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Objective: This work aims to elucidate by what physical mechanisms and where stimulation occurs in the 
brain during transcranial magnetic stimulation (TMS), taking into account cortical geometry and tissue 
heterogeneity. 
Methods: An idealized computer model of TMS was developed, comprising a stimulation coil, a cortical 
sulcus, and surrounding tissues. The distribution of the induced electric field was computed, and esti
mates of the relevant parameters were generated to predict the locus and type of neurons stimulated 
during TMS, assuming three different stimulation mechanisms. 
Results: Tissue heterogeneity strongly affects the spatial distribution of the induced electric field and 
hence which stimulation mechanism is dominant and where it acts. Stimulation of neurons may occur 
in the gyrus, in the lip of the gyrus, and in the walls of the sulcus. The stimulated cells can be either pyra
midal cells having medium to large caliber axons, or intracortical fibers of medium caliber. 
Conclusions: The results highlight the influence of cortical folding on the action of magnetic and electric
fields on cortical tissue. 
Significance: Tissue geometry and heterogeneity in electrical conductivity both must be taken into 
account to predict accurately stimulation loci and mechanism in TMS. 
© 2008 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights 

reserved. 
1. Introduction 

Transcranial magnetic stimulation (TMS) is an established tool 
for the non-invasive stimulation of the central nervous system. It 
is based on electromagnetic induction, using a time-varying mag
netic field to induce an electric field in brain tissues (Barker 
et al., 1985). Although TMS is widely used in neurophysiological 
and cognitive studies, it is still not known which nerve cells are 
stimulated during TMS, and by what mechanism(s) stimulation oc
curs (Hallett, 2000; Miranda et al., 2003). 

If we consider TMS of the motor cortex, two types of cortical 
output have been identified: I waves, which are thought to be 
the result of transsynaptic activation of corticospinal tract neurons, 
and D waves, which, due to their short latency, are thought to be 
the result of the direct stimulation of corticospinal tract axons 
(Terao and Ugawa, 2002). A monophasic magnetic stimulus ap
plied over the hand region in the primary motor cortex, with a pos
terior–anterior (P-A) direction of the induced current, and for 
threshold intensities of the stimulus, appears to recruit I waves 
more prominently than D waves. The recruitment of D waves tends 
f Clinical Neurophysiology. Publish

x: +351 217 500 030.
 
@gmail.com (S. Silva).
to occur only for higher stimulus intensities (Day et al., 1989; Di 
Lazzaro et al., 2004). However, other observations indicate that D 
waves are a prominent output of lateral–medial (L–M) monophasic 
stimulation of the motor cortex with a figure-eight coil (Di Lazzaro 
et al., 2004). This is probably a consequence of the complex folding 
of the cortical sheet in the central sulcus in the hand area (Yousry 
et al., 1997). 

Electric fields induced by TMS inside the brain are roughly tan
gential to the scalp. Since an externally applied field preferentially 
stimulates nerve fibers which align parallel to it (Rushton, 1927), it 
is reasonable to suggest that the currents induced by TMS will 
most likely stimulate nerve fibers that align tangential to the scalp, 
i.e., horizontally aligned interneurons located on the gyri of the 
brain, as well as perpendicularly aligned neurons (pyramidal and 
non-pyramidal) buried within the sulci. Day et al. (1989) inter
preted the observed prominence of I waves in TMS of the motor 
cortex as a consequence of the short effective depth range of the 
induced electric field, which makes it unable to stimulate sulcal 
pyramidal neurons directly. Therefore, according to Day et al. 
(1989), it is likely that TMS-induced currents stimulate horizontal 
cells present in the precentral gyrus, closer to the stimulation coil. 
However, Fox et al. (2004) argued that this hypothesis seems to be 
incompatible with the fact that cortical horizontal fibers are 
ed by Elsevier Ireland Ltd. All rights reserved.
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arranged isotropically in the cortical layers and with the fact that 
the cortical output to TMS has an ‘‘orientation selectivity”, as found 
in the previous works (e.g., Mills et al. (1992)). Indeed, the results 
obtained by Fox et al. (2004) using PET to detect M1 excitation by 
TMS suggest that TMS excites pyramidal neurons of the sulcal bank 
preferentially. Stimulation of these cells could account for the ob
served orientation selectivity. 

In this paper, a computer model of TMS is implemented to 
investigate where and by what physical mechanisms stimulation 
is most likely to occur in the motor cortex. The model predicts 
the spatial distribution of the induced electric field and the electric 
field gradient in the brain. In order to make use of this information, 
some knowledge is required regarding the orientation of neurons 
in the brain (relative to the cortical surface and to the induced elec
tric field) and regarding the magnitude of the neural depolarization 
caused by the induced field for the known stimulation 
mechanisms. 

There are two types of neuronal cells in the cortex, namely, 
pyramidal cells and stellate (or non-pyramidal) cells. Pyramidal 
cells are the most abundant, accounting for 75% of all cortical neu
rons (Nolte, 2002) and are arranged perpendicularly to the cortical 
surface. Their axons are projection fibers since most, if not all, of 
them leave the cortex (Standring, 2005, p. 289). Stellate cell axons 
can be found along any direction inside the cortex. Nevertheless, 
spiny stellate cells, the most abundant subgroup of stellate cells, 
have their axons predominantly aligned perpendicular to the corti
cal surface. As for the non-spiny stellate cells, their axons align 
preferentially either perpendicular or tangential to the cortical sur
face (Standring, 2005, p. 390). The literature also suggests that 
pyramidal axon collaterals, which have a preponderant role in 
intracortical connectivity (Brodal, 1998), align mostly perpendicu
larly to the cortical surfaces, while the remaining ones align pref
erably tangentially to the cortical surfaces (Mountcastle, 1997). 
Therefore, globally, cortical nerve fibers align either perpendicu
larly or tangentially to the cortical surface, with the great majority 
perpendicular to it. 

The effect of an applied electric field on the membrane potential 
of a neuron is described by the cable equation (Roth and Basser, 
1990; Roth, 1994). For stimuli of long duration, an expression for 
the steady state change in membrane potential can be obtained 
for some specific cases. For long straight axons, the change in 
membrane potential relative to its resting value is given by

2 k  oEx 
; ð1

ox 

where k is the membrane space constant, Ex is the component of the 
electric field along the direction of the axon (i.e. the axon is taken to 
lie along the x-axis), and oEx 

ox is the directional derivative of the elec
tric field along the same direction. This expression predicts that ax
ons will be depolarized first in the region where the component of 
the electric field along the axon is decreasing most rapidly in the 
direction of the axon.

In the brain, low threshold stimulation of axons may also take 
place at terminations or sharp bends, even in the absence of elec
tric field gradients (Amassian et al., 1992; Nagarajan et al., 1993). 
In this case, and provided the axon is long compared to its space 
constant, the steady state membrane depolarization is given by

 kEx ; ð2

where Ex is the component of the electric field along the direction of 
the axon at the termination (Roth, 1994). This figure is reduced if 
the length of the axon is not considerably greater than its space con
stant. At sharp right angle bends, this figure is reduced by a factor of 
2. According to this expression, axons will be depolarized first 
where terminations or sharp bends occur in regions where the elec
tric field along the direction of the axon is high.
A third mechanism that can lead to membrane depolarization in 
the brain is related to the jump in the normal component of the 
electric field, DE, that takes place at interfaces between tissues 
with different electrical conductivities. The depolarization is great
est at the interface when the applied electric field and the axon are 
both perpendicular to the interface and is given by (Miranda et al., 
2007)

DE  k : ð3Þ
2 

This mechanism may be effective when axons cross a gray matter– 
white matter (GM–WM) interface. 

Magnetic stimulation of the soma and dendrites was not con
sidered here, since it is thought to be very difficult to achieve (Nag
arajan et al., 1993) due to the long time constants of these neuronal 
structures, about 10 ms (Manola et al., 2007). Given the short dura
tion of TMS stimuli, with respect to these long membrane time 
constants, effective stimulation would require very high stimulus 
intensities. 

Because the heterogeneity of electrical properties of cerebral 
tissues has a significant effect on the spatial distributions of the 
TMS-induced electric field and electric field gradient (Maccabee 
et al., 1991; Kobayashi et al., 1997; Liu and Ueno, 2000; Miranda
et al., 2003), these distributions should be calculated in models 
of the head with realistic geometric and electrical properties. Here, 
we present a calculation of the TMS-induced electric field and of its 
directional derivative on a heterogeneous isotropic model of a cor
tical sulcus and surrounding tissues, projecting both quantities 
along the perpendicular and the tangential directions, relative to 
the cortical surface. We also calculate the electric field jump at 
the GM–WM interface. These data are used to calculate the 
changes in membrane potential as predicted by the expressions 
in (1)–(3). Furthermore, the results obtained in the heterogeneous 
model are compared with the results obtained in an equivalent 
homogeneous model, to understand the effects of heterogeneity 
on the distributions of these functions. 

2. Methods 

2.1. The physical model of cortical stimulation 

The brain model consists of a cylinder with three layers repre
senting CSF, gray matter (GM), and white matter (WM). The corti
cal layer is 3 mm thick, lies 2 cm below the surface of the volume 
conductor (see, for example, Kozel et al., 2000; Knecht et al., 2005; 
Stokes et al., 2005), and has a straight sulcus 21 mm deep. The sul
cus extends along the diameter of the volume conductor, parallel 
to the y-axis (see Fig. 1). The brain regions were modeled as isotro
pic, with conductivities rCSF = 1.79 S/m, rGM = 0.33 S/m and 
rWM = 0.15 S/m, which are averages of conductivity values found 
in the literature (Robillard and Poussart, 1977; Gabriel et al., 
1996; Baumann et al., 1997; Haueisen et al., 1997). A skull layer 
was not included in the model because the skull’s electrical con
ductivity is low, about 1/40th that of gray matter (Gonçalves 
et al., 2003) and its effect on the electric field induced in the cortex 
is, therefore, negligible. The geometric model includes a region of 
interest (ROI), consisting of a rectangular box (3 x 5 x 4 cm3) cen
tered directly under the center of the coil (at y = 0 m, see Fig. 1) and 
that surrounds the sulcus. It is designed to facilitate the display of 
the results and to increase the accuracy of the calculations in that 
region. The diameter of the cylinder is large enough that charge 
accumulation on its vertical walls has a negligible effect on the to
tal electric field in the ROI. Inside the ROI, three additional surfaces, 
parallel to the inner and the outer cortical boundaries, were in
cluded to display the magnitude of the stimulation mechanisms in
side the cortex and white matter, as well as on the boundaries 
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Fig. 1. Overall geometry of the volume conductor and stimulation coil showing a 
rectangular box (ROI) centered under the coil; inset (1) volume conductor viewed 
from above; inset (2) geometry of the sulcus. There are 5 surfaces (S1–S5), parallel 
to each other and 1 mm apart, over which the stimulation mechanisms were 
evaluated. Surfaces S1 and S4 represent the boundaries of the cortex. 

 

(Fig. 1, inset 2). The five surfaces lie 1 mm apart from each other 
and will be referred to as S1–S5: S1 is the CSF–cortex interface, 
S4 is the GM–WM interface, S2 and S3 are surfaces located inside 
the cortex, and S5 is a surface located in the WM, 1 mm below 
S4. In the primary motor cortex, S2 would correspond roughly to 
the lower part of layer III, while S3 would correspond to the upper 
part of layer VI. Between these two surfaces lie layer V and the in
ner and the outer bands of Baillarger (see, for example, Paxinos and 
Mai, 2004, p. 999, Table 27.2). 

The decision to model a sharp conductivity transition at the 
GM–WM interface rather than a more gradual one simplifies 
considerably the construction of the computer model. However, 
it has been shown that, at least in the motor cortex, this inter
face is not well defined (Paxinos and Mai, 2004), with conductiv
ity probably changing gradually from the cortex to the white 
matter. The actual jump of the electric field, DEn, across the 
GM–WM interface in the motor cortex is probably smaller than 
the one assumed in our model. The issue of the scale of the 
interface is an important area requiring further study. Systematic 
FEM studies could be performed and should be addressed in the 
forthcoming work.

The coil model is based on the Magstim Double 70 mm coil (P/N 
9790), and is described in more detail in Thielscher and Kammer 
(2002, 2004) and in Miranda et al. (2007). The coil lies 1 cm above 
and parallel to the surface of the volume conductor, with its center 
just above the center of the sulcus, at (x,y,z) = (0,0,0.01) m. The axis 
of the coil is positioned perpendicularly to the axis of the sulcus 
and induces a posterior–anterior electric field in the cortex. The 
current in the coil is modeled as sinusoidal with a maximum rate 
of change of 67 A/ls, an average threshold value for monophasic 
P-A stimulation of the motor cortex with this coil (Kammer et al., 
2001; Thielscher and Kammer, 2002). Thus, the peak electric field 
induced in the model should correspond approximately to the 
electric field induced in a real head at threshold. The temporal evo
lution of the electric field in the brain is determined solely by the 
time derivative of the current in the coil. However, this information 
is useful only if the membrane kinetics are built into the model too. 
This aspect is not explored in this work. 

The electric field induced by the coil in the brain tissues was 
calculated using the Finite Element Method (FEM) implemented 
by the commercial program Comsol Multiphysics (http:// 
www.comsol.com). The total electric field, ~E, induced in the brain 
tissues by TMS is given by 

~ o~ A
E ¼ r/; ð4

ot 

where ~A  is the magnetic vector potential and r/ is the gradient 
of the electric potential /. The program calculates the spatial dis
tribution of the two sources of the electric field, o~A =ot and r/ 
, as well as their sum. The global FEM mesh has 402,520 tetrahe
dral elements and 606,210 degrees of freedom. The average 
dimension of the finite elements inside the ROI is about 3 mm. 
Close to the sulcus and within it, the dimension of the elements 
is about 0.5 mm. The calculated values of the induced electric 
field near and within the cortical layer are expected to be accu
rate to within 10% or better. In a homogeneous medium with 
the assumed symmetry between coil and tissue interface, there 
is no charge accumulation, so the electric field is given solely 
by ~E ¼ o~A =ot. This part of the solution obtained in the heteroge
neous model is the total electric field that would be induced in a 
homogeneous model. 

2.2. Calculating the strength of the stimulation mechanisms along the 
direction of the axon 

The magnitude of the three stimulation mechanisms was calcu
lated for perpendicular and tangential orientations of the axons 
within the cortical sheet. At any point on the cortical surface, the 
perpendicular direction is uniquely defined by a unit vector normal 
to the surface, ~n. In contrast, the tangent to the cortical surface only 
defines a plane. Assuming that the axons are isotropically distrib
uted within the cortical layers, we report the maximum strength 
of a stimulation mechanism within the tangent plane, independent 
of its orientation within that plane. 

The electric field term for perpendicular axons was therefore 
computed as kE ~

n ¼ kðE ·~nÞ ¼  kE cosðhÞ, as shown in Fig. 2. A
similar procedure was followed for the electric field term for the 
tangential axons, kEt, additionally taking into account that the 
tangential electric field may have a component along the direction 
perpendicular to the plane of the figure. The calculation of the 
directional derivative of the electric field perpendicular to the cor
tical surface involves estimating the rate of change of the perpen
dicular component of the electric field, En, along the direction 
defined by ~n. The procedure for doing this calculation is described 
elsewhere (Miranda et al., 2007). For the tangential directional 
derivative, the direction of the strongest gradient in the tangential 
plane was found first using the method of Lagrange multipliers, 
and then the gradient along that tangential direction was calcu
lated as above. Both the perpendicular and the tangential direc
tional derivatives were multiplied by k2 to obtain the estimates 
of the change in membrane potential. The electric field jump only 
affects the perpendicular component of the electric field and has a 
magnitude of k E  D n

2 . 
We will refer to each of the stimulation mechanisms considered 

in this work as follows: the mechanisms related to the perpendic
ular and the tangential components of ~E will be referred to by their 
mathematical expressions,  kEn and kEt, respectively; E k D n

2 will 
be referred to as the electric field jump mechanism; and the perpen
dicular and the tangential directional derivatives multiplied by 2k  

https://www.comsol.com/
https://www.comsol.com/
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Fig. 2. Projections of the electric field along the axon’s axis, for different cells in the 
cortex. The projection of the electric field along a pyramidal axon is the component 
of ~E perpendicular to the cortical surface, En. The projection of the electric field 
along the axon of a horizontal cell is the component of ~E tangent to the cortical 
surface, Et, since horizontal cells are oriented tangentially to the cortical surface. 

Fig. 3. Fit of Ez along z. The data sets for each subdomain (CSF, cortex and WM) are 
fitted separately to calculate the electric field derivative, oEz/oz, analytically. 
will be referred to as the perpendicular directional derivative and the 
tangential directional derivative, respectively. 

2.3. Data post-processing 

The FEM simulations were performed using first-order finite 
elements, and therefore only provided values for the two contribu
tions to the total electric field: ~ oA

ot and  r/; however, calculating 
the directional derivatives of the electric field involves the calcula
tion of the derivatives of all three components of the total electric 
field ~E ¼ ðEx; Ey; EzÞ with respect to all three coordinate directions 
(x,y,z) (Miranda et al., 2007). To do this, we exported the electric 
field data to Matlab (http://www.mathworks.com) in regular grids 
of 81 x 61 x 101 points, spanning the dimensions of the ROI. 
Appropriate functions were fitted along the lines and columns of 
the data matrices, respecting the electric field discontinuity at 
the interfaces. The two contributions to the total electric field were 
fitted separately, using a least-squares algorithm. Goodness-of-fit 
was assessed for each fit using the Wald-Wolfowitz runs test 
(Motulsky and Ransnas, 1987). An example of a fit to the z-compo
nent of the total electric field along a line of increasing depth (z
axis) is shown in Fig. 3. The electric field derivatives, oEz/oz in the 
case of Fig. 3, were obtained by differentiating the fitted curve. 

2.4. Values for k 

Each stimulation mechanism targets different groups of cells, 
which have different space constants. The target cells of kEn 

and of the perpendicular directional derivative are (1) corticospinal 
tract cells and corticocortical association fibers (both pyramidal 
cells), since they run perpendicular to the cortical surface, and 
(2) the perpendicularly aligned interneurons and pyramidal axon 
collaterals. The target cells of the electric field jump mechanism 
(evaluated over the GM–WM interface) are exclusively pyramidal. 
Targets for kEt and the tangential directional derivative are ex
pected to be interneurons’ axons and collaterals of pyramidal ax
ons that run tangential to the cortical surface. 

Corticospinal tract fibers span a large range of external diame
ters, d0, and can be divided into three categories according to their 
calibers: small fibers, 1–4 lm; medium fibers, 5–10 lm; and large 
fibers, 11–20 lm (Lassek, 1942). Using the scaling law for equiva
lent axons, k = 117d0, derived by Basser and Roth (1991), we can 
estimate the ranges of values of k corresponding to the fiber cate
gories established by Lassek (1942): 0.12–0.47 mm for small pyra
midal fibers, 0.59–1.17 mm for medium fibers, and 1.29–2.34 mm 
for large (pyramidal) fibers.

Horizontal fibers and corticocortical association fibers in the 
human motor cortex are presumed to be smaller than the pyrami
dal tract fibers (Manola et al., 2007), although their diameters are 
largely unknown. We will take the intracortical fibers (either inter-
neuronal axons or collaterals of pyramidal axons) as being small to 
medium caliber fibers. It should be noted that the smallest fibers in 
the pyramidal tract have the diameters of about 1 lm (Lassek, 
1942), while in the central nervous system myelinated fibers 
may exist with diameters as small as 0.2 lm (Waxman and Ben
nett, 1972; Ritchie, 1982). Predictions for the stimulation of hori
zontal fibers and intracortical perpendicular fibers should take 
into account this broader range of diameters. 

As the first approximation, taking into consideration the ranges 
of values for k and the fact that pyramidal cells are the most abun
dant nerve cells of the cerebral cortex, we will consider 1 mm to be 
a good estimate for the average value of k. Also, since the fibers 
with the largest diameters are those with lower thresholds (Basser 
and Roth, 1991), we will also consider a maximum value of k of 
2 mm to represent large axons such as those of the Betz cells in 
the motor cortex. 

2.5. Stimulation threshold 

To establish a value for the stimulation threshold for a realistic 
TMS stimulus duration, we used the response V(t) of a homoge
nized passive cable equation for a myelinated axon as given in Bas
ser and Roth (1991). The intrinsic threshold depolarization for 
neural stimulation is about 20 mV (Basser and Roth, 1991). For 
long stimuli, where the membrane potential reaches a new steady 
state, this is also the required strength for the stimulation mecha
nism since Eqs. (1)–(3) assume a steady state. For short stimuli, the 
change in membrane potential will not reach the values specified 
by those equations, so higher stimulus intensity must be applied 
for effective stimulation. Using the transient response V(t) and tak
ing a typical stimulus duration to be 150 ls (Barker et al., 1991), 
the threshold stimulus intensity must be such that the steady state 
depolarization would be about 52 mV. This is the value to which 

http://www.mathworks.com/
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the various stimulation mechanisms ( kEn, kEt, the perpendicular 
directional derivative, the tangential directional derivative and the 
electric field jump mechanism) will be compared in order to estab
lish whether stimulation would occur at a given location. If a stim
ulation mechanism reaches amplitudes higher than 52 mV, we 
assume that its targeted cells will be stimulated. 
Fig. 4. Comparison of the perpendicular projections of the different stimulation mechan
model (right column). ‘‘Perpendicular component of E” denotes kEn. Each stimulation
(1 mm). For ease of comparison, the same scale is used for each horizontal pair of figures. 
cf. Fig. 1) and induces an electric field parallel to the P-A direction (+x to x). 
3. Results 

3.1. Heterogeneous model versus homogeneous model 

In order to assess the changes introduced by the heterogeneity 
of the volume conductor relative to an equivalent homogeneous 
isms in the heterogeneous model (left column) and in the equivalent homogeneous 
 mechanism is displayed over the same surface and for the same space constant 
The stimulation coil is positioned above and centered on the visualized volume (ROI, 
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model, the magnitude of the activation mechanisms was calculated 
in both the homogeneous and the heterogeneous models. The re
sults are illustrated in Figs. 4–6.

The amplitude of kEn in the heterogeneous model inside the 
cortex was about 30–40% less than the maximum value in the 
homogenous model (Fig. 4a and b). This reduction is due to the 
charge accumulation on the GM–WM interface. On the gray matter 
side, the term r/, which appears due to charge accumulation, 
opposes the term o~A =ot, resulting in a decrease of magnitude of 
the total electric field. On the white matter side of the interface, 
the total electric field is increased by the same amount. The ampli
tude of the perpendicular directional derivative (Fig. 4c and d) is 
higher in the heterogeneous model. For k = 1 mm, the maximum 
value of this stimulation mechanism increases from 2 to about 
13 mV, while for k = 2 mm the maximum amplitude of this func
tion increases from 8 to 52 mV. In Fig. 5 the amplitude of the per
pendicular directional derivative in the two models is displayed 
along line r1, perpendicular to the cortex and passing through 
the point which defines the radius of curvature of the gyrus (cf. 
Fig. 5, inset). The curved geometry boosts this stimulation mecha
nism near the GM–WM interface, increasing its magnitude from 
about 10 to about 65 mV, for k = 2 mm. As for the tangential mech
anisms, the amplitude of kEt (Fig. 6a and b) diminished by about 
13% from the homogeneous model to the heterogeneous one. Final
ly, the maximum value of the tangential directional derivative 
(Fig. 6c–f) increased about 5 times (from 2 to 9.5 mV) on the lip 
of the gyrus, from the homogeneous model to the heterogeneous 
one. 

3.2. The mechanisms of stimulation in the heterogeneous model 

Each stimulation mechanism should be evaluated in the rele
vant regions of the cortex, depending on the specific group of tar
get cells. Therefore, kEn is evaluated on surface S5, tangential to 
the cortex and 1 mm below it (Fig. 1, inset 2), and inside the cortex, 
on surfaces S2 and S3, to inspect the stimulation of afferent axons, 
perpendicularly aligned interneuronal axons and collaterals of 
pyramidal axons. The perpendicular directional derivative is ex-
Fig. 5. Effect of tissue heterogeneity on the gradient of the electric field: 
comparison between the heterogeneous and the homogeneous models. The 
gradient is inspected along a line r1 perpendicular to the cortex (cf. inset) assuming 
a space constant of k = 2 mm. The curved geometry of the cortex results in an 
increased gradient that may lead to the stimulation of large pyramidal axons near 
the GM–WM interface. 
pected to stimulate the axons of pyramidal cells along their 
straight segments, perpendicular to the cortical surface. Below 
the GM–WM interface, the value of this function is small and will, 
therefore, be evaluated only inside the cortex and on the GM–WM 
interface (on surfaces S3 and S4, respectively). The electric field 
jump mechanism is evaluated on surface S4. Finally, kEt and the 
tangential directional derivative should stimulate horizontal fibers 
and therefore both will be evaluated inside the cortex, on surfaces 
S2 and S3. We present the maximum values achieved by the stim
ulation mechanisms in the heterogeneous model, for k = 1 mm. 

The maximal amplitudes of kEn occur on the wall of the sulcus 
and also below the cortex, in the white matter, with a focal maxi
mum under the coil center (y = 0) and just below the lip of the 
gyrus. On surface S3, this function reaches a value of 60 mV 
(Fig. 4a), while on surface S5, in the white matter, it reaches a max
imum value of 88 mV. On surface S5, where axons bend away from 
the electric field, the relevant figure is kEn/2 and reaches a max
imum value of 44 mV. The mechanism of stimulation represented 
by kEt achieves high amplitudes over the whole gyrus, covering 
the horizontal surfaces of the cortical model (Fig. 6a). Its maximal 
values occur near the lip of the gyrus and below the coil center. On 
surface S2, kEt reaches a value of 94 mV. 

The remaining mechanisms of stimulation do not achieve suffi
cient amplitude for effective stimulation (52 mV): the maximum 
value achieved by the perpendicular directional derivative is 
13.5 mV on the CSF–GM interface and 11 mV inside the cortex, 
on surface S3 (Fig. 4c); the tangential directional derivative reached 
a value of 9.5 mV over surface S2 (Fig. 6c) and the electric field jump 
mechanism achieved a maximum value of 25 mV, over surface S4, 
the GM–WM interface (Fig. 4e). 

The spatial patterns of these functions are independent of the 
value considered for k. Their maximum values scale with k for 

kEn, kEt and the electric field jump mechanism, and scale with 
k2 for the perpendicular and the tangential directional derivatives, 
respectively. These properties will be used in the Discussion to ex
tend the comparison of the stimulation mechanisms to small, med
ium and large fibers. 
4. Discussion 

4.1. Effects of the heterogeneity of the volume conductor on the 
induced electric field 

Our results show that, in the lip of the gyrus and along a line 
segment r1 perpendicular to the cortical surface (Fig. 5), the per
pendicular directional derivative is much higher in the heteroge
neous model than in the homogeneous model. In the 
heterogeneous model, and for k = 2 mm, the perpendicular direc
tional derivative in the lip of the gyrus may be responsible for the 
stimulation of pyramidal axons, while the magnitude of the same 
function in the homogeneous model is not sufficient to produce 
stimulation in the same conditions (Fig. 5). The magnitude and 
direction of the gradient of ~E depend on the geometry of the cortex, 
and are probably affected by the radius of curvature of the lip of 
the gyrus. In the previous works (Kobayashi et al., 1997; Liu and 
Ueno, 2000) it was found that, during the magnetic stimulation 
of peripheral nerves immersed in a heterogeneous medium, a lon
gitudinal virtual cathode appears over the interface between two 
tissues. It was concluded that if a nerve fiber ran close and parallel 
to the interface, it could be stimulated by this virtual cathode; this 
source of stimulation was not present in a homogeneous model of 
the tissues surrounding the nerve fiber. Although in these previous 
works, the conclusions were drawn for the stimulation of periphe
ral nerves with a tissue geometry quite different from the cortical 
geometry, the results obtained here are qualitatively similar, in 
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Fig. 6. Comparison of the tangential projections of the stimulation mechanisms in the heterogeneous model (left column) and in the equivalent homogeneous model (right 
column). ‘‘Tangential component of E” denotes  kEt. Each stimulation mechanism is displayed over the same surface and for the same space constant (1 mm). For ease of 
comparison, the same scale is used for each horizontal pair of graphics. The stimulation coil is positioned above and centered on the visualized volume (ROI, cf. Fig. 1) and 
induces an electric field parallel to the P-A direction (+x to  x). 
terms of the effect of tissue heterogeneity on the outcome of mag
netic stimulation. 

The electric field jump mechanism cannot be assessed with a 
homogeneous model of the brain, since it arises from the differ
ences in electrical conductivity between adjacent tissues. Yet, the 
results obtained in the heterogeneous model suggest that this 
stimulation mechanism may contribute to the activation of large 
diameter pyramidal neurons. 

Globally, the heterogeneous model introduced an improvement 
in the estimates of the stimulation mechanisms with the lowest 
amplitudes, which tend to be underestimated (or even neglected) 
by the homogeneous models. These improvements seem to be 
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relevant, since both stimulation mechanisms mentioned above 
(the perpendicular directional derivative and the electric field jump) 
may contribute to the loci of stimulation. 

4.2. The mechanisms of stimulation in the heterogeneous model 

By choosing a space constant of 1 mm, which corresponds to an 
axonal diameter d0 of about 8.5 lm, we have addressed the stimu
lation of fibers in the medium caliber range. Then, the results pre
sented above suggest that stimulation may occur due to kEn 

inside the cortex, in the region of the lip of the gyrus, for medium 
caliber (d0 8–10 lm) perpendicularly radiating intracortical fi
bers (if they exist in this range of diameters) and afferent axons 
terminating in the region of the maximum values of kEn. For this 
stimulation mechanism, V = 62 mV  on  S2 and V = 60  mV  on  S3. 
Stimulation may also occur due to kEt, in the whole crown of 
the gyrus, for medium caliber horizontal fibers, if they exist in this 
range of diameters. For this mechanism, V = 94 mV  on  S2 and 
V = 92 mV  on  S3. 

4.3. Predictions for the neuronal populations stimulated according to 
fiber diameter 

For a realistic quantification of the stimulation mechanisms and 
of the actual loci of stimulation, a range of values for k must be used, 
based on fiber size and type, as presented in the Methods section 
(see section ‘‘Values for k”). Therefore, considering all the categories 
of nerve fibers and their corresponding ranges of values for k, the re
sults suggest that, under the TMS conditions modeled, the stimula
tion of small fibers (d0 < 4 l m), either pyramidal or other, is unlikely 
to occur. The largest value for the stimulation mechanisms obtained 
for this group of fibers (about 45 mV for kEt and over surface S2) is  
below the estimated value for the stimulation threshold (52 mV). 
For pyramidal fibers of medium caliber (d0: 5–10 lm), stimulation 
may occur outside the cortex, near the GM–WM interface in the wall 
of the sulcus, but only for the largest fibers in this group 
(d0 = 10 l m). This is inferred from the results obtained over surface 
S5, where the maximum value of kEn/2 varies between 26 and 
52 mV for this group of fibers. For interneurons with medium cali
ber axons, if they exist, stimulation may occur in (1) horizontal fi
bers in the crown of the gyrus and aligned with the electric field 
(mainly y-axis, in the ROI), due to kEt, for which the maximum val
ues reached vary between 56 and 112 mV on S2 and between 53 and 
107 mV on S3, and in (2) perpendicular fibers in the wall of the sul
cus, due to kEn, for which the maximum value varies between 38 
and 76 mV over surface S2. Finally, for large pyramidal fibers (d0: 
11–20 lm), stimulation may occur (1) outside the cortex where fi
bers bend sharply, due to kEn, for all axons in this range of diame
ters (where the maximum value of V varies between 63 and 103 mV 
on S5) and (2) inside the cortex and under the center of the coil, in 
the lip of the gyrus, due to the perpendicular directional derivative 
(V = 60 mV  on  S3) and on the GM–WM interface, due to the electric 
field jump mechanism (V = 59 mV), but only for the largest axons in 
this group of fibers (i.e., for the largest Betz cells). 

To summarize, the results suggest that the loci of stimulation in 
our model of the cortex will be (1) terminations of medium caliber 
horizontal fibers located throughout the crown of the gyrus and 
aligned with the electric field, (2) terminations of medium caliber 
intracortical vertical axons, vertical pyramidal axon collaterals and 
terminations of pyramidal afferents, located in the lip of the gyrus 
and a few millimeters in depth from the lip of the gyrus, (3) bends 
of pyramidal fibers with d0 P 10 lm, in the white matter just be
low the lip of the gyrus, and (4) bends of Betz cells axons, in the 
vicinity of the whole surface of the vertical wall of the sulcus, with 
an expected maximum depth of stimulation of at least 1.5 cm be
low the cortical envelope. 
At the motor threshold, kEn can only stimulate axons with 
diameters of at least 6.8 lm (i.e., for k P 0.8 mm), while kEt can 
stimulate axons with the diameters as small as 4.6 lm (i.e., for 
k P 0.54 mm). The remaining mechanisms can only activate fibers 
in the large diameter range. This may determine which nerve fibers 
will be stimulated first, whether interneurons, pyramidal cells or 
collaterals of pyramidal axons. Given the limited knowledge about 
the distribution of sizes of all the targeted cells in TMS, and in spite 
of the detail in the predictions presented here, the results are 
inconclusive concerning the D and I wave hypothesis. According 
to the results, TMS at threshold seems equally likely to stimulate 
medium caliber (d0 P 4.6 lm) interneurons in the gyri (I waves) 
and large pyramidal cells (d0 P 10 lm) in white matter near the 
wall of the sulcus (D waves). Nevertheless, the number of interneu
rons is much larger than the number of large pyramidal cells, and 
that may influence which type of response is more easily evoked 
by TMS. On the other hand, it is not known if interneurons of med
ium caliber exist in large numbers. 

4.4. Concluding remarks 

We used a simple heterogeneous and isotropic model of a cor
tical sulcus to investigate the effect of tissue heterogeneity on 
the spatial distribution of the induced electric field and some of 
its derived quantities. The results were used to make predictions 
about which neural populations are most likely to be stimulated 
by TMS, based on the maximum values obtained for each of the 
mechanisms of stimulations we considered. Greater detail in the 
geometry of the brain model, as well as inclusion of the tissues’ 
anisotropic conductivity (Miranda et al., 2003; Holdefer et al., 
2006; De Lucia et al., 2007), should provide better estimates of 
the TMS effects presented here. Another way to improve this cor
tical model is to embed neural trajectories in it to obtain the elec
tric field along the neuron, and then use mathematical models of 
the neural response to the applied electric field to make predic
tions about stimulation sites in those neurons, without having to 
make assumptions about their geometry (e.g. long straight axons 
or sharp bends). Additionally, by modeling the membrane kinetics, 
it will be possible to predict the effect of stimulus waveform on the 
stimulation process. Continuing this line of research appears to be 
the only viable means of determining which of the several compet
ing physical mechanisms of nerve excitation are at work in TMS of 
the cerebral cortex. 
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