. Cases were reviewed 
for demographics, diagnosis, workup, operative manage-
ment, complications, and clinical outcome. All surgical 
procedures performed were reviewed, and only procedures 
related to epilepsy management were included for analy-
sis. Patients with hemispheric malformations who were 
not candidates for focal resections were excluded from 
analysis. Adverse events were defined as any unfavorable 
clinical event encountered during the postoperative period 
or clinical follow-up that was not directly caused by the 
surgical procedure. Surgical complications were defined 
as any negative clinical event that resulted as a direct con-
sequence of surgical intervention.

Data analysis was completed using Stata version 13 
(StataCorp LP). A t-test was used for comparisons of 
means, and Fisher’s exact test was used to compare pro-
portions. A p < 0.05 was used for statistical significance.

Results
A total of 94 patients were included for analysis (45 pa-

tients with an age ≤ 3 years [47.9%]; Table 1). Forty-two 
patients underwent grid placement (14 patients aged ≤ 3 
years [33.3%]). The mean number of surgical procedures 
performed per patient was 2.2 (range 1–10), for a total of 
208 surgical interventions (86 procedures for patients ≤ 3 

years old, 122 procedures for patients > 3 years old; Ta-
ble 2). Eight of the 42 patients (19%) who underwent grid 
placement had a history of a previous craniotomy. Eight 
of the 42 patients (19%) had a grid placed that was subse-
quently removed without undergoing subsequent resection. 
Only one of those 8 patients was younger than 3 years old.

Across all procedures, there were 3 adverse events 
(3/208 [1.44%]; Table 3). Two adverse events occurred in 
the younger cohort versus 1 adverse event in the older co-
hort (2/86 [2.32%] vs 1/122 [0.82%], p = 0.571). The ad-
verse event in the older cohort consisted of a motor deficit 
after resection of a recurrent temporal lobe tumor. This 
deficit was a foot drop after prolonged bed rest and was 
not directly related to resection; therefore, it was not in-
cluded as a surgical complication. Adverse events in the 
younger age group included a delayed wound dehiscence 
over a bone plate and an iliac vein thrombosis.

Across all procedures, there were 16 surgical compli-
cations (16/208 [7.7%]). Eleven complications occurred in 
the group ≤ 3 years versus 5 in the older patients (11/86 
[12.8%] vs 5/122 [4.1%], p = 0.032; Table 3). The most 
common surgical complications in the younger cohort 
were vascular injuries (6/86 [7.0%]), followed by infection 
(3/86 [3.5%]). Vascular complications in this group includ-
ed an epidural hematoma after focal resection, a subdural 
hematoma after hemispherectomy, vascular injury during 
resection of cortical dysplasia, stroke after hemispher-
ectomy, vascular injury during focal temporal resection, 
and vascular injury during hemispherectomy. Infections 
included meningitis after hemispherectomy in 2 cases and 
meningitis after focal resection in a third patient. Only 1 
vascular complication occurred in the older cohort (sub-
dural hematoma after grid placement). There were 3 infec-
tions in that group: empyema and abscess after grid/depth 
electrode implantation, meningitis after focal resection, 
and a wound infection after grid placement (Table 4).

With respect to grid-related procedures and complica-
tions, 42 patients underwent grid placement (14 patients 
aged ≤ 3 years [33.3%]). Twenty-three of these 42 patients 
underwent surgery at one institution and 19 at the other. 
The difference in the number of complications in all pa-
tients who had undergone grid placement between the two 
hospitals was not statistically significant (2/23 [8.7%] vs 
3/19 [15.8%], p = 0.644). No patients in the younger group 
developed grid-related complications, as compared to 3 

TABLE 1. Demographic and surgical data

Factor
≤3 Years 

Old

>3 Years 

Old p Value

No. of patients (%) 45 (47.9) 49 (52.1) —

No. of surgical procedures (%) 86 (41.3) 122 (58.7) —

Sex, no. (%)
 M

 F
20 (44.4) 

25 (55.6)

27 (55.1)

22 (44.9)

0.409

Total no. of grid cases (%) 14 (33.3) 28 (66.7) 0.041

Resections after grid place-

ment, no./total (%)
13/14 (92.9) 20/28 (71.4) 0.23

Boldface type indicates statistical significance.
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patients in the older group (0/14 [0%] vs 3/28 [10.7%], p = 
0.539). Adverse events in grid patients were 1/14 (7.14%) 
in those aged ≤ 3 years and 1/28 (3.6%) in those aged > 3 
years (p > 0.999). Six patients from the older cohort had 
a history of prior craniotomy (6/28 [21.4%]) compared to 
2 patients in the younger cohort (2/14 [14.3%], p = 0.697). 
Of the 3 patients in the older cohort who developed grid-
related complications, 2 had a history of prior cranioto-
mies. None of the patients in the younger cohort with prior 
craniotomy experienced a grid-related complication.

Following grid placement, 13 patients with an age ≤ 3 
years underwent guided resections compared to 20 patients 
with an age > 3 years (13/14 [92.9%] vs 20/28 [71.4%], p 
= 0.23; Table 1). Of the 13 cases in the younger cohort 
that underwent resections after grid placement, 12 (92.3%) 
had guided resections (7 had single lesionectomies and 5 
had multilobar resections) and 1 (7.7%) underwent hemi-
spherotomy. Three of these patients from the younger co-
hort (3/13 [23.1%]) who underwent initial focal resections 
eventually required a hemispherotomy (2 underwent le-
sionectomy and 1 underwent multilobar resection).

All of the patients in the older cohort who had sur-
gery after grid placement had focal resections after im-
plantation (18/20 [90%] lesionectomies and 2/20 [10%] 
multilobar resections). Five patients required subsequent 
surgeries for persistent seizures, two of which were hemi-
spheric disconnections (2/20 [10%]). The total proportion 

of patients in both cohorts who eventually underwent a 
hemispheric disconnection was 4/13 (30.8%) in the group 
≤ 3 years and 2/20 (10.0%) in the older cohort (p = 0.182).

Discussion
Very young children with medically refractory epilep-

sy are a challenging population to manage. Staged surgery 
can be fraught with complications because of a decreased 
threshold for blood loss, the presence of thinner subcuta-
neous tissues, which can easily erode with implanted de-
vices, and the inherent challenges and risks of keeping a 
child in bed during monitoring. We sought to investigate 
whether subdural grid monitoring in children aged 3 years 
or younger carries a higher risk and if the resultant risks 
are outweighed by the potential benefit with respect to in-
forming second-stage surgery. Our results show that this 
group does not have an increased risk of overall adverse 
events compared to older children. Additionally, while the 
overall rate of surgical complications in younger children 
was higher, there were no grid-related complications in 
this younger group. While this finding could be confound-
ed by a higher rate of prior craniotomy in the older chil-
dren, there was no similar increase in complications in the 
younger children who had undergone prior craniotomy.

Vascular injuries and infections were the most common 
surgical complications in children under 3 years. This 
finding is not surprising given the aforementioned risks 
of operating on very young patients with low circulating 
blood volumes and thin subcutaneous tissues. Neverthe-
less, none of these complications resulted from the use of 
subdural grids. These findings suggest that resective sur-

TABLE 2. Breakdown of surgical procedures

Procedure No. %

Grid placement 13 6.3

Grid & depth placement 29 13.9

Depth alone placement 1 0.5

Grid removal 8 3.8

ECoG 2 1.0

ECoG & resection 1 0.5

Focal resection 64 30.8

Repeat focal resection 23 11.1

VNS 6 2.9

VNS battery 3 1.4

VNS removal 1 0.5

Corpus callosotomy 7 3.4

Hemispherotomy 28 13.5

Repeat hemispherotomy 11 5.3

RNS 4 1.9

RNS battery 2 1.0

RNS removal 0 0.0

Epidural 1 0.5

Subdural 1 0.5

Hygroma 1 0.5

Empyema 1 0.5

Shunt 1 0.5

Total 208 100.0

ECoG = electrocorticography; RNS = responsive neurostimulator; VNS = 

vagus nerve stimulator.

TABLE 3. Complications and adverse events by group

Event ≤3 Years Old >3 Years Old p Value

All procedures

 Surgical complications 11/86 (12.8) 5/122 (4.1) 0.032

 Adverse events 2/86 (2.33) 1/122 (0.82) 0.571

Grid procedures

 Surgical complications 0/14 (0.0) 3/28 (10.7) 0.539

 Adverse events 1/14 (7.14) 1/28 (3.6) >0.999

Values are expressed as number/total (%), unless indicated otherwise. Bold-

face type indicates statistical significance.

TABLE 4. Complications across all surgical procedures

Complication 

No. (%)
≤3 Years Old >3 Years Old*

Infection 3 (3.5) 3 (2.5)

Vascular† 6 (7.0) 1 (0.8)

CSF leakage 2 (2.3) 0 (0)

Wound healing 0 (0) 1 (0.8)

* Three grid-related complications occurred in the older cohort: a subdural 

hematoma, meningitis after grid implantation, and empyema/cerebral abscess. 

No grid-related complications happened in the younger cohort. 

† Vascular injuries include any hemorrhagic complication (i.e., epidural, subdu-

ral, intraparenchymal hematoma, vessel injury, or thrombosis).
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gery in this age group carries a higher overall risk, but the 
use of subdural grids does not appear to be the causative 
factor behind the potentially increased morbidity in this 
age group.

When analyzing complications related to any proce-
dure, it is important to keep in mind the surgical indication 
as well as the risk/benefit ratio associated with such inter-
vention. We found that a higher proportion of patients 3 
years of age and under who had undergone grid placement 
had a subsequent resection compared to the older group. 
This finding is relevant because it highlights the fact that 
the actionable information derived from grid placement 
justifies the risk of undergoing a staged procedure. The 
reported rates of resection after invasive monitoring in 
children vary in the literature. For example, Van Gompel 
et al. reported a 69% rate of resection in their series of 198 
patients, while Wellmer et al. reported a resection rate of 
81.4%.19,20 Yang and colleagues reported a higher rate in 
a sample of pediatric patients, virtually all of whom un-
derwent resective procedures after implantation except 4 
cases (3 corpus callosotomies and 1 explantation without 
resection; 133/137 [97%]).21 Adelson et al. reported that 
20 of 31 patients (64.5%) underwent resection after grid 
implantation.22 The proportion of patients who underwent 
resections after grid placement in our study falls within the 
previously reported rates and indicates that grid placement 
is a high-yield procedure in the management of young chil-
dren with refractory epilepsy.

Additionally, our results suggest that children under 3 
years of age are more likely to undergo hemispheric dis-
connection than older patients, although our results did 
not reach statistical significance. This finding is relevant 
because it highlights the fact that patient selection in the 
younger population is critical before planning invasive 
monitoring because of the potentially higher risk of surgi-
cal complications.

Other groups have studied the risks associated with 
invasive monitoring in children.21–26 However, there is 
a dearth of studies addressing this question in the very 
young pediatric population. This is perhaps attributable to 
the higher prevalence of hemispheric syndromes that do 
not require monitoring. For example, Bittar et al. reported 
their experience with surgery for refractory epilepsy in in-
fants. They presented 11 cases, 7 of which had hemispheric 
involvement.7 Similarly, a study performed by Gowda et 
al. described 15 cases of catastrophic epilepsy in patients 
who were 6 months of age or younger. Nine patients had 
a hemispheric malformation, and 11 patients ultimately 
underwent hemispheric disconnections. None of these pa-
tients underwent subdural EEG monitoring.27

Duchowny et al. published their experience with 31 pe-
diatric cases that underwent surgery in the first 3 years of 
life.8 Fourteen patients underwent hemispherotomy as the 
first line of treatment, followed by multilobar resections in 
three. Four patients required hemispherotomy or a multilo-
bar resection after failed initial operations. Of the original 
cohort of 31 patients, 11 (35.5%) underwent subdural grid 
placement, but it is unclear how many of those patients had 
tailored resections after monitoring.

Taussig et al. published a similar study focusing exclu-
sively on invasive EEG monitoring in very young pediatric 

patients.28 Their cohort included 26 patients under the age 
of 3 years, 20 of whom were monitored using a combina-
tion of subdural grids and depth electrodes and 6 of whom 
were monitored using stereo-EEG (SEEG). There was no 
comparative cohort of either noninfants or patients not un-
dergoing grid implantation. Interestingly, all of the patients 
who were monitored underwent subsequent resective sur-
geries: 21 had cortical resections, 1 patient had a discon-
nection, 2 had a combination of resection and disconnec-
tion, and 1 had a cortical resection with multiple subpial 
transections of functional cortex. Not all of the patients 
who were monitored in our series underwent further re-
sective surgery; however, the proportion of patients who 
did undergo guided resections was higher in the younger 
cohort than in the older patient group. Given the heteroge-
neity of patients and pathologies, this finding could be the 
result of selection bias and would have to be corroborated 
with a larger cohort and better delineation of underlying 
etiology.

Taussig and colleagues’ report describes their compli-
cations: 3 patients (11.5%) had postoperative motor defi-
cits, which they attributed to ischemic insults; 2 patients 
(7.69%) developed subdural hygromas that required shunt-
ing; and 1 patient (3.84%) developed a subdural hematoma 
that required evacuation.28 There were no infectious com-
plications. Totaling the events reported by Taussig et al., 
we found the proportion of surgical complications to be 
23.1% (6/26).

The proportion of patients who developed surgical com-
plications in our cohort was comparatively lower across 
all patients, as well as across the implant patients (16/94 
[17%] and 5/42 [11.9%], respectively). Johnston et al. re-
ported a 13.1% rate of complications in their patient cohort 
with subdural implants (16 complications among 122 pro-
cedures),23 while Adelson et al. reported 5 complications 
in a cohort of 31 patients (16.1%).22 It is worth noting that 
neither of those reports focused exclusively on children 
under the age of 3 years or provided comparative analysis 
with nonimplanted cases. It is hard to compare our results 
with those of other groups, as most studies have analyzed 
the results of very young patients along with those of older 
children as a single population and because complications 
have not been reported consistently across the literature; 
some authors quantify complications using the total num-
ber of patients as the denominator, while others use the 
total number of procedures. Therefore, in our study, we 
report complications as a proportion of the number of pro-
cedures in each described cohort (Table 3).

Our study has limitations that merit discussion. The 
study was designed to group data from two well-estab-
lished epilepsy surgery programs; however, one hospital 
provided a larger number of cases, which limits the ability 
to adjust our results by referral center. Our study will in-
herently be subject to selection bias by analyzing patients 
from institutions that have more experience handling dif-
ficult epilepsy cases. Therefore, these results would have to 
be corroborated in a larger study in order to be generaliz-
able.

Many studies group patients with different seizure eti-
ologies into a single group. It is reasonable to believe that 
different pathologies will have different levels of associ-

Unauthenticated | Downloaded 08/04/22 05:08 PM UTC



Uribe-Cardenas et al.

J Neurosurg Pediatr Volume 26 • December 2020652

ated surgical morbidity. In order to accurately assess the 
risks pertaining to different interventions, cohorts should 
be stratified by etiology or by form of surgical interven-
tion. However, this would entail a larger multiinstitutional 
effort to accrue a larger number of patients.

Rare diseases and outcomes are easier to ascertain 
through a retrospective analysis. Nevertheless, there are 
always data that will be lost through chart review. Further-
more, the long period of time that has to be explored in 
order to accrue enough cases can potentially affect the in-
terpretation of results given the influence of secular trends.

Because of the retrospective nature of our study and the 
rare occurrence of refractory epilepsy in very young pa-
tients, we were unable to match our sample cohorts.

It is worth noting that in recent years, SEEG has gained 
popularity in the US as the technique of choice for invasive 
intracranial monitoring in specific cases.29 This approach 
provides the ability to sample deeper and sometimes bilat-
eral structures, sparing the need for a craniotomy, allowing 
for investigation of complex hypotheses, and offering the 
possibility of performing laser ablation through an indi-
cated trajectory in certain cases. There is a paucity of lit-
erature on the use of SEEG in children, although the num-
ber of published papers is expanding as more groups adopt 
the technique. Taussig et al. published a review of invasive 
monitoring in children, comparing SEEG with subdural 
grid monitoring.30 Their article discusses the relative mer-
its of both techniques while acknowledging that there are 
no standardized studies comparing the effectiveness of the 
two approaches. As with all investigative and therapeutic 
techniques in epilepsy, the right approach is patient spe-
cific, and all methods remain part of the armamentarium, 
utilized as indicated by a patient’s age, comorbidities, and 
noninvasive data. Specifically, in the very young, SEEG 
presents the difficulty of maintaining accurate lead place-
ment based on skull thickness and the inability to securely 
ground the required bolts. As the associated technical 
challenges are addressed and mitigated, this technique will 
certainly continue to gain significance in the assessment 
and treatment of refractory epilepsy in pediatric patients. 
As the indications for SEEG and subdural grid monitor-
ing remain distinct, continued assessment of these comple-
mentary techniques is essential.

Conclusions
We conclude that subdural EEG monitoring impacts 

surgical planning and resection in appropriately selected 
young children with refractory epilepsy. Grid implantation 
did not increase surgical morbidity in our cohort. How-
ever, the benefits of invasive monitoring must be weighed 
against the potential for increased overall complication 
rates from staged surgical procedures in very young pe-
diatric patients.
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