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A b s t r a c t .  We have used MRI-based three-dimensional (3D) reconstruc- 
tion and a real-time, frameless, stereotactic navigation device to facilitate 
the removal of seizure foci in children suffering from intractable epilepsy. 
Using this system, the location of subdural grid and strip electrodes is 
recorded on the 3D model to facilitate focus localization and resection. 
Ten operations were performed two girls and eight boys ranging in 
age from 3-17 - during which 3D reconstruction and surgical instrument 
tracking navigation was used. In all cases, the patients tolerated the 
procedure well and showed no post-operative neurological deficits. 

1 I n t r o d u c t i o n  

Although most children suffering from epilepsy have a good prognosis for re- 
mission, a small percentage of cases are resistant to conventional Anti-Epileptic 
Drugs. For these patients, surgical intervention for seizure focus removal to stop 
the seizures and to prevent further brain injury provides great hope [1]. Subdu- 
ral grid and strip electrodes in chronic monitoring of the Electroencephalogram 
(EEG) have become more widely used as a means of accurately obtaining the 
necessary localization of the focus with a minimum morbidity [2]. Implant ing 
subdural  electrodes directly on the brain surface allows the epilepsy investiga- 
tor to record a series of ictal and interictal recordings, with ample t ime for a 
complete and precise mapping [3]. In addition, cortical stimulation for localizing 
an epileptic focus also determines its relation to eloquent areas and surrounding 
cortical function [4]. 

Magnetic Resonance Imaging (MRI) is a highly reliable neuroimaging pro- 
cedure in patients with partial  or localized epilepsy [4]. For several years, we 
have been making computerized, 3D reconstructions of pre-operative MRI scan 
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Fig. 1. The interface displayed on the computer monitor during surgery. The position 
of the LED probe is simultaneously displayed on the 3D model (white arrow). The 
position on the corresponding MRI splices is displayed in the axial, sagittal and coronal 
planes. The subdural electrodes are shown as black spheres. 

data  for surgical planning [5] and intraoperat ive navigation. We have recently 
developed a novel neurosurgical navigator in which medical image registration 
and instrument tracking automatical ly  establishes correspondence between the 
medical images from MRI scans, the three-dimensional model and the actual pa- 
tient environment [6]. Using this intraoperat ive guidance, medical instruments 
acting on the patient are localized in the 3D coordinate frame of the MRI im- 
agery. Consequently, the surgeon is allowed to view a patient and at the same 
time display, in exact alignment, tha t  view and all other surrounding internal 
structures on both the reconstructed model and three views on the original MRI 
scans. Most importantly, any point may be recorded and displayed on the 3D 
model as an arrow or simple dot (see Figure 1). 

We have combined functional diagnostic tools including EEG results and sub- 
dural strip and grid electrodes results, with real-time, intra-operative imaging 
and 3D reconstruction to increase the precision of localization and subsequent 
resection of seizure loci. The 3D models constructed from pre-operative MRI 
scans allow pre-operative surgical planning as well as intraoperative navigation. 
The latter is used as guidance for the surgeon to the correct location of the 
abnormali ty  and to establish its boundaries for safe resection without affecting 
neighboring areas and decreasing the invasion of eloquent cortex. Most impor- 
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tantly, it allows the recording of the subdural grid and strip electrode positions 
on the 3D model and as a result, provides an accurate, 3D visualization. A precise 
functional and structural map of the patient 's brain is thus created and used for 
pre-operative planning and intraoperative navigation, ultimately increasing the 
accuracy localization of the focus and decreasing the likelihood of post-operative 
neurological deficits. 

2 M e t h o d s  

Patients: 3D reconstructions using MR images were created and used for surgical 
planning in 10 pediatric patients (ages 3 -18 yrs; 2 girls and 8 boys), all suffering 
from intractable seizures. 

Subdural grid and strip placement: Criteria for surgical intervention and in- 
vestigation using cortical surface electrodes included intractable seizures and a 
unilateral focus believed to be cortical, temporal  or extra-temporal.  The grid 
and strip electrodes most often used initially are either a 4x8 or 8x8 electrode 
contact grid array (AdTech Medical Instruments; Racine, Wisc., USA) and were 
modified depending on the result of the pre-operative assessment or operative 
limitations. Surface recordings of each electrode on the grid are obtained in the 
operating room to ensure good contact with the brain surface prior to closure. 

MR data acquisition and transfer: The MR data were obtained by a 1.5 Tesla 
MR unit (Signa; GE Medical Systems, Milwaukee, WI). A series of 124 images of 
post-contrast, 3D SPGR (SPoiled Gradient Recalled acquisition in the steady- 
state, 1.5 mm thickness, 256x256 matrix of 220-240 mm FOV) were obtained. An 
MR angiogram in either the axial or the sagittal plane for 3D reconstruction of 
the vasculature was used. The velocity encoding (VENC) was chosen according 
to the specific pathology. For cortical/subcortical tumors, we chose 20 cm/sec 
VENC to visualize small cortical vessels. For arterial information, we used 60 
cm/sec. The data  were digitally transferred to the workstation (SPARC 20; Sun 
Microsystems, Inc., Mountain View, CA) via a computer network. 

Image processing: Each image was pre-processed to reduce noise using anisotropic 
diffusion filtering [7]. A segmentation based on signal intensities and voxel con- 
nectivity [8, 9] was then performed using one of the MR series (SPGR and MR 
angiogram). Imperfections in the 3D objects were corrected by manual editing. 
From these images, aD models of the skin, brain, vessels, focal lesion and ven- 
tricles were reconstructed using the marching cubes algorithm and a surface 
rendering method [8-10]. These objects were then integrated and displayed on a 
computer workstation (Ultra-I; Sun Microsystems, Inc.) with a graphic acceler- 
ator (Creator 3D; Sun Microsystems Inc.) and 313 display software (LAVA; Sun 
Microsystems, Inc.). Each object thus may be rendered partially or completely 
transparent and oriented according to the viewer's choice. T2-weighted images 
and MR angiogram images can be registered to the base series (SPGR) using a 
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Fig. 2.3D reconstruction showing the position of the subdural electrodes. 96 electrodes 
were applied directly to the cortical surface, including a posterior and an anterior 
interhemispheric strip. The parietal and frontal electrodes were localized using the 
trackable probe. The interhemispheric electrodes were segmented from an internal scan. 

multi-modal volume registration method by maximization of mutual information 
[36]. Each object may be individually colored to facilitate visualization. 

Surgical navigation: For intra-operative navigation, a real-time, Light Emitting 
Diode-based (LED), frameless, stereotactic device developed in the laboratory 
was used. Prior to surgery, a dynamic reference frame carrying three LED's 
(Image Guided Technologies, Inc.) is fixed next to the patient's head. A se- 
ries of points from the patient's skin are recorded using an LED probe (Image 
Guided Technologies, Inc.). The information is tracked using an optical digitizer 
(Flashpoint 5000; Image Guided Technologies, Inc.). The points recorded in real 
space are then matched to the 3D model in two stages. An initial alignment 
is obtained by recording the real-space location of three points, then manually 
matching those points on the MRI model. This initial registration is refined by 
finding the optimal transformation that aligns all of the points onto the skin 
surface of the model [6, 14]. After registration the surgeon points to a known 
area on the patient using the LED probe, to confirm correspondence between 
the patient and the 3D model and MRI slices. During surgery, the surgeon uses 
a sterile LED probe to select any point on or inside the patient's brain. Any 
point may be recorded and displayed on the 3D model using an arrow or simple 
dot (see Figure 2). 

3 R e s u l t s  a n d  I l l u s t r a t i v e  C a s e s  

Ten patients were pre-operatively evaluated in the Surgical Planning Labora- 
tory at Brigham and Women's Hospital, Boston, MA. Their ages ranged from 
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[[Case[Diagnosis [Sex [Age [Outcome 
1 IEpilepsy M 7 No new seizures 
2 Left frontal focus M 10 No new seizures 
3 Left frontoparietal focus 
4 Hypothalamic Hamartoma 

M 3 No new seizures 
M 18 No new seizures 

5 Right parietal focus M 12 No new seizures 
6 Temporal epilepsy M 15 No new seizures 
7 Left temporal lobectomy 
8 Left temporal lobectomy 

M 18 No new seizures 
F 5 Severe seizures remaining 

9 Tuberous sclerosis M 10 Seizure-free for approx two months post- 
operatively 

10 Tuberous sclerosis F 3 Seizures remaining but different in pattern 
than during pre-operative evaluation 

Table  1. Summary of cases. 

3 to 18, including two females and eight males. The females included one left 
temporal  lobectomy and one right frontal tuber removal. The males included 
one left subcortical tuber  removal and callosotomy, one left temporal  lobectomy 
and hippocampectomy, one right parietal lobe mass removal, one left frontopari- 
etal focus removal, one tempora l  epilepsy, one hypothalamic hamar toma  with 
gelastic seizures, one right frontal interhemispheric focus removal (Table 1). The 
pre-operative and post-operat ive diagnosis was identical in all patients. Seven 
remained seizure free post-operatively. One girl suffering from tuberous scle- 
rosis still experienced seizures but different in pat tern  from those recorded pre- 
operatively. The young boy suffering from the same congenital disorder remained 
seizure free for two months. The girl suffering from temporal  lobe epilepsy showed 
atypical EEG readings during the initial evaluation and still had severe seizures 
post-operatively. No patient exhibited new post-operat ive neurological deficits. 

For all the cases, the 3D imaging allowed the accurate evaluation of the 
lesions' anatomic location and relationship with neighboring cortical functionally 
relevant areas. The following cases illustrate the applications of our system. 

C a s e  1: A seven year old boy with a one-year history of focal seizures and a 
lesion in the parasagit tal  posterior frontal lobe which on the MRI seemed con- 
sistent with hamar toma  or dysplasia was admit ted for subdural  grid and strip 
placemen t and long-term monitoring. During the initial operation, 96 electrodes 
were applied directly to the cortical surface, including one posterior interhemi- 
spheric strip placed directly vertically down within the interhemispheric fissure 
posterior to the central sulcus and another placed anteriorly (Figure 2). One 
frontal and one parietal grid were placed subdurally on the lateral surface of the 
posterior frontal and the parietal lobes respectively. The location of the elec- 
trodes was recorded on the 3D model using the LED probe (black dots). Elec- 
trographic monitoring detected tha t  all episodes were identical and consisted of 
abrupt  and simultaneous onset of low amplitude fast activity in electrodes F32 
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of the frontal grid and AI11 and AI12 of the anterior interhemispheric strip. 
Using these results and intra-operat ive navigation the lesion was removed with 
careful motor  and sensory monitoring. The patient  tolerated the procedure well 
and has remained seizure free since then. 

C a s e  2: An 8 year old boy suffering from intractable seizures was examined. 
The MRI showed no apparent  lesions. Previous EEG results suggested a left 
temporal  origin for seizure which prompted  the decision to insert subdural  grids 
and strips on that  area to refine the seizure focus area. The location of the grids 
and strips was recorded and used as a map during bedside stimulation. Corti- 
cal stimulation was performed through the indwelling grids and strip electrodes. 
A mild interference with language in the superior portion of the posterior por- 
tion of the left la tero-temporal  grid in a region corresponding to Broca 's  area. 
As a result, it was decided to conducted a left temporal  lobectomy as well as 
hippocampectomy. The hippocampus was reconstructed, displayed on the 3D 
model and used for guidance during surgery (Figure 1). The patient  tolerated 
the procedure well and remained seizure free post-operatively. 

C a s e  3: A two and a half year old girl with a history of tuberous sclerosis and 
cardiac disrrhythmia was admit ted for seizure focus removal using subdural  grids 
and strips and 3D reconstruction and navigation. A 32-contact grid was placed 
over the right lateral frontal region and an 8 contact strip was placed interhemi- 
spherically on the right frontal region. During the intracranial monitoring, it was 
noted that  the seizure onset was localized to several contacts on the grid which 
were in the immediate region of the cortical tuber. Using 3D reconstruction and 
navigation, the tuber which was lying directly beneath the electrodes and which 
had been identified as the zone of epileptogenicity was removed (Figure 3). Fol- 
lowing the operation, the patient  remained free of post-operat ive neurological 
deficits with an MRI which showed a nice resection cavity. 

4 D i s c u s s i o n  

The system described above provides a novel application for surgical naviga- 
tion systems for epilepsy assessment and surgery. EEG investigation results are 
merged with MRI imaging, and 3D reconstruction, to offer a functional as well 
as structural  map for guidance during epileptic focus resection. 

For the evaluation of epilepsy cases, EEG remains the cornerstone for the lo- 
calization of seizure foci [11]. Interictal as well as ictal epileptiform activity which 
include such abnormalities as sharp waves, spikes, focal slowing and asymme- 
tries of beta  activity are used for the localization [1]. However, it is common 
that  the EEG results, clinical neuroimaging results and clinical findings are not 
congruent, in which case the procedure of subdural  grid and strip evaluation be- 
come quite useful. These electrodes are used for the planning of a safe resection, 
especially if the source of epileptic activity is located near eloquent cortex. In 
such a case, functional mapping of the area surrounding the lesion using suc- 
cessive electrical stimulation of the electrodes is also conducted. This procedure 
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Fig. 3. LEFT: Coronal MRI showing no anatomically evident seizure loci. RIGHT: 
Three-dimensional reconstruction based on the patient's MRt scan used for pre- 
operative planning and surgical guidance. 

has been conducted routinely [12] and although it is associated with risks (e.g., 
bleeding and infection), it is tolerated remarkably well by children [13]. 

Because of the limitations of the surgeons' views of the brain prior to and 
during the surgery, they have had to create a mental picture of the lesion(s) and 
their spatial arrangement to neighboring structures using pre-operative EEG re- 
sults and MRI scan data. By integrating the above, a physical map of the child's 
brain can be created, both for surgical planning and intraoperative navigation. 
The 3D models that  are created pre-operatively in which each structure can be 
phased in and out, rotated in any direction and enlarged according to the view 
that  is desired, essentially provide a means for the neurosurgical team to "look 
inside the brain". Moreover, the application of these models for intraoperative 
use, contributes to a higher definition of a lesion's location and margins. In ad- 
dition, the possibility of recording the location of each electrode on the subdural 
grids and strips, on a model in which the brain is made more transparent and in 
which the lesion is labeled in a separate color, represents a great leap from the 
conventional two dimensional X-ray visualization. 

The increased use of 3D-reconstruction [6, 15-24] and surgical navigation [25- 
30,33-36] have substantially influenced neurosurgery. Although numerous navi- 
gation systems have been widely used for epilepsy surgery, the ability to establish 
a correspondence between the subdural electrodes that  are placed on the brain 
surface and on the 3D model has not yet been described. Conventional methods 
of viewing these grids and strips include X-ray films [1] which in turn do not 
allow proper assessment of the underlying soft tissue. 

We have developed the routine use of 3D reconstructions in surgical naviga- 
tion for seizure focus removal in epilepsy surgery. Pre-operatively, the 3D model 
is used for surgical planning [30, 16, 17], facilitating the evaluation of the sur- 
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gical approach. Intraoperatively, this system enables recording of the subdural 
grid and strip electrodes directly on the 3D model, providing an intuitive way 
to visualize the electrodes which can easily be translated into the surgical field. 

The fusion of several techniques routinely used in the operating room for 
neurological evaluation with imaging algorithms provides an optimal array of 
resources available for seizure focus evaluation and resection. The registration 
process, for instance, in which multiple MRI modalities including T1 and T2- 
weighted, pre and post-gadolinium injection and MR angiogram scans, can be 
fused together to generate the final 3D model [361, substantially increases the 
precision of the 3D model and positioning of the focus with neighboring struc- 
tures. The visualization of blood vessels surrounding the focus provides a useful 
reference point for localization. Furthermore, areas which cannot be seen on T1- 
weighted images but which are seen on T2-weighted slices, may be combined on 
the same model for a more accurate map for navigation and resection. 

During pediatric epilepsy surgery, the selectivity of resection is crucial, espe- 
cially in foci near eloquent cortex. The ability to visualize the brain anatomy, 
seizure focus location and grid and strip electrodes in 3D provides an additional 
tool for focus localization and margin determination both pre- and intraoper- 
atively. The fusion of modalities including EEG evaluation results, MRI scans, 
subdural electrode stimulation results and 3D reconstruction increases the se- 
lectivity of abnormal versus normal brain tissue and as a result, increases the 
likelihood of a favorable surgical outcome. 
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