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Abstract— How to reduce the risk of damaging the epilepsy 
patient’s vital function areas during resection of epileptic focus 
remains a challenge for neurosurgeon. Clinically used electrical 
cortical stimulation (ECS) method shows limits on accuracy, 
efficiency and reliability. In this study, a cortical function 
mapping method with 3Dvisualization was implemented by 
analyzing and projecting the power change of high gamma (HG) 
oscillation in ECoG on patient’s own MRI brain model. The 
method was tested on epilepsy patients with subdural electrodes 
for three tasks (hand movement, tongue movement and silent 
reading). The proposed 3D cortical function mapping on the 
patient’s individual brain structure provides direct and accurate 
reference for resection surgery planning. 
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I.  INTRODUCTION 

Epilepsy is a common chronic neurological disorder 
characterized by recurrent unprovoked seizures [1]. Although 
most epileptic seizures can be controlled by antiepileptic drugs 
(AEDs), there are still approximately 30% of the epilepsy 
sufferers cannot be cured by AEDs, and surgical operations 
must always be considered as viable option [2-4]. Before the 
lesion surgery, mapping of the patient’s brain function is 
needed to define the position of the surgical lesion and the 
critical functional areas. At present, ECS has been applied as 
the ‘Golden Standard’ of cortical function mapping [5-8]. The 
surgical plan of resection can be made by evaluating the   
reaction of the patients as well as the phenomena such as the 
emergence of sensations, motions and language interruption 
evoked by the ECS in different cortical regions [9, 10]. 
However, there are several limitations for electrical stimulation: 
1) the duration of a complete stimulation usually lasts hours, 
for the stimulation has to be undergone along with the changing 
and pairing of stimulated electrodes. 2) The intensity of the 
evoked phenomena are largely depended on the intensity and 
parameters of the stimulations and on the characteristics of 
individual cortex. 3) The ECS relies on patient compliance and 
cooperation that hardly be used in some cases. 4) Inappropriate 
operation and the lack of experience of the operators usually 
lead to erroneous “negative mapping”.5) After-discharge is also 
a negative point of ECS [11]. 

Although the application of neural imaging technology like 
fMRI and PET-CT enhances the accuracy of localization and 
provides the references for functional mapping, the 
electrophysiological organization of cortical function has not 
been well defined [12-15]. Recent studies using 

electrocorticography (ECoG) recordings in human have shown 
that functional activation of cortex is associated with power 
increase of the high-gamma (HG, >60 Hz) oscillation. It has 
been found that HG power is highly correlated with the average 
firing rate recorded by the microelectrodes and was more 
sensitive to the changes of neuronal synchrony than firing rate 
[16, 17]. Cortical mapping can be concluded from spectral 
analysis of HG power recorded while the patients are 
performing certain tasks [18]. 

The common method using 2-dimension (2D) standard 
brain model for mapping cannot co-register the functional 
regions with the record electrodes. Adding the existence of 
individual differences and the cortical pathological changes, 
function mapping on individual brain is necessary to provide 
enough information and explicit guidance for surgery planning. 
In recent years, the real-time mapping of cortical function using 
ECoG has been brought into attention. This technique could 
potentially provide a powerful tool in delineating cortex 
function areas [19, 20]. 

Subdural electrodes are usually implanted in the patients 
with intractable epilepsy before resection surgery, which 
provides a chance of chronic recording of cortical activities. In 
this study, the cortical function mapping and visualization 
software was developed to localize the cortical function from 
power spectrum analysis of ECoG, and to map the high gamma 
power changes on the patients’ individual cortex. The high 
gamma activity from the implanted electrodes was obtained 
when the subject was performing certain tasks, such as hand, 
tongue movement and silent reading. The feasibility of the 
system was demonstrated by one subject data, showing 
consistent functional localization with other neural imaging 
studies. 

II. METHODS 

Fig. 1 shows the block diagram of the system which 
consists of five components: (1) MRI and CT image co-
registration,(2) Extraction of electrode coordinates in CT 
images, (3) MRI image segmentation and reconstruction, (4) 
ECoG signal processing (5) 3D mapping and visualization. 
This software package was developed in Visual Studio 2008 
with C# language. Some functions in this system inherited 
the .net components of Visualization Toolkit (VTK, 
http://www.vtk.org/) and Insight Toolkit (ITK, 
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http://www.itk.org/).

 
Figure 1.  Block diagram of the system 

A. CT and MRI co-registration 

Since the implanted electrodes can only be determined from 
post-operative CT scans, in order to mark electrodes on the 
patient's individual cortical surface, the post-operative CT 
should co-register with the pre-operative MRI in three-
dimensional model. Co-registration of CT and MRI was 
achieved by selecting fiducial points [21] and calculating a 
transformation matrix. After co-registration, the coordinates of 
CT can be mapped to the MRI coordinate system. To improve 
the accuracy of co-registration, the 3D volume data of different 
modality should be pre-processed to unify the x, y, z axis 
direction and origin of coordinates. 

   Usually, fiducial points are anatomy or symptoms 
markers, including eyebrow center, the tip of the nose, the 
inion, calvaria and the pre-auricular fossa etc. It is necessary to 
unify the distribution of fiducial points, which is better at the 
contour of the model. Co-registration allowed rigid 
transformation because the CT and MRI images belong to the 
same patient. Since there is no obvious structure deformation, 
the model can be rescaled and rotated by a linear 
transformation matrix. Suppose the coordinates of CT are (xn, 
yn, zn) and the coordinates of MRI are (hn, mn, nn). Their 
relationship with the transformation matrix is: 

(1) 

   The n groups of coordinates of fiducial points were 
substituted into the formula, forming three groups of over-
determined equations, each with n equations and 3 unknowns. 
To reduce the manual operation error of fiducial point selection 
and the co-register residue, it is better to solve the ternary linear 
equation with more than three fiducial points, which poses a 
least-squares problem [22]. 

B. Electrode coordinates extraction 

The location of electrodes were extracted from the three 
views of CT reconstructed model (the white points in CT scans 
shown in Fig. 2). And then, the electrode’s position in CT 
coordinates can be translated into MRI’s by multiplying the 
transformation matrix. 
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Figure 2.  The post-operative CT and the pre-operative MRI scans,with  red 

circles indicating the implanted electrode. 

C. MRI segmentation and  reconstruction 

The three-dimensional cortex segmentation in MRI head 
model was achieved with region growing algorithm of ITK. 
After cortex segmentation, the cortex model was saved as 
VtkPolyData format to be shown with reconstructed electrodes.  

D. Experiment paradigm and ECoG analysis 

The block design protocol widely used in fMRI study was 
adopted in our paradigm. In the beginning of each block, 
subject was asked to relax without any movements for 10 
seconds. After that, there was a text command showing on the 
screen to instruct the subject to perform hand open-close, 
tongue movement and silent reading. 3 blocks were obtained 
for each type of the brain function mapping. Potentials were 
sampled at 1024Hz, using 128-channel long term EEG 
monitoring system (Bio-Logic®, USA). A clinical subdural 
electrode was used as the ground and binaural electrodes as 
reference. The time-frequency distribution of each block was 
calculated by using short-time Fourier transform with 1s sliding 
window and 30ms step. The baseline was selected as the 4s 
before text command onset to translate the time-frequency 
distribution into spectral power change. The average power 
change of each time-frequency point with respect to the 
baseline in HG band was chosen as the characteristic value. 
Prominent increase of HG power indicates that the 
corresponding cortical areas are involved in the function of the 
task the subject is performing. 

E. Three-dimensional visualization 

The power change of HG oscillation s(t, x, y, z) was 
mapped to the cortex surface by 3D interpolation with linear 
superposition of Gaussian distribution [23]. Suppose the 
electrode’s coordinates are (xi , yi,  zi) and the HG activity of 
each electrode at the time t is  pi(t). To any points (x, y ,z) on 
the 3D surface of the cortex, the s(t, x, y, z) is: 
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(σ is the variance of the Gaussian distribution. )  

 Due to the enormous number of points in the 3D cortex 
model needed to be refreshed, the template method was 
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adopted to reduce the time cost for calculation so that the 
mapping result can be updated in real-time. The template is an 
array which contains the value of wi for each point. Therefore 
the calculation of s(t) is simplified from repeated exponent 
arithmetic to find the w from the template array.  This approach 
greatly reduced the image updating time with an average of 
98%. With data streaming function of the EEG amplifier, real-
time mapping was also implemented.  

F. Materials 

A 19-year-old epilepsy patient with subdural electrodes 
covering the frontal lobe, temporal lobe, parietal lobe and 
partial occipital lobe in the left cerebral hemisphere. Before 
implantation surgery, MRI imaging was conducted on a 3T 
Siemens ALLEGRA scanner. 176 axial slices (1mm thickness 
with 1.00*1.00 mm in-plane resolution), covering the whole 
brain, were collected with a head coil. After the surgery for 
electrodes implant, the 3D head CT image was obtained by the 
Siemens SOMATOM Sensation 64 CT with 186 slices (1mm 
thickness with 0.4*0.4 mm in-plane resolution). There were 
three tasks in the whole test including hand open-close, tongue 
movement and silent reading. The subjects gave written 
informed consent to participate the experiment and the protocol 
was approved by the Ethics Committee of the second affiliated 
hospital of Tsinghua University. 

III. RESULTS 

The 7 fiducial points were selected in 5 different areas 
including the eyebrow center, inion, left cerebra outside edge, 
right cerebra outside edge and calvaria (2 points in the inion 
and calvaria area respectively) in CT and MRI data. With the 
registration matrix, it is able to accomplish the coordinate 
transferring from CT electrode coordinate system to MRI 
coordinates to provide the electrode positions on MRI image. 

CT
Image

3D MRI
cortex

 
Figure 3.  Iinner contour of skull (the red point in the CT image showing as 

red ball in 3D MRI cortex with co-register coordinates) 

The registration results can be evaluated by mapping the 
inner contour of skull on the MRI cerebral cortex model and 
then measuring whether they are coincide with each other. The 
registration result is shown in Fig. 3, which has been calibrated 
by 30 contour points with average error of 2.6mm. 

The electrodes (red ball in Fig. 4) have been marked on the 
cortex segmented from T2 weighted MR images. After 
analyzing the HG power changes of each electrode, those 
active areas for each task were indentified. Active electrodes 
and non-active ones showed distinct HG dynamics during task 
performing. 
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Figure 4.  The segmentation and reconstruction result of cerebral cortex with 

electrodes marked as red ball. 

   
Figure 5.  The time-frequency distribution of the electrode A (left) and B 

(right) labeled in the Fig. 4. 

Fig. 5 shows the time-frequency distribution of two 
electrodes, in which the power of electrode B increased 
significantly within the frequency band of 60-150Hz. However, 
the power change is more distinct from 60 to 90Hz, so we use 
the average power change ratio in this band as the input for 3D 
visualization on MRI image.  

90

60

30

0

-30

-60

-90

primary sensorimotor cortex

(%)(a)

 

120

80

40

0

-40

-80

-120

(%)

primary sensorimotor cortex

(b)

 

60

40

20

0

-20

-40

-60

Angular gyrus

Inferior frontal gyrus

(%)(c)

                         
Figure 6.  The functional mapping result of the hand open-close task(a), the 

tongue movement task(b)and the silent reading task(c). 

Fig. 6 displays the mapping result of HG activation on the 
subject’s own cortex, in which red color indicates a significant 
increase of HG power during the task. The HG activities of 
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designated three tasks were mapped respectively.  It is shown 
that the hand and tongue movement activate the area around 
central gyrus which is part of the primary sensorimotor cortex. 
The more lateral localization of tongue movement than hand 
movement is consistent with fMRI findings [24]. The silent 
reading task activated the angular gyrus largely and the inferior 
frontal gyrus slightly, covering Wernicke's area and Broca's 
area and their vicinity. Previous fMRI imaging study of speech 
validates our mapping result as well [25]. For better 
comparison, the cortex photo taken during the surgery and the 
cortical function mapping on the 3D reconstructed cortex are 
shown in Fig. 7. The precise localization of tongue movement 
function is clearly shown which provides a vivid reference for 
sugary planning. 

 

(a)                                           (b) 

Figure 7.  Comparison between the surgery photo(a) and the cortical function 
mapping result (b). 

IV.  DISCUSSION& CONCLUSION 

Cortical function mapping has been a classical and 
fascinating question, which was systematically explored by 
Penfield et al on epilepsy patients [26]. However, modern 
neural imaging studies have gradually revealed the individual 
differences and the complexity of functional localization [27], 
which prompts the need of individualized cortical function 
mapping. In practice, using fMRI, PET and other functional 
mapping methods has the issue of low spatial resolution, high 
expense, time consumption and difficulty of quality control in 
clinical environment.    

In this study, for the purpose of neural surgery planning, the 
three-dimensional MRI image  were coupled with high gamma 
electrical activity to implement an individualized cortical 
function mapping, which for the first time provides both high 
spatial resolution and temporal dynamics of direct neural 
activity. The proposed cortical functional imaging approach 
bears several advantages. Firstly, functional mapping via 
analyzing the ECoG power changes during patients performing 
tasks is able to fulfill cortical mapping more accurately as well 
as to avoid electrical stimulation on human brain. Secondly, the 
operation time of this method is much shorter than that of 
electrical stimulation, which usually takes about 5 minutes on 
average to get the map of a specific function. Finally, the 
cortical functional map is displayed on the patient’s own cortex 
structure and can be virtually rotated and adjusted in 3D space, 
which provides notable convenience and intuition for 
neurosurgeon’s resection planning. If MRI-compatible 
electrodes are adopted, a post-operative MRI scan can easily 
substitute for the step of registration, for then electrodes can be 
directly marked out in the MRI images. As shown in Fig. 8, 

two rows of deep MRI-compatible electrodes were inserted 
into hippocampus and visualized as red balls. 

 
Figure 8.  3D visualization of deep MRI-compatible electrodes (red balls). 

Compared to the result of electrical stimulation, it is found 
that the high gamma ECoG based mapping is more capable of 
reflecting the regional activity of functional areas. In contrast, 
accounting for the spread effect of electric current and the 
mode of paired stimulation, electrical stimulation usually 
enlarges the resulting area of functional mapping, which will 
lead to a certain false positive rate. 
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