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Abstract

Corticospinal axons can be directly activated using anodal transcranial electrical stimulation. The purpose of this work was to find the
location of the direct activation. The response to stimulation was modeled with a spherical head model and an active model of a
corticospinal nerve. The nerve model had a deep bend at a location corresponding to a corticospinal fiber entering the midbrain. The
threshold activation initiated close to brain surface; the exact location depended on whether the cell body located in the surface layers of the
brain or in the bank of the central sulcus. The stimulation time constant was 44 us. When the stimulus amplitude was increased, the site of
activation shifted gradually to deeper level, until the activation initiated directly at the bend causing a half millisecond latency jump at
spinal level. These results support the theory that the certicospinal axons can be directly activated at deep locations using anodal
transcranial electrical stimulation. However, the high amplitude needed for the direct activation suggests that not only the bends on the
fibers, but also the shape of surrounding volume conductor (intracranial cavity) favor activation at this location. © 1998 Elsevier Science

Ireland Ltd. All rights reserved
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1. Introduction

Brain functions can be activated by inducing electrical
currents into the brain. This can be done with direct elec-
trical (Bartholow, 1874), transcranial electrical (Merton and
Morton, 1980; Merton et al., 1982) and transcranial mag-
netic (Barker et al,, 1985; Rothwell, 1993) stimulation
methods. By stimulating the primary motor cortex, one
can produce motor evoked potentials, which provides a
method for investigating the functioning of motor pathways.
Transcranial electrical stimulation has proven to be useful in
clinical neurophysiological investigations (Rossini et al.,
1994). In order to correctly interpret the investigations, it
is be important to understand the neural mechanisms
involved.

Transcranial stimulus (magnetic or electrical) applied to
the motor cortex produces a muscle response with a short
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latency (Mills et al., 1987; Merton et al., 1982). Despite the
short latency, the neural mechanisms involved are not sim-
ple or fully understood (Young and Cracco, 1985; York,
1987). A single transcranial electrical pulse is able to
evoke multiple descending volleys on the spinal cord, and
the number of the volleys is increased as the function of
stimulus intensity (Patton and Amassian, 1954; Amassian et
al., 1987; Day et al., 1987; Inghilleri et al., 1989; Burke et
al., 1990). The first volley, called D (direct) wave, results
from direct activation of the axons leaving the cortex. The
following volleys, called I (indirect) waves, are mediated
transsynaptically from the cortex. Because of the short
latency activation of the motor neurons, the nerve signal
is assumed to be conducted via fast corticospinal fibers.
Furthermore, D and I waves have equal conduction veloci-
ties suggesting that they are mediated through the same
pathway.

The latencies produced with transcranial magnetic stimu-
lation are 1-2 ms longer than those produced with transcra-
nial electrical stimulation (Mills et al., 1987). This is
thought to be caused by different stimulating current direc-
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tions; the current is tangential in respect to the brain surface
with magnetic, and mainly radial with electrical stimulation
(Malmivuo and Plonsey, 1995; Malmivuo et al., 1997).
Hence, magnetic stimulation preferably excites the tangen-
tial structures in the cortex more readily producing I than D
waves, whereas electrical stimulation preferably excites the
radial structures always producing a D wave. The D wave is
believed to be initiated at the cortical end of the axon in the
same manner as with direct electrical stimulation (Patton
and Amassian, 1954; Burke et al., 1992). However, it has
been shown that both transcranial methods can produce D
waves, but anodal electrical stimulation is able to excite
deeper parts of the axons (Amassian et al., 1990; Edgley
et al., 1990; Burke et al., 1993; Kitagawa and Moller, 1994;
Fujiki et al., 1996). Rothwell et al. (1994) reported that by
increasing the intensity of anodal transcranial electrical sti-
mulation first one and then two earlier D wave spikes were
observed on spinal registration. Further increase in stimulus
intensity resulted in the disappearance of the threshold D
wave. Thus, they concluded that the earlier spikes resulted
from the activation of axons on the same tract as with
threshold activation but at different levels, possibly at cere-
bral peduncle and pyramidal decussation.

Little work has been done to model the neural mechan-
isms involved with transcranial stimulation. Amassian et al.
(1992) demonstrated that bends on axons are preferable sites
for activation with magnetic stimulation in a physical head
model. Iles and Lunn (1993) used an active nerve model
based on Hodgkin—Huxley parameters and suggested that
the threshold D wave with transcranial electrical stimulation
is initiated some 10 nodes distal to cortex. Clearly, further
efforts in this area would be useful. The purpose of this work
was to model the direct corticospinal activation, especially
to find out the location of the activation. This study will test
the models based on clinical data and could lead to better
understanding of associated neural mechanisms.

2. Methods and materials

Volume conductor and active nerve models were used in
combination to simulate the response of a single corticosp-
inal fiber to anodal transcranial electrical stimulation of the
hand motor area. The nerve response was evaluated in two
steps (McNeal, 1976). First, the extracellular potential was
calculated for appropriate stimulation set-up. Then, the
response to this potential distribution was simulated with
an active nerve model.

The potential in the brain was calculated with a spherical
head model as presented by Rush and Driscoll (1969). It
includes two concentric spheres bounding shells represent-
ing the scalp and skull tissues and a sphere representing the
brain tissue. The radii of the spheres were fitted to a trans-
verse cross-section of a human head, being 7 cm, 7.5 cm and
8.2 cm for the brain, skull and scalp respectively. The resis-
tivities of the scalp and brain were 222 Qcm and that of the

skull was 2.5 kQcm. The value for the skull resistivity in this
particular application differs from that used in EEG model-
ing. The human skull consists of two bony tables separated
by a spongy region containing blood. Thus, it resembles the
structure of a leaky capacitor (Geddes and Baker, 1967), and
the value of effective resistivity depends on the frequency.
With transcranial electrical stimulation, the stimulation
pulse length is typically 50 ps and the rise time of the
pulse is only a few microseconds. Hence, a relatively low
effective resistivity can be expected.

Two point electrodes were placed on the scalp of the
spherical head model 7 cm apart from each other corre-
sponding to the stimulation of the hand motor area. A
point electrode serves as a good model for a disk electrode
when considering the stimulation current field in the brain
(Suihko et al., 1994).

The extracellular potential distribution was calculated for
two different cases of a corticospinal nerve. The first case
represented a cell with the soma locating in the superficial
cortical layers. The soma was assumed to locate at a depth
of 2 mm below the brain surface corresponding to the layer
V of the cortex. The axon ran radially from the cortex
towards the center of the brain until it bent downwards.
The bend was located at a depth of 6.5 cm corresponding
to a corticospinal fiber entering the midbrain. After the
bend, the axon path continued towards the pyramidal decus-
sation. The second case represented a cell with the soma in

cathode

Fig. 1. Spherical model of human head (Rush and Driscoll, 1969). Stimu-
lation electrodes were placed on the scalp at the inter-electrode distance of
7 em corresponding to stimulation of the hand motor area. Extracellular
potential was calculated on the path of a corticospinal fiber. Two different
geometries were used for the fiber. In the first case, shown with solid line,
the cell body located in the surface layers of the brain. In the second case
the cell body lecated in the bank of the central sulcus. The initial part of
the axon was tangential to the surface of the brain (transverse to the plane
of the paper), and the fiber bent sharply to a radial direction at the location
indicated with an arrow.
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Table 1

Nerve model parameters

Soma (Hedgkin and Huxley, 1952)

Axoplasmic resistivity 30 Qcm
Membrane capacitance/unit area 1 pFfem®
Membrane conductance/unit area 0.3 mS/cm®
Length 100 pm
Diameter 100 pm
Axon and initial segment (Sweeney et al., 1987)
Resting potential -80 mV
Axoplasmic resistivity 54.7 em
Membrane capacitance/unit area 2.5 uFiem’
Maximal sodium channel conductance/unit area 1445 mS/cm’
Nernst potential for sodium channels 35.64 mV
Leakage channel conductance/unit area 28 mS/cm’
Nernst potential for leakage channels -0.01 mV
Nodal gap width 1.5 pm
Axon diameter to fiber diameter ratio 0.6
Internodal length to fiber diameter rato 100
Fiber diameter 10 pm
Length of initial segment 30 pm

the anterior bank of the central sulcus. The soma was
assumed to locate at a depth of 5 mm below the brain sur-
face. There was a sharp bend in the initial part of the axon;
the axon was tangential to the surface of the brain for the
first 3 mm, then it bent sharply in a radial direction. After
that, the geometry was identical with that of the first case.
Fig. 1 shows the spherical head model, placement of the
stimulation electrodes and the assumed location of the cor-
ticospinal nerve.

The compartmental nerve model was used to calculate the
passive and active response of the corticospinal nerve. The
model was implemented with the GENESIS simulation pro-
gram (Bower and Beeman, 1995). It included compartments
for soma, initial segment and 128 axon segments. The
model parameters are described in Table 1. The soma was
passive and Hodgkin—Huxley parameters were used for it
(Hodgkin and Huxley, 1952). The initial segment and axon
were implemented with an active model of myelinated
mammalian nerve (Sweeney et al., 1987; Warman et al.,
1992). The last axon node located at the level of pyramidal
decussation. However, a very long axon continuing down
the spinal cord was approximated by setting the total axonal
current to zero at the last node. Because GENESIS utilizes
injected currents as the source of excitation, the extracellu-
lar potentials were changed to equivalent injected currents
(Warman et al., 1992). The results were calculated for rec-
tangular constant current pulses. Some of the results were
also calculated for the exponentially decaying pulse shape,
which is produced by a capacitor discharge stimulator.

The omittance of apical and basal dendrites is justified in
modeling transcranial electrical stimulation. The extracel-
lular potential differences along the dendrites are small
(Rush and Driscoll, 1969), the specific membrane resistiv-
ities in dendrites and soma are much higher than in the
initial segment and axon nodes (Guy, 1992), and the core
resistance of apical dendrites is very high due to their taper-

ing shape (Amassian et al., 1987, 1990). Hence, despite the
large area of dendrites and soma, they function merely as a
capacitive load, and the main part of the transmembrane
current flow takes place at the initial segment and axon.
Validity of this simplification was verified with test simula-
tions including compartments for dendrites.

3. Results
3.1. Passive response

The general shape of the stimulation current field can be
found in Malmivuo and Plonsey (1995) and Malmivuo et al.
(1997). Fig. 2 presents the extracellular potential along the
path of a corticospinal fiber for a unit stimulation current of
1 A. The extracellular potential was highest near the stimu-
lating electrode, and decreased when moving from cortex
into deeper parts of the brain. There was a local minimum at
the deep bend, as the potential increased slightly after the
bend. The extracellular potential distribution was the same
for the axons with and without the initial bend, except for
the first 3 mm of the fibers. The extracellular potential was
approximately constant (12 V) at the initial part of the axon
(before the bend) when the cell body located in the bank of
the central sulcus.

Fig. 3 presents the transmembrane current of a corticosp-
inal fiber driven by the extracellular potential distribution.
In the case of the axon with no initial bend, the current
flowed into the cell at the initial segment and out from the
cell along the whole length of the fiber. The outflow was
strongest at the axon nodes closest to the initial segment. At
the deep bend the outflow was somewhat higher than at
nodes before the bend. The transmembrane current was
very small after the bend. Thus, the deep bend can be
expected to be the favored location for activation over the
length of fiber both before and after. The axon with the
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Fig. 2. Extracellular potential for a corticospinal nerve of the hand motor
area caused by anodal transcranial stimulation. The horizontal axis ex-
presses the distance along the fiber so that zero corresponds to the location
of the soma. In case of the cell body locating in the bank of the central
sulcus the potential was constant for the initial part of the axon (12 V). The
initial bend is indicated with an arrow
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Fig. 3. Transmembrane current in a corticospinal nerve during anodal
transcranial stimulation. (a) Cell body locates in the surface layers of the
brain. IS, initial segment. (b) Cell body locates in the bank of the central
sulcus. 3rd, third node of Ranvier.

initial bend displayed similar transmembrane current distri-
bution. However, the site of the current inflow shifted, being
the third node of Ranvier instead of the initial segment. The
third node was located at the sharp bend, where the fiber
turned from a tangential to radial direction.

3.2. Active response

Fig. 4 shows the simulated strength-duration relation for
the anodal stimulation of the corticospinal nerve with no
initial bend. The threshold stimulation amplitude decreases
exponentially as the function of the stimulation pulse length.
Fitting an exponential curve to the simulated data points
(non-linear minimum squares algorithm) yielded the stimu-
lation time constant of 44 us and the rheobasic current of
156 mA. The time constant was approximately the same as
clinical result on stimulation of facilitated hand muscles
(unpublished results). In this case, a single D wave is prob-
ably sufficient for evoking a muscle response (Mills and
Kimiskidis, 1996).

At threshold, the activation was initiated at the third node
of Ranvier (Fig. 5a) 5 mm below the surface of the brain.
From this location, the action potential propagated along the
fiber. As the amplitude was increased, more and more nodes
were brought directly over the excitation threshold in the
initial part of the nerve fiber. Thus, the propagating action

potential initiated at an increasingly deeper level. When the
amplitude was sufficient, at least 9.2 times the threshold, the
fiber was activated at two locations: at the initial part of the
axon and at the bend (Fig. 5b). From the bend the action
potential propagated in both directions. The wave propagat-
ing towards the cortex collided with the wave initiated at the
initial part of the fiber. Thus, the wave initiated at the initial
part was inhibited from propagating down the whole length
of the fiber. Further increase in stimulation amplitude had a
minor effect on the location of the deeper activation.

The results on threshold activation were somewhat dif-
ferent for the nerve with the initial bend as compared with
previous results for the nerve with no initial bend. The sti-
mulation threshold was approximately 1.8 times the one for
the nerve with no initial bend. The activation was initiated 5
mm below the initial bend at the eighth node of Ranvier.
This was 1 cm below the surface of the brain. However, the
threshold for direct activation at the deep bend was approxi-
mately the same as for the nerve with no initial bend. Thus,
the threshold for direct deep activation was only about 5
times the activation threshold.

Qualitatively these results are in good agreement with
clinical results. They provide an explanation for the earlier
spike in D wave and the disappearance of the threshold
spike. The result regarding the location of the threshold
activation for an axon with no initial bend is close to the
second node suggested by Amassian et al. (1990). However,
there is a significant difference in the required increase in
stimulation amplitude to produce direct deep activation: the
earlier D spike has already been observed with about twice
the threshold stimulation amplitude with a capacitor dis-
charge stimulator (Burke at el., 1990; Rothwell et al., 1994).

Fig. 6 presents the latency for the propagating action
potential to reach the spinal level (node 128) for the axon
with no initial bend. The latency was 2.4 ms at threshold
stimulation amplitude. Increasing the amplitude gradually
shortened the latency, until direct activation at the bend
caused a latency jump. The latency changed abruptly from
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Fig. 4. Swrength-duration curve for anodal transcranial stimulation of the
hand motor area. Simulated data points are shown with squares. Solid line
shows an non-linear exponential minimum-squares fit.
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1.8 ms to 1.3 ms, thus there was a 0.5 ms jump in latency.
Further increase in stimulation amplitude had a minor effect
on the latency. The observed latency jump is smaller than
the 0.8 ms reported by Rothwell et al. (1994). The difference
is probably due to a higher threshold for earlier spike (direct
activation of the bend).

The stimulation pulse shape had only little effect on the
activation. The amplitude level required for direct deep
activation was 9 times the threshold level, when exponen-
tially decaying pulse shape (time constant 100 ms) was used
as stimulus. This is slightly smaller than the result for rec-
tangular pulse shape (9.2 times the threshold). The latency
jump was 0.4 ms.

aj
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7

t = 150us t=350us
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4. Discussion

Clinical reports have suggested that it is possible to
directly activate corticospinal fibers deep in the brain
using anodal transcranial electrical stimulation. Threshold
stimulus would activate the axons at or near the cortical
level (Amassian et al., 1990), stronger stimulus at midbrain,
and even stronger stimulus at spinal level (Edgley et al,,
1990; Rothwell et al., 1994). My findings support this the-
ory. When the cell body located in superficial layers of the
brain, the threshold activation was initiated 5 mm below the
surface of the brain at the third node of Ranvier. When the
cell body located in the anterior bank of the central sulcus,
the threshold activation was initiated 5 mm below the loca-

o

t = 550us

-100mv
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Fig. 5. Activation of a corticospinal nerve after stimulation with 100 us pulses. The membrane potential is illustrated with a gray scale. (a) Threshold
stimulation with current of 173 mA. The axon is activated at the third node of Ranvier (150 us), from where the action potential propagates towards spinal
level (350 and 550 us). (b) Stimulation with current of 1.6 A. The axon is activated at two locations, at the initial part of the fiber and at the bend (150 ps).
From the initial part the action potential propagates towards spine. From the bend the action potential propagates both towards cortex and spine (350 ps). The
action potential propagating towards cortex collides with the action potential originated at the initial part preventing it from reaching the spinal level (550 us).
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Fig. 6. Latency for action potential (D wave) to reach pyramidal decussa-
tion after anodal transcranial electrical stimulation of the hand motor area.
The latency is shown as function of stimulus amplitude for stimulus pulse
width of 100 ps. The latency jump is caused by direct activation of corti-
cospinal nerve at a bend, which the nerve makes while entering the mid-
brain.

tion where the axon bent from a tangential to radial direc-
tion. With a strong enough stimulus, corticospinal axon was
activated directly at a bend locating 6.5 cm below the sur-
face of the brain. However, the relative stimulation ampli-
tude, with which the deep activation was achieved, was
much higher than that reported in clinical studies (Burke
etal., 1993; Rothwell et al., 1994). One possible explanation
is the strong dependence of the skin electrode impedance on
the voltage level between the electrodes. The impedance
decreases as a function of the voltage level, so that increase
in voltage results in a relatively stronger increase in current,
especially with high voltage levels. Hence, the results for
different current levels presented in this paper are not
directly comparable with the results for different voltage
levels presented in clinical studies. However, this is prob-
ably not a sufficient explanation for different results, but the
limitations of the models used in this paper must also be
considered.

The spherical model represents the human head very well
on the upper half of the head. It is accurate for calculation of
stimulation fields close to electrodes. Thus, the results on
threshold activation may be considered reliable. On the
lower half of the head, however, the surface of the cranial
cavity deviates significantly from the spherical shape. The
base of the frontal lobe is quite horizontal extending to the
midbrain. It forms a hindrance to stimulation current flow
resulting in higher potentials in nearby brain tissues as com-
pared to those predicted with the spherical model. The part
of the corticospinal axon just before the area of compressed
current flow is the favored location for excitation. This hap-
pens to be approximately at the same location where the
nerve bends. Thus, both the bend in fiber and the volume
conductor contribute to the latency jump, the latter probably
being an important factor. Furthermore, there is uncertainty
about the sharpness of the deep nerve bend. A sharper bend
than that used in this report would result in a lower threshold
for direct activation at the bend.

The use of an anatomical computer model instead of a
spherical model would naturally clarify the role of the cra-
nial structures. It might also allow simulation of the earliest
D spike, which is assumed to originate at pyramidal decus-
sation (Rothwell et al., 1994). Entrance to spinal channel
naturally strongly affects the extracellular current field pro-
viding a possible explanation for favored activation at this
location.

Direct activation of corticospinal axons is only one of the
neural processes involved with transcranial stimulation.
Another main process is the generation of I waves. Unfortu-
nately, understanding of their origins is lacking. It has been
suggested that they originate from interneurons in the cortex
and are transmitted through synaptic connections to pyra-
midal fibers, so that late I waves would be transmitted
through several synapses. The number of I waves might
depend on how large an area is first activated. Alternatively,
the generation of I waves may involve some local feedback
networks (Patton and Amassian, 1954). I suggest that multi-
neuron modeling might prove useful in composing a feasi-
ble model for this phenomenon.

Acknowledgements

This work has been supported by Jenny and Antti Wihuri
Foundation, Tampere Science Foundation and Ragnar
Granit Foundation.

References

Amassian, V.E., Stewart, M., Quirk, G.J. and Rosenthal, J.L. Physiological
basis of motor effects of a transient stimulus to cerebral cortex. Neuro-
surgery, 1987, 20: 74-93.

Amassian, V.E., Quirk, G.J. and Stewart, M. A comparison of corticosp-
inal activation by magnetic coil and electrical stimulation of monkey
motor cortex. Electroenceph. clin. Neurophysiol., 1990, 77: 390—401.

Amassian, V.E., Eberle, L., Maccabee, P.]. and Cracco, R.Q. Modelling
magnetic coil excitation of human cortex with a peripheral nerve
immersed in a brain-shaped volume conductor: the significance of
fiber bending in excitation. Electroenceph. clin. Neurophysiol., 1992,
85: 291-301.

Barker, A.T., Jalinous, R. and Freeston, L.L. Non-invasive magnetic sti-
mulation of the human motor cortex. Lancet, 1985, i: 1106-1107.

Bartholow, R. Experimental investigations into the functions of the human
brain. Am. I. Med. Sci., 1874, 67: 305-313.

Bower, J.M, and Beeman, D. The Book of Genesis. Exploring Realistic
Neural Models with the GEneral NEural SImulation System. TELOS,
New York, 1995.

Burke, D., Hicks, R.G. and Stephen, J.P.H. Corticospinal volleys evoked
by anodal and cathodal stimulation of the human motor cortex. J. Phy-
siol. (Lond.), 1990, 425: 283-209.

Burke, D., Hicks, R. and Stephen, J. Ancdal and cathodal stimulation of
the upper-limb area of the human motor cortex. Brain, 1992, 115: 1497-
1508.

Burke, D., Hicks, R., Gandevia, 5.C., Stephen, J., Woodforth, 1. and
Crawford, M. Direct comparison of corticospinal volleys in human sub-
jects to transcranial magnetic and electrical stimulation. J. Physiol.
(Lond.), 1993, 470: 383-393.



244 V. Suihko / Electroencephalography and clinical Neurophysiology 109 (1998) 238244

Day, B.L., Rothwell, 1.C., Thompson, P.D., Dick, J.P.R., Cowan, J.M.A.,
Berardelli, A. and Marsden, C.D. Motor cortex stimulation in intact
man. 2. Multiple descending volleys. Brain, 1987, 110: 1191-1209.

Edgley, S.A., Eyre, J.A., Lemon, R.N. and Miller, S. Excitation of the
corticospinal tact by electromagnetic and electrical stimulation of the
scalp in the macaque monkey. I. Physiol. (Lond.), 1990, 425: 301-320.

Fujiki, M., Isono, M., Hori, S. and Ueno, S. Corticospinal direct response
to transcranial magnetic stimulation in humans. Electroenceph. clin.
Neurophysiol., 1996, 101: 48-57.

Geddes, L.A. and Baker, L.E. The specific resistance of biological material
— a compendium of data for the biomedical engineer and physiologist.
Med. Biol. Eng. Comput., 1967, 5: 271-293.

Guy. M. The physiology, morphology and modelling of cortical pyramidal
neurones. D.Phil. Thesis, University of Oxford, UK, 1992,

Hodgkin, A. and Huxley, A. A quantitative description of membrane cur-
rent and its application to conduction and excitation in nerve. J. Physiol.
(Lond.), 1952, 117: 500-544,

lles, L.F. and Lunn, M. Site of activation of human corticospinal axons
with transcranial surface anodal elecuical stimulaton. J. Physiol.
{Lond.), 1993, 459: 4535,

Inghilleri, M., Berardelli, A., Cruccu, G., Priori, A. and Manfredi, M.
Corticospinal potentials after transcranial stimulation in humans. J. Neu-
rol. Neurosurg. Psychiatry, 1989, 52: 970-974.

Kitagawa, H. and Moller, A.R. Conduction pathways and generators of
magnetic evoked spinal cord potentials: a study in monkeys. Electro-
enceph. clin. Neurophysiol., 1994, 93: 57-67.

Malmivuo, J. and Plonsey, R. Bioelectromagnetism. Oxford University
Press, New York, 1995.

Malmivuo, J., Suihko, V. and Eskola, H. Sensitivity distributions of EEG
and MEG measurements. [EEE Trans. Biomed. Eng., 1977, 44: 196—
208.

McNeal, D.R. Analysis of a model for excitation of myelinated nerve.
IEEE Trans. Biomed. Eng., 1976, BME-23: 329-337.

Merton, P.A. and Morton, H.B. Stimulation of the cerebral cortex in the
intact human subject. Nature, 1980, 285: 227.

Merton, P.A., Morton, H.B., Hill, D.K. and Marsden, C.D. Scope of a
technique for electrical stimulation of human brain, spinal cord, and
muscle. Lancet, 1982, ii: 597—-600.

Mills, K.R. and Kimiskidis, V. Cortical and spinal mechanisms of facil-
itation to brain stimulation. Muscle Nerve, 1996, 19: 953-958.

Mills, K.K., Murray, NNM.F. and Hess, C.W. Magnetic and electrical
transcranial brain stimulation: physiological mechanisms and clinical
applications. Neurcsurgery, 1987, 20: 164—168.

Patton, H.D. and Amassian, V.E. Single- and multiple-unit analysis of
cortical stage of pyramidal tract activation. J. Neurophysiol., 1954,
17: 345-363.

Rossini, P.M., Barker, A.T., Berardelli, A., Caramia, M.D., Caruso, G.,
Cracco, R.Q., Dimitijevif, M.R., Hallet, M., Katayama, Y., Liicking,
C.H., Maertens de Noordhout, A.L., Marsden, C.D., Murray, NM.F.,
Rothwell, J.C., Swash, M. and Tomberg, C. Non-invasive electrical and
magnetic stimulation of the brain, spinal cord and roots: basic principles
and procedures for routine clinical application. Report of an IFCN
committee. Electroenceph. clin, Neurophysiol., 1994, 91: 79-92.

Rothwell, J.C. Evoked potentials, magnetic stimulation studies, and event-
related potentials. Curr. Opin. Neurol., 1993, 6: 715-723.

Rothwell, J., Burke, D., Hicks, R., Stephen, J., Woodforth, I. and
Crawford, M. Transcranial electrical stimulation of the motor cortex
in man: further evidence for the site of activation. J. Physiol. (Lond.),
1994, 481.1: 243-250.

Rush, 8. and Driscoll, D.A. EEG electrode sensitivity — an application of
reciprocity, IEEE Trans, Biomed, Eng., 1969, 16: 15-23.

Suihko, V., Eskola, H. and Malmivuo, J. Effect of electrode size in elec-
troencephalography and electrical transcranial stimulation. In: Proceed-
ings of the International Conference on Medical Physics and Biomedical
Engineering, 2, Nicosia, Cyprus, 1994, pp. 306-310.

Sweeney, J.D., Mortimer, J.T. and Durand, D. Modeling of mammalian
myelinated nerve for functional neuromuscular stimulation. In: Ninth
Annual Conference of the Engineering in Medicine and Biology
Society. IEEE, Boston, 1987, pp. 1577-1578.

Warman, E.N., Grill, W.M. and Durand, D. Modeling the effects of elec-
tric fields on nerve fibers: determination of excitation thresholds. IEEE
Trans. Biomed. Eng., 1992, 39: 1244-1254.

York, D.H. Review of descending motor pathways involved with transcra-
nial stimulation. Neurosurgery, 1987, 20: 70-73.

Young, R.R. and Cracco, R.Q. Clinical neurophysiology of conduction in
central motor pathways. Ann. Neurol., 1985, 18: 606-610.



