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Abstract 
 
In brain tumor surgery, it is necessary to achieve an 
optimal balance between completeness of tumor resection 
and prevention of damage to motor function. In particular, 
careful planning is necessary when the tumor is in or near 
the motor cortex. The gold standard technique for 
identifying and monitoring structures of the primary 
motor cortex and pyramidal tract intraoperatively is direct 
brain stimulation (DES). Transcranial magnetic 
stimulation (TMS) has also been used to stimulate brain 
structures noninvasively in the preoperative phase. 
However, the exact spatial relationship between the tumor 
and essential motor areas needs to be determined. Thus, 
the stimulation mechanisms of these two techniques need 
to be examined and the differences between these 
mechanisms need to be determined. In this study, we 
developed a subject-specific multiscale human brain 
model with an embedded microscale model of neurons by 
using prior knowledge of the orientation of pyramidal 
neurons in the motor area. We confirmed the difference 
between the mechanisms of these two techniques by 
computing the electric field distribution and neuron 
activation in the motor area. We found TMS mapping to 
occur more prominently in the posterior gyral wall and 
DES mapping to occur more prominently in the gyral 
crown. The proposed approach is useful in defining 
activation threshold, which is useful for optimization of 
medical applications as well as for ensuring human safety. 
 
 
1. Introduction 
 
In brain tumor surgery, achieving an optimal balance 
between completeness of tumor resection and prevention 
of damage to motor function is necessary. The gold 
standard technique for intraoperative identification and 
monitoring of structures of the primary motor cortex and 
pyramidal tract is direct electrical stimulation (DES). [1]. 
DES stimulates the exposed brain cortex directly after 
craniotomy to identify the motor functions around the 
tumor through measurement of the motor evoked potential 
(MEP) or the contraction of the contralateral limb or 
muscle. However, DES is not useful during the planning 
phase and can increase operation time [2]. To overcome 
these problems, presurgical mapping is performed 
noninvasively by transcranial magnetic stimulation (TMS) 
[2]. TMS induces a current in the brain by means of a 
magnetic field generated from a coil placed and rotated in 

different configurations for peritumoral mapping during 
recording of the MEP. 
 
The brain areas mapped by these two techniques are 
expected to differ to some extent owing to the following 
reasons. 1) The distribution of the induced electric field 
differs between DES and TMS (in the former technique, a 
radial electric field is generated from the electrode, 
whereas in the latter technique, the generated electric field 
has a strong transverse component). 2) The electric field 
distribution is affected by intraindividual differences 
introduced after craniotomy, (e.g., content of the spinal 
fluid, brain inflation, and removal of head tissues). 3) The 
activation mechanism of both techniques is different 
because of the difference in the directions of the induced 
electric field and the difference in neuron orientations 
(i.e., the difference in activated axons) [3]. However, this 
variability in mapped areas has thus far not been 
quantified. Moreover, activation threshold and stimulation 
site would be useful from the viewpoint of ensuring 
patient safety in accordance to the research agenda of the 
IEEE International Committee on Electromagnetic Safety 
for low-frequency electrical dosimetry. [4]. 
 
The purpose of the present study was to investigate the 
difference between the regions activated during DES 
mapping and TMS mapping. To this end, a subject-
specific multiscale human head model was developed 
from images acquired using an MRI scanner, by means of 
an automatic segmentation algorithm. In this model, a 
micromodel of pyramidal neurons originating from the 
motor area was embedded based on the anatomical 
location of Betz cells. The computed electric field 
generated in the brain and its effects on neuron activation 
were quantified by mimicking the conditions of 
presurgical and intraoperative monitoring by DES and 
TMS. 
 
2. Method 
 
2.1 Anatomical Human Head Model 
 
A model with a resolution of 0.5 mm employed in our 
previous study was used [5]. This model, shown in Fig. 1a, 
was constructed from T1- and T2-weighted MR images 
acquired using a 3T MRI scanner and represented in the 
form of a grid of cubical voxels (65.3 × 106 voxels). The 
model was segmented into a total of 14 tissues and body 
fluids (skin, fat, muscle, outer skull, inner skull, gray 



matter, white matter, cerebellar gray matter, cerebellar 
white matter, brainstem, nuclei, ventricles, cerebrospinal 
fluid, and eye tissues) by using in-house software [5] 
equipped with the FreeSurfer brain imaging software 
package [6]. During DES, a craniotomy 5 cm in diameter 
was performed in the model to expose the hand motor 
area. An anodic electrode 7.5 × 7.5 mm2 in area was 
placed over the hand knob, and a cathodic electrode 27.5 
× 27.5 mm2 in area was placed over the forehead. During 
TMS, the head model was left intact, and a figure-8 coil 
was oriented posterior-anterior to induce the maximum 
possible  electric field strength in the hand knob. 
 
2.2 Volume Conductor Model 
 
For TMS mapping, the magnetic vector potential in each 
voxel of the head model was computed by FEKO, a 
commercial software package that is based on the method 
of moments (EMSS-SA, Stellenbosch, South Africa). The 
computed magnetic vector potential was used as input to 
the in-house magneto-quasi-static solver that implements 
the scalar potential finite difference method [7], [8] in 
order to calculate the electric scalar potential induced in 
the brain, ߮, as 

׏  ∙ ሾߪሺെ߮׏ െ ଴ሻሿܣݓ݆ ൌ 0 (1), 

where ܣ଴  and ߪ  denote the magnetic vector potential of 
the applied magnetic field and the tissue conductivity, 
respectively. The equation used to obtain the electric 
scalar potential generated in DES was almost identical to 
equation 1, the difference being that the source of the field 
was an electric potential that was nonzero only at the 
electrodes. 
 
Equation 1 was solved iteratively by the successive-over-
relaxation method and a multigrid method [7]. The 
electric field along the edge of the voxel was obtained by 
dividing the difference in the potential between the nodes 
of the voxel by the distance across the nodes and adding 
the vector potential. 
 
The conductive properties of the tissues were modeled 
using the fourth-order Cole-Cole model [9] at 100 kHz. 
The displacement current was assumed to be negligible in 
comparison to the conduction current in view of the 
magneto-quasi-static approximation. Further, in the case 
of TMS, the currents induced in the human body were 
assumed to not perturb the external magnetic field.  
 
2.3 Microscale model of Neurons 
 
The effects of the extracellular electric field on nerve 
axons originating from the motor area are described by 
the following general equation [10], [11]:  

 ܿ௠ ݀ ௠ܸ,௡݀ݐ ൅෍݃௫ሺ ௠ܸ െ ௫ܸሻ௫ െ ∆ଶ ௠ܸ,௡ܴൌ ∆ଶܴ߮
 

(2), 

 

Figure 1. Multiscale model for TMS and DES. a) A 
realistic volume conductor model of the human head was 
used to study brain activation. b) Electric field targeted at 
the motor hand area by DES. c) Pyramidal neurons 
descending from the motor area were modeled using a 
microscale model. They were embedded in planes 
orthogonal to the line along the center of the gyral crown, 
with the bending of the axons similar to that of Betz cells. 

 
where cm is the membrane capacitance and Vm,n is the 
membrane potential at position n along the axon. The 
axon of a myelinated neuron consists of internodes 
(segments ensheathed by myelin) and nodes of Ranvier 
(ionic channels) that are modeled by the conductance term 
gx. At the nodes of Ranvier, the ionic membrane current 
depends on the dynamics of voltage-gated sodium 
channels and leakage channels in the nodes, which is 
formulated as a conductance-based voltage-gated model. 
In this study, the Chiu–Ritchie–Rogart–Stagg–Sweeney 
(CRRSS) model was considered [12]. At the myelinated 
internodes, the leak conductance was modeled as a 
passive element.  
 
The right-hand part of equation 2 is the term 	∆ଶ߮ ൌ߮ሺ݊ െ 1ሻ െ 2߮ሺ݊ሻ ൅ ߮ሺ݊ ൅ 1ሻ , which describes the 
driving term resulting from the extracellular electrical 
potential. The variable R denotes the intra-axonal 
resistance between the centers of two adjacent 
compartments. The model was implemented using 
MATLAB 2014b to calculate the activation threshold 
(i.e., the lowest stimulation intensity necessary to 
propagate an action potential in a given neuron). 
 
2.4 Neuron Distribution and Curvature 
 
The curvature of the axons of pyramidal neurons that start 
from the motor area was considered in this study. 
Pyramidal neurons start from the gray matter (layers III 



and IV), cross the gray–white matter interface almost 
perpendicularly, and descend to form the pyramidal tracts. 
If the pyramidal neurons start from the gyral crown, their 
axons will descend straight. However, if the pyramidal 
neurons start from the sulcal wall, their axons will bend 
when entering the gray matter. In our model, for a plane 
transverse to the motor hand area, the neurons were 
embedded by considering seed points located at the center 
of the gray matter, control points for axon bending, and 
end points. These three seed regions were interpolated to 
generate the axons of the pyramidal neurons by means of 
the basis-spline function of order fourth (Fig. 1c). The 
planes were orthogonal to a line along the center of the 
gyral crown (Fig. 1b). The model included 45 planes, 
each with 50 neuron axons 16 μm in diameter (2,250 
neurons in total). Finally, the voltage distribution in the 
orthogonal planes was interpolated from the original 
volume conductor potential distribution, as shown in Fig. 
1c. 
 
3. Results 
 
The reference position of each neuron was required for 
comparing their activation. This position was chosen as 
the intersection between the neuron axon and the gray–
white matter boundary. Three-dimensional (3D) boundary 
lines formed according to the reference position of each 
axon (each line belongs to a transversal plane to the gyral 
crown center, as shown in Fig. 1b). The 3D boundary 
lines were transformed into 1D lines centered at the 
corresponding gyral crown. The neurons were grouped 
into 5 mm bins for analysis. Figure 2a shows the 
activation pattern during DES for stimulation thresholds 
that would generate an action potential in 10%, 20%, 
30%, and 40% of the total neurons in the model. The 
neurons were activated with lower intensity when they 
were closer to the electrode at the precentral gyral crown. 
The excitation threshold increased toward deeper regions 
of the anterior and posterior walls. Figure 2b shows that 
TMS mapping was more prominent than DES mapping in 
the posterior gyral wall. As shown in Fig. 2c. the electric 
field strength distribution on the white matter surface also 
confirms the prominent DES mapping at the gyral crown 
and the prominent TMS mapping at the gyral wall. 
 
4. Discussion 
 
This study investigates the difference between the 
mapping mechanisms of TMS and DES, whose 
knowledge is valuable for brain tumor surgery 
applications. The results of DES shown in Fig. 2a can be 
explained by considering that the electric field is inversely 
proportional to the square of the distance under the 
assumption of a monopolar spherical electrode in an 
isotropic medium. In contrast, the electric field induced 
by TMS is transverse so activation of neurons in the 
posterior wall is easier (Fig. 2b). Our computational 
results confirm the differences between the activation 
mechanisms and activation areas of DES and TMS. 

Quantification of the difference in activation areas for 
different kinds of stimulations is important, since the 
motor and sensory parts of the body are mapped to 
different brain areas. The posterior wall is related to 
Brodmann area 4 (motor area), whose activation can be 
achieved easier by aligning the handle of the figure-8 coil 
at approximately 45° to the parasagittal plane. The coil 
handle is pointed posterolaterally to induce a tissue 
current that flows perpendicular to the motor strip in the 
precentral sulcus [13]. The anterior wall is related to 
Brodmann area 6, which requires a different coil 
orientation for more optimal stimulation. Therefore, in the 
case of pre- and intraoperative mappings, detailed 
information on the activation pattern is useful for 
selecting optimal parameters to stimulate the region of 
interest. However, the representation of motor function in 
the brain is intermingled, which should be considered in 
future studies in order to investigate the significance of 
the activation area difference between TMS and DES. 
 

 

Figure 2. Activation patterns by a) DES and b) TMS, 
achieved by using a threshold that activates a specific 
percentage of the neuron population in the motor hand 
area. c) Normalized distribution of electric strength on 



white matter surface during DES (left) and TMS (right) 
brain mapping. The dotted line corresponds to the selected 
path indicated in Fig. 1b. 

In this study, on the basis of prior anatomical information, 
a new model was implemented that includes the bending 
of axons of pyramidal neurons (Fig. 1c). This model 
explains neuron activation by DES (a radial electric field 
aligned with the descending section of the axons) and that 
by TMS (a transverse electric field aligned with the 
projection of the neuron axon from gray matter and white 
matter). A similar approach was previously reported that 
was based on diffusion tensor imaging [14] for 
investigating the influence of TMS coil orientation. The 
model also confirms previous results based on the electric 
field strength distribution [15]. We assumed direct 
stimulation of the pyramidal tract axons (D-wave) for 
DES and TMS. During DES, D-wave occurs at the 
activation threshold with the patient under anesthesia, but 
during TMS, D-wave appears above the stimulation 
threshold. At the stimulation threshold, indirect trans-
synaptic activation of pyramidal neurons (I1 waves) 
originates from gray matter and should be considered in 
future study [16]. 
 
5. Conclusion 
 
Prior knowledge of the variability in brain mapping (by 
DES or TMS) is valuable for brain tumor surgery 
applications; however, this variability has not yet been 
determined. This study was aimed at quantifying the 
activation in the gyral and sulcal areas of the motor hand 
area during DES and TMS. To this end, a conduction 
model of a realistic human head that included a new 
microscale model of pyramidal neurons was implemented 
to account for the anatomical bending of these neurons, 
which is vital for understanding the activation mechanism 
of the motor area by TMS and DES. The model results 
confirmed that DES mapping occurs prominently in the 
brain cortex at the gyral crown and TMS mapping occurs 
prominently in that at the gyral wall.  
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