e% DOI: 10.5137/1019-5149.JTN.11400-14.2
o
& 8 ‘ Received: 08.05.2014 / Accepted: 31.07.2014

5= S

TURI(,&

JTN Published Online: 24.02.2016

Comparison of Neuronavigation and Frame-Based Stereotactic
Systems in Implanting Epileptic Depth Electrodes

Zhi HOU", Xin CHEN", Xian-Jun SHI', Ning AN', Mei-Hua YANG", Hui YANG", Dong ZHANG?, Shi-Yong LIU'

"The Third Military Medical University, Xingiao Hospital, Epilepsy Center of PLA, Department of Neurosurgery, Chongging, China
2The Third Military Medical University, Xingiao Hospital, Department of Radiology, Chongqing, China

*Zhi HOU and Xin CHEN are the co-first authors.

ABSTRACT

AIM: To investigate the application of neuronavigation in the implantation of depth electrodes in patients with epilepsy.

MATERIAL and METHODS: Thirty-six patients with epilepsy who were implanted with depth electrodes using neuronavigation
were assessed for accuracy of implantation and associated complications.

RESULTS: In the imaging navigation group, patients were implanted with 2-14 depth electrodes. The average number of implantations
was 4.8 electrodes/case. The average implantation error was 2.03 + 0.98 mm, exhibiting no significant difference compared to the
frame-based stereotactic group. In the imaging group, an average of 19.4 min was required to implant each electrode, which was
significantly shorter than the time required in the frame group (34.5 min). The temporal lobe was elucidated as the factor that affects
electrode implantation accuracy. One patient in the imaging group exhibited a small amount of bleeding, and one suffered from
cerebrospinal fluid leakage; however, the overall complication rate in the imaging group was lower than that in the frame group.

CONCLUSION: Imaging navigation provides better means of depth electrode implantation; its implantation accuracy is similar to
that of the frame-based stereotactic method and it is less time consuming and causes less complications, and is especially suitable
for stereoelectroencephalography, which requires multiple depth electrodes.
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B INTRODUCTION

Intracranial electrode tracing has become an important
means for evaluating the epileptogenic focus, especially in
patients whose epileptogenic loci cannot be located using
electroencephalography and other non-invasive assessment
tools. Invasive intracranial electroencephalography (iEEG)
is the preferred means of determining the exact locations
of epileptogenic foci (12, 21). Intracranial electrodes can be
classified as epidural, subdural cortical (including strip-like
and grid-like electrode), and depth electrodes, of which the
depth electrode has been widely used in epilepsy surgery, and
plays an important role in the epileptogenic focus evaluation
of the medial temporal lobe (2, 21).

Previously, depth electrode implantation was usually per-
formed using the frame-based stereotactic method (14). The
frame-based stereotactic system has high positioning preci-
sion, and is suitable for precise positioning and puncturing
towards deep structures; for example in stereotactic biopsy
or deep brain stimulation (DBS), which need accurate posi-
tioning (3, 6). The disadvantages of this method, however, are
evident: 1) The puncturing process is complicated and time
consuming, making it difficult to implant multiple electrodes
(e.g. for stereoelectroencephalography [SEEG]) (16); 2) It is dif-
ficult to adjust the puncture direction and path in real-time,
especially from a poor posture (16); 3) The puncturing process
might injure blood vessels and other vital structures, causing
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intracranial hemorrhage and other complications (3,16). In
recent years, with the development of frameless image-nav-
igation technology, the accuracy of positioning and punctur-
ing has significantly improved, and has been applied in the
implantation of epilepsy depth electrodes in some epilepsy
centers, especially for SEEG, which requires the implantation
of multiple depth electrodes (1, 3,13). Since June 2011, the
Medtronic S7 neuronavigation system has been used for the
implantation of brain depth electrodes at our hospital, and has
achieved good results, with an average of 4.8 electrodes im-
planted per patient, in 36 patients with epilepsy. The method
and the results are described below, and were compared with
those for the previous frameless stereotactic method.

B MATERIAL and METHODS

This study was conducted with approval from the Ethics
Committee of the Third Military Medical University and written
informed consent was obtained from all participants.

General Information

Thirty-six patients (image group), including 21 males and 15
females, aged 6-41 years, with a mean age of 18.1 years,
who were implanted with depth electrodes using the imaging
navigation method were assessed. The disease duration was
1-21 years, (average: 7.8 years). The seizure types observed
included 8 cases of simple partial seizures, 11 cases of
complex partial seizures, and 17 cases of partial seizures
followed by secondary general seizures. The patients all
suffered from medication-intractable epilepsy (i.e. ineffective

Table I: Assessment Results of the 2 Groups
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treatment by at least two kinds of first-line antiepileptic drugs,
with seizures that were frequent and seriously impacted the
patients’ work and lives).

The indications that intracranial electrode implantation is
necessary were: 1) The patient suffered medication-intractable
epilepsy; 2) The preoperative non-invasive evaluation could not
clearly locate the focus position; 3) The results of non-invasive
assessments, such as such as imaging, electrophysiology
and symptomatology were conflicting with each other; 4) The
epileptogenic foci were located close to functional areas,
meaning the distinction between the two areas needed
accurate determination.

Another 28 patients, who were implanted with depth elec-
trodes (in 2009-2011) using the frame-based stereotactic
method were set as the control group (the frame group). There
was no significant difference in the age, sex, onset age and in-
telligence between the two groups (Table 1), and patients who
underwent a craniotomy for the grid-like electrode monitoring
were excluded. This study was conducted in accordance with
the declaration of Helsinki.

Noninvasive Assessment Detection

All patients were assessed for the symptomatology of onset,
as well as the preoperative monitoring of active EEG (AEEG)
and video EEG (VEEG) (partial patients were tested with
dense electrodes, sphenoid electrodes, orbital electrodes,
and induction tests). All patients were given an magnetic
resonance imaging (MRI) examination, and partial patients
were simultaneously given a computed tomography (CT)

Image group Frame group

Average age 18.1£6.5 24.7+7.4
Gender ratio (male/female) 1.40 1.55
Disease duration (years) 7.1+£2.6 6.3+2.7
Intelligence (1Q) 85.9+10.4 89.2+11.3

The onset semiology had the positioning meaning

75.0% (27/36) 71.4% (20/28)

MRI exhibited the abnormal lesions

66.7% (24/36) 82.1% (23/28)

Scalp EEG could verify the side

58.3% (21/36) 35.7% (10/28)

PET low metabolic lesions 14/18 7/15
SPECT during the onset intervals 4/5 7/10
SPECT during the onset intervals 2/4 4/6
MRS metabolic changes 15/23 8/16

50.0% (18/36)° 14.3% (4/28)

30.6% (11/36) ° 82.1% (23/28)

11.1% (4/36) 3.6% (1/28)

One lobe
Preliminary assessment 2 lobes
revealed the involved lobes 3 lobes
More than 3

8.3% (3/36) 0.0% (0/28)

*Compared with the frame group, p <0.05.
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scan. The magnetic resonance spectroscopy (MRS), positron
emission tomography (PET), single photon emission computed
tomography (SPECT) of onset interval period and onset period,
as well as the blood oxygenation level-dependent functional
MRI (BOLD-fMRI) were performed according to the prophase
examination results, and all the patients were subject to an
intelligence assessment.

Implantation Method of the Electrodes

The image group: the MRI thin layer scanning (1.25 mm) was
performed preoperatively, with the contrast agent bolus used
to form the arterial angiography and 3D MR venography.
The imaging data were transferred to the Medtronic S7
neuronavigation system (Medtronic, S7 type, Minneapolis,
USA) to reconstruct 3D models of the skull, brain, and blood
vessels (Figure 1A, B). These models were then combined
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to display the positional relationships between the blood
vessels, cerebral cortex, and scalp. This was used to
designate a puncturing path, including the target point and
cranial-incising point (avoiding blood vessels and the major
functional areas) (Figure 1C). After general anesthesia, a
C-type head frame was used to fix the patient’s head. With the
navigation reference frame fixed in the C-type head frame, the
navigation program was registered (Figure 2A), and entered
the navigation mode. The selected landmarks were used to
verify navigation accuracy. Under navigation guidance, the
corresponding preoperative-designed cranial-incising point
was found, then combined with the Navigus tool to determine
the direction of electrode implantation path (Figure 2B). A
small incision was made on the skin (about 3 mm). A 2.5
mm mini-drill was used to drill along the path direction, and
electrocoagulation was performed to puncture the dura mater.

Figure 1:
Preoperative
preparation of
neuronavigation.
A) Reconstruction
of brain;

B) reconstruction
of superficial veins
of brain;

C) design of
puncturing path
(avoiding brain
vessels and major
functional areas).



The depth electrode (electrode diameter: 1.8 mm) was then
guided by the dedicated catheter (the catheter could instantly
communicate with the navigation and display the implantation
position in real-time) to reach the implantation target point.
The electrode was then fixed to the skin with sutures (Figure
2C).

Implantation of strip-like electrodes: the image guidance was
used to determine the skull-incising point while simultaneously
observing whether there were large and dense vessels that
would obstruct the electrode implantation. Subsequently,
conventional drilling was performed, and 8 conductive poles
implanted by hand. The frame group used the Leksell frame-
based stereotactic system according to the traditional method
(Elekta Instrument AB, G-type Stockholm, Sweden).

Post-Processing of the Electrode Implantation

After implantation, CT scanning was performed immediately,
and the fusion was reconstructed using the navigation
software (Figure 2D). This was used for comparison with the
MRI results before implantation. The predetermined electrode
target position and the actual center position of the electrode
were calculated to compare accuracy, which was determined
using the distance between the center electrode position and
the predetermined target point. Intracranial EEG monitoring
was performed on the 2" day, and after the 3 day, the patient
underwent an electrical stimulation test. After the operation, a
pressure dressing was placed on all patients and antibiotics
started from the 1t postoperative day. After completing the
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intracranial EEG monitoring, the electrodes were unplugged in
the dressing room.

Postoperative Follow-Up and Statistical Analysis

Anti-epileptic drugs were postoperatively administrated and
adjusted according to the monitored clinical symptoms and
blood concentration. The postoperative follow-up was per-
formed once every 3-6 months, and the results of seizure
control were divided according to the improved Engel clas-
sification method into the following groups: fully controlled;
rare seizures; significant reduction of the postoperative sei-
zures (the reduction rate was greater than 75%); insignificant
improvement (the reduction was less than 75%). At the same
time, EEG and neuropsychological follow-ups were also per-
formed. Statistical analyses were carried out using SPSS18
software, and the counting data were tested with the chi-
square test and Fisher’s exact test. The classification data
was assessed using the rank sum test, and the measurement
data were assessed using the t-test.

B RESULTS
Noninvasive Assessment

The results of MRI thin layer scanning of the 36 patients in
the image group showed that 22 patients exhibited structural
abnormalities, including 10 cases of hippocampal sclerosis
(of which 2 cases were bilateral hippocampal sclerosis), 6 of

Figure 2: Intraoperative neuronavigation and postoperative image reconstruction. A) Neuronavigation program registration;
B) intraoperative puncturing with neuronavigation guiding; C) fixation of electrode; D) postoperative CT scanning and image reconstruction
to determine the electrode position and compare with preoperative predetermined target.
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cortical developmental disorders, 8 of brain atrophy lesions,
and 6 of abnormal signal, among which 6 exhibited multiple
abnormal lesions. MRI analysis (23 cases) indicated 15 cases
of reduced temporal lobe metabolism on one side, while 8
cases were normal. PET (18 cases) showed that 14 cases
exhibited low metabolic lesions. SPECT (5 cases) showed that
4 cases exhibited hypoperfused lesions during the seizure
intervals, of which 2 showed one or more high-perfused areas
during the seizures (compared with the seizure intervals).
According to semiology, structural and functional imaging
detections, and scalp EEG testing, the possible epileptogenic
regions were preliminarily assessed. It was found that 18
cases might involve a single cerebral lobe, 11 might involve
two cerebral lobes, 4 might involve 3 cerebral lobes, and 3
might involve more than 3 cerebral lobes. The preliminary
assessment revealed that the involved cerebral lobes could
include the temporal (25 cases), frontal (18 cases), parietal
(9 cases), and occipital lobes (6 cases). The results of the
frame group are shown in Table |. Compared with the image
group, fewer involved cerebral lobes were identified during the
preliminary assessment (p < 0.05).

Electrode Implantation

Thirty-six patients underwent intracranial depth electrode
implantation under image navigation, with the number of
depth electrodes ranging from 2-14, with a total number of
173, and an average number of 4.8/patient. In 22 cases, 3
or more electrodes were implanted. In 14 cases, 5 or more
electrodes were implanted. In 5 cases, 10 or more electrodes
were implanted. As for the locations of depth electrodes, 54
were in the temporal lobe, 83 were in the frontal lobe, 20 were
in the parietal lobe, and 16 were in the occipital lobe. All the
depth electrodes reached the predetermined the target areas
and near areas. The distance between the predetermined
target area and the CT scanning result was used to calculate
the accuracy: 140 electrodes were within 2 mm, 29 electrodes
were in the range of 2-4 mm, and 4 electrodes were more than
4 mm away. The average distance of the electrodes from the
predetermined target area was 2.03 + 0.98 mm. The mean

operation time for each implantation was 19.4 min. During
the implantation of depth electrodes, 24 patients from the
image group were implanted with cortical strip electrodes
simultaneously, with a total strip electrode count of 68.

In the frame group, 62 depth electrodes were implanted, with
an average of 2.2/patient. Forty-four electrodes were placed in
the temporal lobe, 10 in the frontal lobe, 5 in the parietal lobe,
and 3 in the occipital lobe. As for the implantation accuracy, 46
electrodes were within 2 mm of the predetermined target area,
14 were in the range of 2-4 mm, 1 was greater than 4 mm, the
average was 1.79 + 0.81 mm; the precision was better than
that in the image group, but there was no significant difference
(p >0.05). The mean operation time for each electrode was
34.5 min; significantly greater than that required using image
guidance (p < 0.05). A total of 36 cortical strip electrodes were
implanted in the frame group.

The electrode implantation accuracies in different locations
in the 2 groups are shown in (Table Il). In the image group,
the accuracy in the frontal lobe was the best (with 86.7%
electrode implantation within 2 mm of the predetermined
target area), whereas in the temporal lobe it was the worst,
with only 70.4% within 2 mm, exhibiting a significant difference
when compared to the frontal lobe (p < 0.05). There was no
significant difference between other groups. In the frame
group, because the electrodes were mainly concentrated in
the temporal lobe, there was no significant difference between
the various parts. The comparison of two groups revealed that
the electrodes in the temporal lobe of the frame group were
better placed than those in the image group (p < 0.05). There
was no significant difference among the remaining groups.

Complications of Electrode Implantation

After the implantation, 1 case in the image group exhibited a
small amount of high density shadow near the target point,
consisting of about 1-2 ml. Intraoperative exploration revealed
that it was bruising without the formation of a hematoma. Dur-
ing the monitoring process, 1 patient developed cerebrospinal
fluid leakage, which disappeared after suturing and pressure

Table lI: Accuracy Comparison of Depth Electrode Implantation in the Two Groups

Image group Frame group

aclzﬁf:cy <2 mm 2-4 mm =4 mm ac“clzlsf:cy <2mm 2-4 mm =4 mm
(mm) (n, %) (n, %) (n, %) (mm) (n, %) (n, %) (n, %)
Frontal lobe 1.84+0.86 72 (86.7) 10 (12.0) 1(1.2) 1.72+0.81 8 (80.0) 2 (20.0) 0
Temporal lobe  2.31+1.09" 38 (70.4) 14 (25.9) 2(3.7) 1.82+0.86 37 (84.1) 6 (13.6) 1(2.3)
Parietal lobe 1.93+0.72 17 (85.0) 3 (15.0) 0 1.42+0.32 4 (100.0) 0 0
Occipital lobe 2.181.72 13 (78.6) 2 (143)  1(7.1) 2.04+0.68 3 (75.0) 1 (25.0) 0
Summary 2.03+0.98 140 (80.9) 29 (16.8) 4(2.3) 1.79+£0.82 52 (83.9) 9 (14.5) 1(1.6)

*Versus the temporal lobe of the image group, p <0.05.
*Versus the temporal lobe of the frame group, p <0.05.
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dressing. No cerebrospinal fluid leakage was found after the
removal of electrodes. The image group exhibited no intracra-
nial infection or scalp infection. Four patients exhibited mental
abnormalities during the EEG monitoring, and 1 patient self-
pulled out the electrodes. While the CT scan showed no he-
matoma or other abnormalities, the symptoms spontaneously
remitted after the electrodes were removed. The frame group
exhibited 2 cases of intracranial hematoma, 3 of cerebrospinal
fluid leakage, 1 of intracranial infection, and 3 of mental dis-
orders (Table lll).

Intracranial Electrode Monitoring and Surgeries

The intracranial EEG monitoring time for the image group
was 3-18 days, with an average of 8.9 days. In 32 cases, the
epileptogenic loci could be determined through iEEG (88.9%),
with the number of epileptogenic foci being 1-2. In all cases
surgical resection was performed. In the other 4 cases, the
epileptogenic foci could not be determined or were called into
question, in which case the surgery was not performed. The
surgical resections of epileptogenic foci were all performed
according iEEG monitoring results. The postoperative follow-
ups were conducted in 3-24 months, and in 21 cases the
epilepsy could be fully controlled. In 5 cases, rare postoperative
seizures were observed, and in 4 cases, the postoperative
seizures were significantly reduced (the reduction was greater
than 75%). In 2 cases, there was no significant improvement.
In the frame group, the epileptogenic foci of 23 cases could
be determined accurately (82.1%). In the remaining 5,
surgery was not performed because the epileptogenic foci
could not be determined. The postoperative follow-ups were
conducted in 12-36 months. In 14 cases, the epilepsy could
be fully controlled, in 4 cases, rare postoperative seizures
were observed, in 2 cases, the postoperative seizure were
significantly reduced, and in 3 cases, the patients exhibited
no significant improvement. There was no difference between
the 2 groups (p < 0.05).

B DISCUSSION

With the development of epilepsy surgery, the role of inva-
sive iEEG has become increasingly prominent. Intracranial
electrodes can be classified into epidural, subdural cortical,
and depth electrodes, of which depth electrodes play a
very important role in the evaluation of epileptogenic focus
for epilepsy surgery, for example in mesial temporal lobe
epilepsy and frontal lobe epilepsy (12, 21). There was also
a study that showed that depth electrodes exhibited better
side-determining effects than did subdural strip electrodes
in cortical epilepsy (21). The previous implantation of depth
electrodes usually used the frame-based stereotactic method,
and although it provided accurate implantation locations, the
surgical procedures were much more complex. When time
and tests are required, such as during a cerebral angiography,
it would be difficult to implant multiple depth electrodes (9,
16). Meanwhile, the puncturing process could injure blood
vessels and important functional areas, thus increasing com-
plications such as intracranial bleeding (2, 9). With the devel-
opment of imaging techniques, the image-navigated depth
electrode implantation has become a trend in some epilepsy
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Table lll: Comparison of Complications in the Two Groups

Image group Frame group

Hematoma 0 2
Infection 0 1
Cerebrospinal fluid leakage 1 3
Mental abnormality 4 3
Electrode pull-out 1 0

centers. High-precision image navigation can achieve accu-
racy as good as 1 mm, and has already been able to meet
the demands of depth electrode implantation (3, 18). The
results of this study group showed that, compared with the
conventional frame-based stereotactic method, the accuracy
in the image group was of a similar degree, while the operation
time was reduced significantly. At the same time, complica-
tions such as bleeding and cerebrospinal fluid leakage were
also significantly reduced, indicating that the image-navigated
depth electrode implantation could replace the frame-based
stereotactic method and become an important means for
depth electrode implantation (2, 9).

Accuracy is key to depth electrode implantation, and the
average deviation of the image group was 2.03 mm. More than
80% of electrodes were within 2 mm of the predetermined
position, exhibiting no significant difference when compared
to the frame method. Meanwhile, the results showed that
the accuracy difference of the 2 groups was only 0.24 mm.
Because the accuracy requirement in epilepsy is lower
than in other diseases, this low difference indicates that
neuronavigation could meet the accuracy requirement for
depth electrode implantation (11, 16). Widmann et al. (20)
summarized the literature published between 1995-2010, and
found that the overall accuracy of frame stereotactic system
was slightly higher than the image navigation system. The
accuracy requirements of the targets should be considered,
and the kind of method to be applied should be determined on
a case by case basis. The frameless positioning system might
exhibit much more obvious advantages when implanting
depth electrodes, such as less time-consumption and
simple operation, which was also proved in this study. The
operation time in the frameless group (the neuronavigation
group) was significantly lower than that in the frame group.
With the development of neuronavigation technology, the
accuracy could be constantly improved. The accuracy in this
study was better than those in earlier foreign reports, and
similar to those in recent reports (2, 16, 18, 21). Ortler et al.
compared the results of VBH frameless positioning systems
(combined with neuronavigation) and Fischer-Leibinger frame
systems for depth electrode implantation, and found that they
had similar accuracies (16). In this study, the new generation
neuronavigation approach exhibited more simplicity than
Ortler's VBH frameless positioning system, due to no need
for the installation of a positioning frame, the shorter time
consumption, and a simpler operation.
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Although image navigation and stereotactics can achieve
a degree of accuracy of less than 1 mm, it did not achieve
such accuracy in this study, which might be related to the
electrode fixation method. In this study, the electrodes were
fixed through the skin. A relatively large postoperative shift
might lead to positional deviation. The fixing screws widely
used in some centers, which are supplied by the commercial
companies, might improve the electrode accuracy (16, 18).
Among the electrodes in different locations, the temporal lobe
position significantly affected accuracy, while the frontal lobe
and occipital lobe did not. This might be because the temporal
lobe is covered by a distinct muscle layer that may cause a
shift in electrode position.

Complications and safety are often the focus of intracranial
electrode implantation (5, 7, 17). This study successfully used
the image navigation method, with only 1 case exhibiting a
small amount of bleeding. The incidences of infection and
cerebrospinal fluid leakage were also lower than in the frame
group, indicating the superiority of image-navigated depth
electrode implantation. In this study, the image navigation
software could reconstruct the veins, arteries, and important
functional areas, and thus could avoid them during the
surgery, reducing the chance of bleeding. Meanwhile, the
vascular reconstruction allowed small incisions and micro
bone holes for the puncturing, reducing the incidence of
cerebrospinal fluid leakage, infection, and other complications.
In 41 reported cases of image-guided electrode implantation,
there was no occurrence of bleeding, infection, or other
serious complications (12). The case reports of the Montreal
Neurological Hospital (MNI) reported that 217 patients were
implanted with 3022 electrodes using the image guidance
technique, and the results showed that there were only 3
cases of bleeding, and 3 cases of abscess, which further
demonstrate that the intracranial electrode implantation
performed with video navigation is the safer method (7).

With the development of image navigation technology and
frameless stereotactic technology, close attention has been
paid to stereoelectroencephalography (SEEG), performed
using multiple depth electrodes as well as other cortical
electrodes. This is due to the comprehensive and 3D
information that can be obtained (4, 7, 10). SEEG could not
only be used to monitor the initial part of the epileptic onset
clinically, but also the sites that propagated the epileptiform
discharges. The performance of epileptiform discharges
appear as a multi-direction 3D conception (10). In this group the
image navigation method was used to implant multiple depth
electrodes (5-14 electrodes in this study) into 14 patients, and
combined with the cortical electrodes that were implanted
at the same time, an SEEG that could monitor the initiation
and propagation of epileptiform discharges was established.
The results here show that SEEG exhibits the advantage of
distinguishing a number of suspicious epileptogenic foci and
bilateral suspicious epileptogenic foci, as well as extensive
deep lesions. The neuronavigation was a better tool for the
establishment of SEEG, with the advantages of ease of
operation and fewer complications (12, 15, 19).

580 | Turk Neurosurg 26(4): 574-581, 2016

Because epilepsy surgery was initiated late in China, subdural
cortical electrodes are widely used as a means for monitoring
intracranial EEG. SEEG has being applied in China in recent
years, and this was the first study that used the neuronavigation
to establish SEEG. Because SEEG has been carried out in
China recently, when compared with other countries, the
corresponding technical systems and equipment are still not
optimal. Some commercial equipment are not yet available in
the country, and the dedicated electrodes and fixed equipment
are still lacking; therefore, the accuracy of electrodes and
electrode monitoring might be affected. Further exploration
and establishment of SEEG and its technical methods would
be very appropriate and advantageous in developing countries

®).
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