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Abstract Invasive electroencephalography recordings

with depth or subdural electrodes are necessary to identify

the ictogenic area in some drug-resistant focal epilepsies.

We aimed to analyze the safety profile of intracranial

electrode implantation in a tertiary center and the factors

associated with its complications. We retrospectively

examined complications in 163 intracranial procedures

performed in adult patients. Implantation methods included

oblique depth stereotactic approach (n = 128) and medial–

temporal depth stereotactic approach in combination with

subdural strip placement (n = 35). 1201 depth macro-

electrodes, 59 bundles of microelectrodes (in 30 patients)

and 148 subdural electrodes were implanted. Complica-

tions were classified as major (requiring treatment or

leading to neurological impairment) or minor. The rate of

overall complications was 4.9 % (n = 8), with 3.1 %

(n = 5) of major complications, though no permanent

morbidity or mortality was recorded. Infection occurred in

1.2 % and hemorrhage in 3.7 % of patients. One hemor-

rhage occurred for every 225 electrodes implanted

(4.4 %). Microelectrodes were not responsible for any

complications. Overall and hemorrhagic complications

were significantly associated with MRI-negative cases (7.3

and 6.3 % versus 0 %, p = 0.04). We believe that

intracranial electrode implantation has a favorable safety

profile, without permanent deficit. These risks should be

balanced with the benefits of invasive exploration prior to

surgery. Furthermore, this study provides preliminary evi-

dence regarding the safety of micro-macroelectrodes.

Keywords SEEG (Stereoelectroencephalography) �
Invasive EEG � Depth electrodes � Complications � Adverse
events � Epilepsy surgery

Introduction

Invasive EEG monitoring is essential for the localization

and the delineation of the ictogenic area in a number of

patients with drug-resistant focal epilepsy. The implanta-

tion of intracranial (IC) electrodes constitutes the first step

of continuous long-term intracranial EEG (iEEG) record-

ing [1]. Patients who are offered a surgical solution are

severely disabled by the epileptic seizures that have not

been sufficiently controlled by a well-conducted

antiepileptic therapy. They are in a therapeutical dead-end

and have no other options for seizure relief. Yet surgery

can be beneficial with a good post-operative outcome. The

post-operative rate of seizure-free patients is expected to be

around 60 % [2] after invasive evaluation based on current

literature. This therapeutical option appears all the more

desirable that it is safe. Nonetheless, it has a certain
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Hospital, AP-HP, Paris, France

5 Department of Rehabilitation, La Pitié-Salpêtrière Hospital,
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morbidity and mortality [3] that should be discussed with

the patient prior to surgery.

Very few studies focus on complications and adverse

events regarding depth electrode implantation in epileptic

patients for diagnostic video-EEG recordings. Moreover, to

date, complications related to depth micro-macroelectrodes

implantation have not been widely evaluated. Hence, we

conducted a retrospective study on the morbidity and

mortality of IC electrodes in all patients who were moni-

tored with depth electrodes in our institution. The main

purpose of this report was to describe and analyze the safety

of IC electrode implantation using MRI-guided stereotactic

surgery and the recording period with the electrodes in

place. The secondary endpoint was to identify possible

factors associated with an increased complication rate.

Patients and methods

Patients

We conducted a retrospective analysis of all adult patients

who underwent implantation of depth electrodes for

presurgical evaluation of drug-resistant focal epilepsy at

the Pitié-Salpêtrière Hospital (Paris, France) between 1991

and July 2014. We also included patients who had subdural

electrodes, in addition to the depth electrodes. Patients

implanted only with subdural strips or grids were not

included (n = 9). Presurgical non-invasive evaluation

included: complete neurological and neuropsychological

examination, scalp video-EEG recording of habitual sei-

zures, brain MRI, and in some cases subtraction ictal single

photon emission computed tomography (SPECT) co-reg-

istered to MRI and interictal positron emission tomography

(PET). At this stage, a multidisciplinary team analyzed data

drawn from these investigations if a surgical treatment was

indicated without any further localizing presurgical inves-

tigations. Otherwise and when a unique or strongly pre-

dominant ictogenic area is expected from non-invasive

data, iEEG recording was decided case by case. It was

mainly indicated in MRI-negative patients, in case of dis-

cordance between electroclinical data and imaging, in large

or multifocal lesions or in suspected multifocal epilepsy. In

several patients, iEEG were scheduled for more than one of

these reasons. All these indications were corresponded to

about 1 in 5 surgical candidates. A few patients were

implanted twice mainly to delimit more precisely the

boundaries of the ictogenic area for the second implanta-

tion. Data regarding age, gender, relevant medical history,

seizure semiology, number and location of implanted

electrodes, electrophysiological localization of the epilep-

togenic focus, duration of invasive recording, post-

implantation brain MRI and CT scan and complications

were collected and analyzed. All the adverse events during

implantation, iEEG recording, and post-explantation sur-

vey (if related to the intracranial procedure) were consid-

ered to be complications.

Surgical methodology

Electrodes

Implantations were performed with standard platinum

intracranial [depth (i.e., intracerebral) and subdural]

macroelectrodes (Adtech Medical Instrumentation, Racine,

Wisconsin, USA). We used Spencer� probe intracerebral

electrodes, with 4–12 contacts (1 mm of diameter), with

intercontact spacing of 10–5 mm. They were inserted using

a semi-rigid stylet. Since 2010, we implanted micro-

macroelectrodes in combination with classical macroelec-

trodes [4]. For micro-macroelectrodes (Adtech Medical

Instrumentation), we used Benke-Fried� depth electrodes,

with 8 macro contacts (1.3 mm of diameter), with inter-

contact spacing of 10–5 mm. They were inserted using a

semi-rigid stylet; then an 8-contact micro-wire bundle was

introduced into the macroelectrodes and wires extruded

distally with a defined length (between 3 and 10 mm). For

some cases, we used subdural strips [Adtech Medical

Instrumentation; 6 or 8 large platinum contacts (6 mm

diameter)] in combination with depth electrodes.

Intracranial implantation procedure

The implantation plan was designed according to two

models: (1) double obliquity methodology using depth

electrodes implanted orthogonally or obliquely to the cor-

tical surface, along lateral-medial trajectories (oblique

approach, Fig. 1); or (2) Spencer’s methodology using, on

each side if necessary, three or four subdural electrode strips

for polar, lateral and basal sampling (Fig. 2a, b), and one

longitudinal hippocampal depth electrode introduced pos-

teriorly along a parasagittal direction with the amygdala as

the target (Fig. 2c) [5–7]. Spencer’s methodology was in use

in our center between 1991 and 2004. We first started using

the double obliquity methodology in 1995, in combination

with Spencer’s methodology, which was stopped in 2004.

No robot-assisted methods were used. Our surgical

procedures consisted of two steps: stereotactic MRI and

electrode implantation. All the patients were placed in a

Leksell-G stereotactic frame, and underwent a 3-Dimen-

sional (3D) Spoiled Gradient Recalled (SPGR) gadolinium

MRI and a 3D Time of Flight (3DTOF) on a 1.5 Tesla MR

scanner (Signa, General Electric, Milwaukee, Wisconsin,

USA) after intravenous administration of gadolinium
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contrast material [0.01 mmol/kg gadopentetate dimeglu-

mine (Magnevist, Berlex Laboratories, Inc., Montville,

New Jersey, USA)]. Scans were obtained using the fol-

lowing parameters:

– 3D TOF MULTISLABS GADO used a 256 9 224

matrix. The field of view (FOV) was 22 cm, with, zero-

filled in k-space to produce 256 9 256 pixel images.

Repetition time (TR) was 22 ms, and echo time (TE)

Fig. 1 Plans of depth implantations (with the double obliquity

method) conducted on MRI. a–c Planning illustrations for a left

pericentral implantation (in the same patient). a 3D reconstruction of

Leksell frame MR indicators and of patient’s head and brain in

transparency. Depth electrode n�7 is planned in left medial parietal

lobe. b Overall plan of depth electrodes in upper and medial

pericentral regions (parietal, central and precentral). c Simulation of

depth electrode n�7 (left medial parietal) and its relationships with

vessels. The electrode tip is at 4.2 mm (as measured by the distance

tool, formed of a white line between two crosses) from the vessel

situated on the other side of the falx cerebri. The 1 mm electrode

thickness is depicted on the image. d–f Planning illustrations for a

right frontal and temporal lobe implantation (in the same patient).

d Large frontal and temporal lobe planning with 13 depth electrodes.

e Simulation of right temporal lobe depth electrode n�3 exploring

hippocampal head, insula and first temporal gyrus. e, f Electrode n�3
is 4.5 mm away from the insular artery. f Brain display perpendicular

to the planned n�3 electrode axis showing neighborhood structures

along the trajectory. The 1 mm electrode thickness is depicted on the

image

Fig. 2 Spencer’s depth implantation (with the double obliquity

method) and subdural strips. a 3D skull CT reconstruction showing

symmetrical exploration of the temporal lobes with subdural strips

and Spencer’s depth electrodes (view of the base of skull from above).

Temporal lobe electrodes on the left side: n�1 polar subdural, n�2
anterior basal subdural, n�3 posterior basal subdural and n�4
Spencer’s depth electrode (recording the medial temporal and

occipital structures). b 3D skull CT reconstruction of the left side

showing the subdural electrodes emerging from the burr hole. c Post-
implantation axial MRI control passing through the 2 Spencer’s

electrodes. Only n�1, 2 and 4 electrodes are seen. Electrode n�2
(anterior basal subdural) is seen twice: the 1st contact of the tip is

anterior and medial and the last ones are more posterior and lateral,

the others are below the image plane
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was 4.1 ms. Section thickness and spacing were

1.5 mm respectively.

– Axial T1-weighted SPGR used a 128 9 128 matrix.

The FOV was 22 cm, with, zero-filled in k-space to

produce 256 x 256 pixel images. TR was 9.024 ms, and

TE was 1.988 ms. Section thickness and spacing were

1.5 and 1.3 mm, respectively. Since 2008, we only use

a SPGR sequence but we increase the intravenous

administration of gadolinium contrast material

(0.012 mmol/kg).

Once these data were acquired, the depth trajectories

were planned according to the cortical areas to be

explored. They were defined by the neurophysiologist

(CA), together with the neuroradiologist (DH) and

reviewed by the neurosurgeons (SC and HB). Stereotactic

coordinates for each electrode were calculated with the

General Electrics software�, and more recently with the

Brainlab software� (Brainlab AG, Feldkirchen, Ger-

many). The calculation protocol for depth electrodes fol-

lowed 4 steps: 3D reconstruction of the brain, 3D

positioning of each electrode while controlling adjacent

structures (vessels and eloquent areas), 3D control of the

ongoing electrode plan in space with brain transparency to

achieve regular distribution of electrodes and avoid

electrode overlapping, retroactive placement modification

of previously planned electrodes if necessary. The elec-

trode path was carefully chosen so as to avoid injury to

superficial and deep critical veins and arteries. This was

simultaneously controlled millimeter by millimeter in the

three planes of space (3D view), and in the perpendicular

and parallel oblique views of the electrode trajectory.

Furthermore we took great care, when possible, to mini-

mize entry into the ventricular system and risking the

tearing of subependymal veins. The Brainlab software�

gave a better display for evaluating distances between

electrodes and anatomical structures with a visualization

of the actual diameter of the electrode.

After returning to the operative room, under general

anesthesia, patients were locally shaved and surgery

was carried out under standard aseptic operative con-

ditions with antibiotic prophylaxis (cefazolin 2 g).

Patients were positioned half-sitting, and the stereo-

tactic arc was used to plan the incision. A stab inci-

sion was made and a 2 mm twist-drill hole was

performed according to previously calculated coordi-

nates. An intracerebral electrode was then introduced

through the drill hole to the target and secured to the

scalp using a suture or more recently a bone screw.

This process was repeated according to the number of

necessary electrodes. When Spencer’s methodology

was used, the subdural strips were introduced through

a single temporal 2 cm burr hole.

Postoperative management

Patients were monitored at least 6 h in the recovery unit.

Postoperative CT scan and 3-dimensional 1.5-Tesla MRI

were then performed to precisely locate the electrodes and

rule out immediate complications, prior to transfer to the

epileptology unit. The IC electrodes were then connected to

the data recording system, and antiepileptic treatment was

slightly decreased until enough seizures were acquired to

allow a diagnosis, or until an adverse event occurred

requiring electrodes removal. A CT scan was systematically

performed after electrodes removal to exclude intracranial

bleeding. Antibiotics were only dispensed during the inva-

sive recording period if infection was suspected.

Classification of complications

We considered complications occurring during the

implantation and the iEEG recording period together. In

the light of current literature on complications of IC

implantation procedures [2], we used two severity scales,

to allow for direct comparison with previous studies: (1)

major/minor scale: a complication was defined as major

when medical or surgical treatment was required and/or

when a neurologic impairment occurred; it was otherwise

considered as minor. (2) Graded scale: with composite

items including a prevailing surgical component [2, 8]:

– Grade 0: no complication.

– Grade 1: complication visible only on CT/MRI; or

transient complication that did not require treatment.

– Grade 2: transient complication that resolved com-

pletely but required treatment, or revision of electrodes,

or preterm ending of monitoring.

– Grade 3: persisting neurologic deficit[12 months.

– Grade 4: patient’s death related to the invasive workup.

Furthermore, several adverse events (meningeal syn-

drome, low-grade fever, headaches, pneumocephalus) can

occur after electrode implantation or removal, but they

were considered as expected mild functional disturbances

and not as complications.

Statistical Analysis

Comparisons between the groups with or without compli-

cations were assessed using Fisher exact test or Mann–

Whitney test as appropriate, regarding different variables

(age at implantation, gender, number of electrodes, pres-

ence of subdural electrodes, duration of recording,

implantation methodology and scheme, number of lobes

affected by the implantation, side of implantation and

cryptogenic epilepsy). Significance was set at a p value of
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0.05. Data are reported as means plus/minus standard

deviation unless stated otherwise.

Results

Patient demographics

One hundred and sixty-three (163) stereotactic implanta-

tions of depth electrodes were performed in 157 adult

patients, of whom six patients were explored twice. Mean

age at surgery was 32.4 ± 9.2 years (range, 15.1–60.2); the

sex ratio male/female was 1.14. Mean age at the time of the

first seizure was 14.1 years (±6.7, range, 3.0–38.8 years).

All patients had drug-resistant focal epilepsy, which was

severe and/or disabling with a mean seizure frequency of

13 seizures per week (±21; range, 1–100). Most of our

patients had negative MRI exploration (cryptogenic epi-

lepsy) (n = 96, 58.9 %). Epileptogenic lesions comprised

hippocampal sclerosis (n = 27, 16.6 %), focal cortical

dysplasias (n = 14, 8.6 %), posttraumatic lesions (n = 9,

5.5 %), porencephalic cysts (n = 3, 1.8 %), cavernomas

(n = 3, 1.8 %), dysembryoplastic neuroepithelial tumors

(n = 2, 1.2 %) and other forms of cortical malformations

(n = 9, 5.5 %), as disclosed at the neuropathological

examination.

Surgery

The double obliquity approach was used in 128 cases

(78.5 %) and Spencer’s methodology in 35 cases (21.5 %).

A total of 1201 depth electrodes and 59 bundles of

microelectrodes were implanted over a period of 23 years,

ranging from 1 to 13 per patient. The overall median

number of depth electrodes was 8 electrodes per procedure.

In general, implantation with the double obliquity tech-

nique comprised a higher number of electrodes (mean:

9.0 ± 2.4; median: 10). A total of 148 subdural electrodes

were implanted when Spencer’s methodology was used,

ranging from 2 to 6 per patient (mean: 4.2 ± 1.4; median:

4).

Collapsed over all procedures, the exploration was

unilateral in 108 cases (66.3 %), with 58 right and 50 left

hemispheric explorations, respectively, and bilateral in 55

procedures. Sixty-three percent (n = 102) of the patients

were explored for temporal lobe epilepsy, 21.5 % (n = 35)

for frontal lobe epilepsy, 8.0 % (n = 13) for occipital lobe

epilepsy, 5.5 % (n = 9) for parietal lobe epilepsy and

2.4 % (n = 4) for insular epilepsy. The mean duration of

prolonged continuous 24 h video-iEEG monitoring was

15.6 ± 4.2 days (range 7–23 days).

Overall complications

The implantation for iEEG was uneventful for 155

(95.1 %) of the procedures (Fig. 3a). Complications were

considered as major for five procedures (3.1 %, Fig. 3b),

leading to a prolonged hospital stay in 4 patients (2.5 %),

and minor in three patients (1.8 %). On a composite graded

scale, 1.8 % (n = 3) had a grade 1 complication and 3.1 %

(n = 5) had a grade 2 complication (Fig. 3C). Complica-

tions related to iEEG procedures are summarized in

Table 1. Of the eight patients who experienced adverse

events, surgery had to be performed in one case to evacuate

an epidural hematoma (Fig. 4a–c). The iEEG recording

was shortened in three cases (because of hemorrhage,

infection or anesthesia shock). Neither permanent neuro-

logic deficit nor death (grade 3 and 4, respectively),

occurred with implantation and invasive recording. Micro-

electrodes (in 30 patients) were not at the origin of adverse

events (patient 8 had a complication related to a macro-

electrode with a high probability, and not to a micro-

macroelectrode).

Regarding expected adverse events, after removal of the

electrodes, we observed pneumocephalus in 87.2 % of

cases and pneumoventricle in 9.3 % of cases that often led

to headaches. Low-grade fever and afebrile meningeal

syndrome (stiff neck, headaches, nausea/vomiting and

photophobia) were frequently observed after the removal

of electrodes fixed with screws, possibly due to slightly

larger drill holes in this procedure.

Hemorrhage

Hemorrhagic complications related to iEEG procedures

were observed in six patients (3.7 %), with a variable

degree of severity. Grade 2 hemorrhagic adverse events

occurred in three cases: an epidural, a subarachnoid and a

subdural hemorrhage, respectively. One patient became

less responsive during post-implantation MRI scanning, the

latter showing a frontal lobe epidural hematoma (grade 2).

The surgical evacuation entailed removal of 3/12 elec-

trodes, but did not reveal any intra-operatively visible

laceration of blood vessels. Post-implantation MRI scan

(Fig. 4a, b) also suggested that the most basal orbitofrontal

electrode had not penetrated the dura, causing excessive

separation of the frontobasal dura. This electrode was a

macroelectrode, and not a micro-macroelectrode implanted

in this patient. The patient recovered immediately follow-

ing evacuation (Fig. 4c). Furthermore the remaining elec-

trodes allowed the localization the ictogenic area. A second

implantation was achieved (without complications) to

define its posterior boundary using interhemispheric sub-

dural strips (not included in this report).
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Two patients developed subarachnoid hemorrhage, one

of which was moderate (grade 1), and the other one severe

(grade 2). The latter, occurring in a 46-year-old female,

caused localized vasospasm at distance of the temporal

depth electrodes, which resulted in a right insular stroke

(Fig. 4d, e). She experienced transient aphasia that had

completely recovered at the follow-up evaluation at

15 months.

One patient developed an acute subdural hematoma

without mass effect, causing a status epilepticus, which

ultimately required an unplanned removal of all the elec-

trodes and management in intensive care unit (grade 2).

Then she recovered completely.

Lastly, two patients showed small and asymptomatic

intracerebral hemorrhage visible on post-implantation CT

scan (grade 1).

Given the total number of implanted electrodes, the rate

of hemorrhage per implanted electrode in this series was

4.4 %, i.e., one hemorrhage per 225 electrodes implanted.

Infection

In our series, there were two cases (1.2 %) of infection: one

patient with intracerebral temporal abscesses (grade 2) and

one with meningitis (grade 2). The former was afebrile at

discharge from the surgical unit on day 3 and all

throughout video-EEG monitoring. Due to low-grade fever

and new onset headaches on day 8, a lumbar puncture, with

the electrodes in place, was performed after an unremark-

able brain CT scan (glucose and proteins normal, negative

GRAM staining, four cells, 370 red blood cells) and caused

a subtle subdural hematoma of the cerebellar tent seen on

Fig. 3 Quantification of the different complications. a Pie chart of

the frequency of the different complications. b Class of complication

according to the type of complication. c Grade of complication

according to the type of complication. d Type of complication

according to the method of iEEG
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the CT scan the next day (Fig. 4f). On day 22, because of

hyperthermia and subcutaneous abscesses close to the

electrode holes, a new CT scan revealed multiple temporal

lobe abscesses requiring electrode removal, surgical drai-

nage and antibiotic therapy (Fig. 4g). Coagulase-negative

staphylococcus was determined to be the pathogenic agent.

He experienced no neurological deficit and recovered

totally from infection.

In the case of meningitis occurring on day 11 of video-

EEG monitoring, Pseudomonas aeruginosa was deter-

mined as the pathogenic agent, electrodes were removed

and antibiotic treatment was efficient.

Factors associated with complications

Comparisons between the groups with or without compli-

cations are listed in Table 2. MRI-negative epilepsy was

found to be significantly associated with overall (p = 0.04;

Fisher exact test) and hemorrhagic (p = 0.04; Fisher exact

test) complications. The number of depth electrodes was

not an independent predictor of overall complications

(9.6 ± 2.3 versus 7.2 ± 3.6, p = 0.11; Mann-Whitney

test). Further analysis also indicated a greater number of

electrodes in the MRI-negative epilepsy subgroup

(8.4 ± 3.1 versus 5.9 ± 3.9, p\ 0.001; Mann-Whitney

test).

There was no difference in complications between the

two-implantation methods (double obliquity and Spen-

cer’s), and between implantations with or without subdural

electrodes (p = 0.53; Fisher exact test, Fig. 3d).

Discussion

We report implantation complications in a large series of

iEEG recordings with depth electrodes for diagnostic pur-

pose in epilepsy. Our complication rate (4.9 %) is in the

range of those reported in the literature, between 1 and

15.9 % in adult populations [2, 3, 6, 9–15] (Table 3). And

our rate of major complications (3.1 %) is also in line with

those previously published, between 0.0 and 6.4 %

(Table 3). However, there was heterogeneity between the

Fig. 4 Major complications. Cerebral imaging of the major hemor-

rhagic and infectious complications classified as grade 2. a–c Epidural
hematoma requiring surgical evacuation. CT scan (a) and MRI T2*

imaging (b) within 2 h after implantation. The most basal

orbitofrontal electrode (b) does not seem to penetrate the dura.

c Postoperative CT scan after surgical evacuation of the epidural

hematoma. d, e Bilateral frontotemporal implantation (d) complicated

by subarachnoid hemorrhage (e predominating in right sylvian

fissure) causing localized vasospasm and ultimately right insular

stroke. f, g Bilateral temporal implantation with fever and headache.

Native CT scan showing subtle subdural hematoma of the right

cerebellar tent, probably due to an initial lumbar puncture on day 8

(f). Iodine injected CT scan on day 22 (g) showing multiple right

temporal abscesses
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Table 2 Comparisons between

the groups with or without

complications during

implantation and iEEG

monitoring

Variables No complication Complication p value

Gender n/N (%)

Male 85/88 (96.6 %) 3/88 (3.4 %) 0.54

Female 71/75 (94.7 %) 4/75 (5.3 %)

Side of implantation n/N (%)

Unilateral 103/108 (95.4 %) 5/108 (4.6 %) 0.77

Bilateral 53/55 (96.4 %) 2/55 (3.6 %)

Side of implantation n/N (%) No ICH ICH

Unilateral 103/108 (95.4 %) 5/108 (4.6 %) 0.37

Bilateral 54/55 (98.2 %) 1/55 (1.8 %)

Number of implanted lobes n/N (%)

1 39/41 (95.1 %) 2/41 (4.9 %) 0.83

[1 117/122 (95.9 %) 5/122 (4.1 %)

Number of implanted lobes n/N (%) No ICH ICH

1 39/41 (95.1 %) 2/41 (4.9 %) 0.64

[1 118/122 (96.7 %) 4/122 (3.3 %)

Implantation scheme n/N (%)

Temporal 97/102 (95.1 %) 5/102 (4.9 %) 0.48

Extratemporal 59/61 (96.7 %) 2/61 (3.3 %)

Implantation scheme n/N (%) No ICH ICH

Temporal 98/102 (96.1 %) 4/102 (3.9 %) 0.60

Extratemporal 59/61 (96.7 %) 2/61 (3.3 %)

Type of epilepsy n/N (%)

MRI-negative (cryptogenic) 89/96 (92.7 %) 7/96 (7.3 %) 0.04a

Lesional 67/67 (100.0 %) 0/67 (0.0 %)

Type of epilepsy n/N (%) No ICH ICH

MRI-negative (cryptogenic) 90/96 (93.8 %) 6/96 (6.3 %) 0.04a

Lesional 67/67 (100.0 %) 0/67 (0.0 %)

Implantation model n/N (%)

Double obliquity 122/128 (95.3 %) 6/128 (4.7 %) 0.53

Spencer 34/35 (97.1 %) 1/35 (2.9 %)

Implantation model n/N (%) No ICH ICH

Double obliquity 123/128 (96.1 %) 5/128 (3.9 %) 0.62

Spencer 34/35 (97.1 %) 1/35 (2.9 %)

Implantation model n/N (%) No infection Infection

Double obliquity 126/128 (98.4 %) 2/128 (1.6 %) 0.62

Spencer 35/35 (100 %) 0/35 (0 %)

Subdural electrodes n/N (%)

Present 34/35 (97.1 %) 1/35 (2.9 %) 0.53

Absent 122/128 (95.3 %) 6/128 (4.7 %)

Duration of recording, d, mean ± SD No infection Infection

15.6 ± 4.2 16.5 ± 7.8 Na

Age at implantation, y, mean ± SD 32.4 ± 9.2 31.4 ± 9.1 0.75

Number of depth electrodes, mean ± SD

Total surgical complications 7.2 ± 3.6 9.6 ± 2.3 0.11

ICH 7.2 ± 3.6 9.5 ± 2.5 0.16

Infection 7.3 ± 3.6 10.5 ± 0.7 Na

ICH intracerebral hemorrhage, MRI magnetic resonance imaging, Na test not available
a significant p Value
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different studies regarding the classification of complica-

tions related to different procedures, especially when

appreciating the nature of major complications. In this

study, we carefully analyzed each case and classified them

with two severity scales to allow an objective comparison

with previously published series. The incidence of minor

intracranial bleedings could also be misjudged, as blood-

sensitive postoperative imaging was not obtained in all

cases [13]. It would indeed be fruitful to use the same

severity scales across all studies [2, 8]. New studies, as

ours, are thus mandatory to better assess the complications

of diagnostic IC procedures in epilepsy. The multiplication

of series has also offered the possibility to evaluate more

properly the incidence of exceptional events, such as

‘‘death’’ evaluated at 0.17 % (3/1748 patients) [11, 13, 14].

Our study was not tailored to examine correctly the

differences in complications between depth versus subdural

iEEG, as each case in the subdural group had one or two

depth electrodes. Hence, we did not find, unlike others,

lower global complications in depth implantations com-

pared to those with subdural electrodes (Table 4) [2, 8, 16–

28]. The low number of subdural electrodes per patient (as

well as depth electrodes) and the exclusion of patients with

grids could potentially explain why complication rates

seemed even lower in that subdural group. For subdural

grids, a meta-analysis showed a prevalence as high as

5.3 % for infections and 4.0 % for intracranial hemor-

rhages in a pooled series of 2542 cases [29]. It is possible

that the craniotomy to insert grids offers a large gateway

for bacterial penetration. Interestingly, this difference

between intracerebral and subdural grid implantations was

still present within the same team who practiced both

procedures, underscoring that it is not only a matter of team

skill [2, 27]. Our low rate of complications and the absence

of death and permanent neurological deficit are probably

due both to accurate planning and surgery and the low

invasiveness of the small drill holes performed to implant

the depth electrodes.

In this series, micro-macroelectrodes were not at the

origin of complications. However, our study was not tai-

lored and sufficiently powered to study this outcome sta-

tistically. Hence, this report, while not providing

conclusive data on this issue, provides preliminary evi-

dence for safety of micro-macroelectrodes.

Intracranial bleeding complications

In our series, the rate of hemorrhagic complications

(3.7 %) was comparable to those reported in previous

publications [2, 3, 13]. Increased number of electrodes has

been shown to be associated with increased frequency of

intracranial bleedings [2, 27, 29] or not [3, 30]. In our study

overall surgical complications (n = 7) mostly consisting of

intracranial bleedings (n = 6) showed a trend towards an

association with a greater number of electrodes (p = 0.11).

This might be due to the too small number of complica-

tions. Nonetheless, unlike many reports [2, 13, 25, 27, 30],

we found a higher rate of overall and hemorrhagic com-

plications in MRI-negative epilepsies. Moreover, in this

sub-population, the mean of intracerebral electrodes num-

ber was higher than in the remaining population, support-

ing eventually the role of the number of electrodes.

The literature also suggests that a higher age

([65 years) is associated with an increased risk for hem-

orrhagic complications during epilepsy surgery [20, 29].

Maybe our patients’ age range was too narrow to find this

Table 3 Morbidity and mortality of iEEG with depth electrodes

Reference (period) Institution Population n Major

complications

(%)

Total

complications

(%)

Death

[9] (1974–1985) Sainte-Anne Hospital, Paris, France Adults, children 300 0.3 1.0 0

[10] (1990–1992) A. Michallon Hospital, Grenoble, France Adults, children 70 1.4 2.8 0

[6] (?) University Hospital Bonn, Bonn, Germany Adults, children 49 4.3 6.9 0

[11] (1996–2000) Pierre Wertheimer Hospital, Lyon, France Adults, children 100 3.0 5.0 1

[30] (1994–2009) Great Ormond street Hospital, London, UK Children 95 16 49.9 0

[2] (2002–2008) University Hospital Bonn, Bonn, Germany Adults, Children 171 6.4 15.9 0

[12] (1988–2010) Dartmouth Medical Center, Hanover, New-

Hampshire, USA

Adults 100 0.0 2.0 0

[13] (1996–2011) Niguarda Ca Granda Hospital, Milano, Italy Adults, children 500 2.4 4.8 1

[14] (2009–2013) Cleveland Clinic, Cleveland, Ohio, USA Adults 200 2.5 2.5 1

Pitié-Salpêtrière

(1991–2014)

Pitié-Salpêtrière Hospital, Paris, France Adults 163 3.1 4.9 0

Total (1974–2014) – Adults, children 1748 0.0–16.0 1.0–49.9 3

Literature review
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association. Valproate treatment with thrombocytopenia

was also found to be another risk factor associated with

hemorrhage [31] and has to be corrected before invasive

exploration.

We observed a postoperative frontal lobe epidural

hematoma in a patient investigated with frontal depth elec-

trodes for frontal lobe epilepsy. As no source of hemorrhage

was found intraoperatively, such as a lacerated vessel, the

most likely alternative explanation, supported by MRI, is

that the hematoma was due to an excessive separation of the

frontobasal dura during the insertion of a frontal electrode.

As the dura is adherent to the skull at the vertex, the latter has

been proposed as a better insertion site to target the fronto-

orbital cortex, but, in our opinion, this pathway would

explore too scarcely this large cortical region [32, 33].

Infection complications

Regarding infectious complications, it is necessary to dif-

ferentiate neurological infections and superficial infections.

Two (1.2 %) of our patients had neurological infections,

whereas there were no wound infections. This rate is close

to the ones reported by Serletis et al. (1 %, superficial

infections) [14], Wellmer et al. (0.8 %, meningitis) [2] and

Cardinale et al. (0.4 %, encephalitis) [13] with depth

electrodes. In several series using subdural grids or strips,

infections emerged as the most common type of compli-

cations and, therefore, infection rates were much higher

(5.3–14.9 %) [8, 18, 21, 29, 34]. Inversely, only a few

studies reported lower infection rates with subdural grids or

strips (0.7–1.1 %) [22, 27].

In one prospective series, the infection rate was shown

to increase if subdural strips and grids remained implanted

for more than 2 weeks or if more than 10 electrode cables

were used [18]. In our 2 patients, the infection arose late

during the recording (11 and 22 days). In studies using

depth electrodes such as ours, these parameters were not

significantly associated with a higher risk of infection,

probably in relation to a low rate of infections causing a

lack of power to our study.

Concerning our case with multiple abscesses, two causes

were discussed: (1) the contamination by the sub-cutaneous

infection through the electrode hole(s) favored by CSF

leakage following lumbar puncture or (2) a direct con-

tamination during the implantation. In favor of the first

explanation were the occurrence of a subdural hematoma

evoking a loss of cortical sulcal CSF (hence a suction of

extracranial fluid) and the timing of abscesses that devel-

oped after the lumbar puncture according to the CT scan

survey. There was no firm evidence for either explanation.

This, however, modified the recommendations in our

center contraindicating lumbar punctures with implanted

electrodes.

Interestingly, the only two infections of our series

occurred consecutively in 2007. Until this date, we used to

change the head bandage every 2 days during the moni-

toring. A change in our postoperative management resulted

from these serious adverse events. Since then, the patients

keep the same head bandage until the removal of the

electrodes to avoid contamination and breaking of elec-

trodes. Since the application of this protocol, we have not

experienced infections.

Conclusions

Stereotactic and subdural strip implantation is generally a

safe procedure for the exploration of severe, drug-resistant

focal epilepsies. In our experience mainly with depth

electrodes, sometimes associated with subdural strips, there

was only 5 % of global complications, without permanent

neurological deficit or death. This was probably due in part

to the improvements of the electrode planning software that

has enhanced the visibility of blood vessels on 3-dimen-

sional brain MRI slices. This low complication rate and the

absence of long-term complications and death are encour-

aging and should make this procedure more acceptable, in

view of the subsequent surgical treatment that has a good

chance of providing worthwhile post-operative improve-

ment. This is meaningful in the discussion of the benefits/

risks ratio with the epileptic patient who have to make a

decision for invasive presurgical explorations.

The single factor associated with implantation compli-

cations was the ‘‘MRI negativity’’ which is probably linked

to the number of electrodes. If so, this does not add any

further information since electrodes are definitely at the

origin of implantation complications and do not help us

better understand the reason of complications. No other

relevant factors were in question for electrode complica-

tions. This fact outlines the role of the technical aspects in

implantation safety, which is most likely linked to the

quality of implantation tools and of the skill of the surgical

and medical staff. Hence, progress in implantation safety

will happen through with technical improvements.
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