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Abstract—Transcranial electrical stimulation of the brain causes considerable
discomfort to the patient. The purpose of the study was to find out whether this
could be affected by the choice of stimulation parameters. A spherical volume
conductor model of the head and active compartmental models of a pyramidal
motor nerve and scalp nociceptor were used in combination to simulate the scalp
nociception to transcranial electrical stimulation. Scalp nociceptors were excited at
distances of several centimetres from the electrodes. The size of the excited scalp
area correlated with the length of the stimulation pulse. The area was 12.3, 20.4 and
26.0cm?, for a 10us, 100us and 1ms constant current pulse, respectively. With a
100 s constant current pulse, the threshold for motor excitation was 205 mA and, for
nociception, it was 51mA. There was no significant difference between constant
current and capacitor discharge pulses or between electrodes of different sizes. The
results imply that the use of very short stimulation pulses can reduce the pain. If a
topical anaesthesia is used to reduce the pain, it has to be applied on a large area
around the electrodes.
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1 Introduction

DIFFERENT NEUROLOGICAL diseases affecting central motor
pathways can be diagnosed with high sensitivity and accuracy
by stimulating the motor cortex to elicit motor evoked potentials
in target muscles (ROSSINI ef al., 1994; Di LAZZARO et al.,
1999). Such investigations can be made on awake, intact persons
using transcranial magnetic or electrical stimulation. The
method can also be used to monitor the functioning of motor
tracts during surgical operations (JONES et al.. 1996; PECHSTEIN
et al., 1996; BURKE and HICKS. 1998).

In an early experiment (GUALTIEROTTI and PATERSON, 1954),
the brain was stimulated non-invasively with continuous alter-
nating electric currents. This method, however, never gained
general acceptance. The main reason was probably the intense
pain suffered by the patients: only a small portion of the current
enters the brain through the poorly conducting skull, and so
the stimulation amplitude must be quite high. MERTON and
MORTON (1980) presented the first clinically applicable method.
They applied a brief, high-voltage pulse to elicit a muscle
response without causing undue discomfort. Discharging a
capacitor through electrodes attached on the scalp produced
the stimulus. After this breakthrough, some further improve-
ments have been suggested. ZeENTNER {1989) modified the
stimulus pulse shape. AIELLO er @l (1991) applied a local
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anaesthetic (xylocaine 2%) under the stimulating electrodes.
Rossmt e al. (1985) used a large cathode placed around the
head and reported that the stimulation was more tolerable to the
patient because there was less contraction of scalp muscles.

BARKER ef al. (1985} introduced the transcranial magnetic
stimulation method. A strong current pulse was fed through a
magnetic coil positioned over the head. The coil produced a
changing magnetic field that induced eddy currents in the brain.
Magnetic stimulation is considered to be pain free, and thus it is
better suited for clinical investigations. However, transcranial
electrical stimulation is the primary method for neurological
monitoring of motor tracts during surgical operations
(JONES er al., 1996).

Magnetic coils are quite large and heavy, and it is difficult for
them to be kept in a fixed position during the operation without
causing interference to anaesthesiologists or surgeons. The coils
tend to heat, which can prevent the repeated stimulation required
in continuous monitoring. The strong magnetic field produced
by the stimulator can disturb other electric devices or cause
movement of nearby metallic parts.

Electrical stimulation does not have these practical problems.
In addition, stimulating with fast pulse trains, which are easily
produced with electrical stimulators, provides a monitoring
method that is resistant to anaesthesia (CALANCIE ef al., 1998).
Another difference between the two methods is that electrical
stimulation induces mainly radial currents, and magnetic stimu-
lation induces mainly tangential currents in the brain. This may
have clinical significance in investigations into cortical
processes.

HAKKINEN et al. (1995) reported that a blockade of scalp
sensory nerves abolished all pain in transcranial electrical
stimulation. Thus the only cause of pain was the excitation of

395



sensory receptors in the scalp. Some studies have included
subjective descriptions of the sensation; it is associated with a
fast pricking rather than a dull bumning pain. The fast pain is
related to group III thin myelinated nerve fibres; the slow pain is
related to group IV unmyelinated fibres. Considering also that
the stimulation threshold is much higher with unmyelinated
fibres, it seems probable that the pain is mainly produced by the
activation of thin myelinated nociceptors.

GEDDES (1987) studied the effect of the stimulus pulse length
with a theoretical model. He suggested that a very short stimulus
would be preferable because of different membrane time
constants on cortical motor neurons and scalp sensory receptors.
However, no estimate was given about how much the pain could
be reduced by shortening the stimulus. Furthermore, there is
little information available on the effects of other stimulation
parameters, such as electrode size.

The purpose of this study was to determine whether opti-
mising the transcranial electrical stimulation method would
significantly reduce the pain. Reduced pain would allow the
use of the method for pre- and post-operative control measure-
ments on awake patients, to establish a baseline for monitoring
and to make follow-up investigations. Furthermore, electrical
stimulation may provide additional information in clinical
investigations.

2 Materials and methods

A volume conductor head model and active nerve models
were used in combination (MCNEAL, 1976) to simulate trans-
cranial electrical stimulation. The head model was used to
calculate the extracellular potential distribution for a pyramidal
motor nerve and a scalp nociceptor induced by the stimulation. A
motor nerve model was used to determine the threshold stimula-
tion current for motor excitation. A sensory nerve model was
used to evaluate associated sensory response.

The potential distribution in the brain and scalp was calculated
with a model comprising three concentric spheres (RUSH and
DRISCOLL, 1969). The model consists of three homogeneous
cells representing the brain, skull and scalp, with radii of 80, 85
and 92 mm, respectively. The cell resistivity was 444, 6667 and
444 €3 cm, for the brain, skull and scalp, respectively. The values
were based on recent data (OOSTENDORP et al., 2000).

The electrodes of the spherical model were infinitesimal
points on the surface of the scalp. A point electrode approx-
imates a needle electrode, but disc electrodes were also simu-
lated. It was assumed that most of the current was concentrated
on the edge of an electrode, owing to the ‘edge effect” observed
on disc electrodes (KIM et al., 1990). Thus, each disc electrode
consisted of a ring of multiple point electrodes.

The current fed through each point was equal, and the sum
was the stimulation current fed through the electrode. Four
different electrodes were used: needle (point) electrodes, and
disc electrodes with diameters of 1, 2 and 4 cm.

The GENESIS simulation program (BOWER and BEEMAN,
1995) was used to implement active compartmental nerve
models for a pyramidal nerve of the motor cortex and a
sensory nerve (nociceptor) of the scalp. The pyramidal nerve
model consisted of compartments for a soma, initial segment
and axon segments (SUIHKO, 1998). The total axonal current
was set to zero at the last axon segment to approximate a very
long fibre. The passive soma was based on the Hodgkin—
Huxley model (HODGKIN and HUXLEY, 1932). The initial
segment and axon segments were based on an active model of
a myelinated mammalian nerve (SWEENEY e al, 1987).

The scalp sensory nerve was assumed to be a group Il thin
myelinated nociceptor with axon thickness of 5 pm. The model
consisted of compartments for axon nodes and a sensory
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terminal. The number of axon compartments varied, depending
on the length of the simulated nerve. The myelinated segments
of the axon were simulated with an active model of a human
sensory nerve (WESSELINK et al., 1999). The fine nerve ending
was modelled with a passive membrane representing the bare
membrane areas, the sensory ‘beads’ (MESSLINGER, 1996),
using the passive parameters of the active nerve model. The
GENESIS program uses injected currents as the source of
excitation, and thus the extracellular potentials for motor and
sensory nerves were converted to equivalent injected currents, as
suggested by WARMAN ef a/. (1992),

The geometry of the model is presented in Fig. 1. The
electrodes were placed to correspond to anodal stimulation of
the hand motor area (Fig. 1a). The anode was 7 cm to the other
side with respect to the vertex. The cathode was either on the
vertex or on the contralateral side. The pyramidal nerve was
assumed to reside in the anterior bank of the central sulcus.
The soma was located 5 mm below the brain surface. The axon

a vertex
cathode

coniralateral

cathode
anode

'skull 6667 lcm

scalp 444 Qcm

frontal-parietal
area

occipital
area

temporal area

Fig. 1 Geomeny of model: (a) Pyramidal nerve model and stimulai-
ing electrodes were placed in head model to simulate stimula-
tion of hand motor area. Anode was 7 cm to side from vertex;
cathode was either on vertex or 7cm to contralateral side.
(b) Scalp was divided into four areas corvesponding to areas
innervated by different sensory nerves: frontal-parietal area
(trigeminal ophthalmic territory), occipital area (occipital C2
territory) and two temporal areas (trigeminal maxillary and
mandibular and eccipital C2/C3 territories)
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was tangential to the brain surface for the first 3 mm and then it
bent sharply in a radial direction. The model terminated at the
centre of the brain.

The scalp was divided into four areas, after territories
innervated by different sensory nerves (Fig. 1b). The areas
were the frontal-parietal area innervated by the ophthalmic
division of the trigeminal nerve, the occipital area innervated
by occipital nerves arising from the second cervical root, and
temporal areas on both sides innervated by the maxillary and
mandibular divisions of the trigeminal nerve, together with
occipital nerves arising from the second and third cervical
roots. The border between the frontal-parietal and occipital
area, the inter-aural line, was placed 5cm posterior to the
vertex as measured along the midline of the head. Temporal
area borderlines were placed approximately 7cm (angular
distance of 45°) to both sides.

The sensory nerve models were placed in the anterior—
posterior direction in the frontal-parictal area, in the
posterior—-anterior direction in the occipital area, and in the
inferior—superior direction in the temporal areas. The nerve
models were placed at an inter-fibre distance of 5mm to cover
the scalp. With each fibre location, the number of axon compart-
ments was varied to change the length of the nerve and, thus, the
location of the sensory terminal. The fibres were placed 3.5 mm
below the surface of the scalp (mid-depth). There were two
reasons for this choice. First, potentials are not obtainable very
close to the point electrodes, because of their infinite current
density. Secondly, the depth of the nerve was assumed to have
little effect on the results: the potential is the same for different
depths at some distance from the stimulating electrodes (RUSH
and DRISCOLL. 1969), and it was expected that the sensory
receptors would be excited at large distances.

An excitation area was determined for each given stimulus.
The borders of the area were defined according to the position of
the sensory terminals of activated nerves. Thus the areas
displayed the distribution of the sensory terminals of activated
nerves, not the locations of the initiation of activation.
Furthermore, the borders represented the outer boundaries of
nociception; nociceptor fibre diameters vary between 2 and
5 pm, and the thickest 5 um fibres, which were implemented in
the model, have the lowest sttmulation thresholds. The measured
area inside the borders was scaled to 2 scalp surface area by
multiplication with a scaling factor (1.08 for mid-depth to
surface area). The results were obtained for constant
current stimuli, with pulse lengths between 10ps and 1ms,
and capacitor discharge stimuli, with pulse lengths of 50
and 100 ps.

The sensitivity of the results to various modelling parameters
was tested. The simulations were repeated for a nociceptor with
thickness of 4um and a nociceptor in a more superficial
location: 2mm below the surface of the scalp. The effect of
the geometry of the fine nerve ending was tested by repeating the
simulations with a half-size ending, having a surface area of
60 pm? and length of 60 pm.

3 Results

Fig. 2 displays how the sensory receptor fibres were activated
by the stimulus. If the fibre was undemeath the electrode, or
close enough, the activation was initiated at the nodes close to the
electrode (Fig. 2a). With a fibre further away from the electrode,
the activation was initiated only near the nerve end (Fig. 2b).
With anodal stimulation, the current entered the cell at the nodes
closest to the electrode and emerged from the cell along the
length of the fibre, so that the strongest outflow was found near
the nerve end. Thus, only the longest fibres were activated, as the
nerves needed to reach past the position of the anode. With
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Fig. 2 Trans-membrane current distribution for anodal and cathodal
excitation of nociceptors. Current emerging from cell depo-
larises membrane, initiating activation. (a) Fibres located
underneath an electrode (or close enough) were activated
directly at nodes close to electrode. (b) Fibres further away
were activated only at nodes close to sensory terminal; only
fibres that reached past anode and fibres that were left short
of cathode were activated

cathodal stimulation, the current entered the cell along the length
of the fibre and emerged from the cell at the nodes closest to the
nerve end. Thus only the nerves that terminated short of the
position of the cathode were activated.

Table 1 summarises the results for constant current and
capacitor discharge stimulation with different pulse lengths.
Fig. 3a displays the excited scalp area for the threshold
stimulation with a 100 ps pulse. The areas for other pulse
lengths were similar in pattern, only of different size. The area
excited by the anode was much smaller than that excited by the
cathode. The location of the anode, close to the borders of
innervation territories, was most favourable in this respect. The
total excitation area correlated with the stimulation pulse length.
The smallest area obtained with the shortest pulse was less than
half the largest area obtained with the longest pulse, the areas
being 12.3 and 26.0 cm’, respectively. However, the area for a
1 ms pulse was approximately the same as that for a 500 ps pulse
and only about a quarter larger than that for a 100 ps pulse. The
pulse shape did not have significant effect. The excitation area
was 20.3cm? and 21.1 em? for the threshold stimulation, with
50 ps and 100 ps capacitor discharge pulses, respectively. These
are only slightly larger than the results for constant current
stimulation.

Fig. 3b illustrates the effect of changing the cathode location
to the contralateral side. The threshold stimulation current was
216mA with a 100 ps pulse. The total excitation area was
smaller than with a vertex cathode, mainly because of the
smaller cathodal excitation area: 12.4 cm® against 16.2 cm®.
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Table 1 Effect of stimulation pulse length and shape on excited scalp area and excitation thresholds. Results are for
threshold motor stimulation with 1 cm disc electrodes (vertex cathode)

Threshold current

for motor Anodal area,

Threshold

Cathodag area, Total area, current for
2

Pulse length, pm excitation, mA cm’ cm’ cm' nociception, mA
Constant current pulses
10 820 1.8 10.4 12.3 350
50 269 1.9 154 17.3 84
100 205 4.2 16.2 20.4 51
200 180 53 17.2 22:5 34
500 175 6.6 19.1 258 26
1000 175 6.7 194 26.0 24
Capacitor discharge pulses
50 333 4.1 16.1 203 84
100 268 4.4 16.7 211 57

The electrode size did not have a significant effect on the size of
the excitation arca (Table 2). The total area varied between 19.7
and 20.4 cm®. With a larger anode, the higher stimulation current
required counteracted the lower current density of larger elec-
trodes. The combination of a small anode and a large cathode did
not reduce the area, either.

With a 100 ps pulse, the threshold for nociception was 51 mA.
The threshold activation was mitiated near the cathode on a fibre
on the midline. With half the motor threshold stimulation current
(103 mA), the area was 9.2 cm®. With twice the motor threshold

cathode

Fig. 3 Excited scalp area for threshold stimulation of hand
motor area with two cathode locations:(a) vertex and (b)
contralateral side. Stimulation pulse length was 100 ps, and
current was 205 and 216 mA, with vertex and contralateral
cathodes, respectively. With contralateral cathode, size of
anodal, cathodal and total excitation area was 4.3, 10.7 and
15.0cm?, respectively
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stimulation current (410 mA), which is a normal level in clinical
investigations, the excitation area was 34.2 cm®, being almost
twice the area with threshold stimulation.

Reducing the depth of the sensory receptor to 2 mm did not
have a significant effect on the results. The excitation area for
threshold stimulation with a 100 ps pulse was 20.9 cm®. The area
was similar to that obtained with a mid-depth receptor, thus
supporting the assumption that a mid-depth receptor represents
all receptors well. The thickness of the sensory nerve fibre, in
contrast, had a distinct effect on the excitation area. With a 4 ym
nociceptor, the area was 5.2 cm? for threshold stimulation with a
100 ps pulse. That is only a quarter of the area obtained with the
fibre thickness of 5 um. With twice the threshold stimulation
current, the difference was not as large in proportion. The area
was 15.3 em?, which is a little less than half the area obtained
with the fibre thickness of 5 pm.

The size of the fine nerve ending was negatively correlated
with the size of the excitation area. The area with a half-size
ending was 22.5 em”® for threshold stimulation with a 100 us
pulse. This is approximately 10% larger than the result for a full-
size ending. The difference was caused by a lower excitation
threshold at the fibre end (Fig. 2b), which, in turn, was the result
of a smaller passive load represented by the half-size ending. For
example, the threshold was 49 and 62 mA, with half-and full-
size endings, respectively, for a nerve on the midline having a
fibre length of 132 mm (440 nodes, 100 ps pulse). There was no
difference in the direct activation of a long fibre.

4 Discussion

It was assumed that the response of scalp nociceptors to
transcranial electrical stimulation could be affected by the
choice of stimulation parameters. The length of the stimulation
pulse correlated with the size of the excited scalp area. The
smallest area was cbtained with a very short pulse (10 ps), being
a little less than half the area obtained with long pulses. This
result is consistent with previous research (GEDDES, 1987).
However, the area obtained with a 1ms pulse was only a
quarter larger than that obtained with a 100 ps pulse. Thus the
use of low-amplitude pulses obtaiable from general-purpose
stimulators, as suggested by AIELLO ef af. (1991}, may well be
justified.

The size of the stimulation electrodes was not significantly
related to the size of the scalp excitation area. This result is
inconsistent with previous clinical research (ROSSINI er af,,
1985) that recommended a very large cathode, many intercon-
nected electrodes, in practice, placed around the head.
Unfortunately, the models used in this paper did not allow the
simulation of the sensory response with such an electrode
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Table 2 Effect of electrode size on excited scalp area. Results are for threshold stimulation of hand motor
area with cathode on vertex and 100 us constant current pulse

Threshold current

for motor Anodal area, Cathodal area, Total area,
Electrode diameter, cm excitation, mA em? cm? cm?
0 (needle) 186 4.0 15.7 19.7
1 205 4.2 16.2 204
2 266 22 17.5 19.7
1 (anode) + 4 (cathode) 206 4.2 16.2 20.4

configuration. However, the high cathodal nociception threshold
observed (51 mA for a 100 ps pulse) lends support to the claim
that the use of as many as |2 interconnected cathodes may
reduce the pain.

The number of cathodes does not affect the current flow in the
stimulated brain region in the unifocal stimulation (SUIHKO et al.,
1994), However, increasing the number of the cathodes
decreases the current on each of them. With 12 cathodes, the
electrode distances are still quite large, approximately 5 cm, and
the orientation of the row of cathodes is transverse with respect
to the nociceptor fibres. Hence, it can be assumed that the
excitation of each nociceptor is mainly induced by current
flow from one of the cathodes. It may be possible to induce a
sufficient (anodal) stimulation current in the brain and, at the
same time, keep the cathodal currents below the nociception
threshold. This would reduce the size of the excitation area in a
stepwise manner.

The threshold for the excitation of the hand motor area was
269, 268 and 333mA, with 50ps constant current, 50 ps
capacitor discharge and 100ps capacitor discharge pulses,
respectively. These results are in substantial agreement with
previous research. CALANCIE ef al. {1998) reported thresholds
for upper-limb muscles of 100-200V with 50ps constant
voltage pulses, and the inter-electrode impedance was found to
range between 500 and 750 Q from patient to patient, indepen-
dent of the electrode size. They recorded muscle potentials on
anaesthetised patients after transcranial electrical stimulation
with pulse trains. Thus the muscle responses were the conse-
quence of temporal summation of multiple D-waves, and the
thresholds correspond to the D-wave thresholds presented in this
paper. BURKE ef ¢/. {1992) reported D-wave thresholds between
75 and 300V for capacitor discharge stimulation with 50 or
100 ps pulses.

Transcranial electrical stimulation activated the scalp noci-
ceptors at distances of several centimetres from the stimulating
electrodes. This is consistent with the results of HAKKINEN et al.
(1995). The nociception threshold for a 1 ms pulse was 24 mA.
This is approximately five times the result, 5 mA, of HAKKINEN
et al. (1995). Unfortunately, the authors did not specify
the length of the stimulation pulse, but it was probably 1ms
or more, because a general-purpose low-amplitude stimulator
was used.

There are several possible explanations for the difference.
Several different sensory nerves probably contributed to the pain
sensation, including thicker and more easily excited cells than
the ones used in this study. Sensitisation due to repeated
stimulation may have affected the threshold. The accuracy of
the nociceptor model used in the present study must also be
considered.

WESSELINK et af. (1999) applied the model for fibre diameters
between 5 and 15 pm, based on measurements made on human
peripheral nerves of the arm and forearm (SCHWARZ ef al.,
1995). It may be that the membrane parameters of thin myeli-
nated sensory fibres differ from those of thicker ones.
Furthermore, knowledge about the membrane parameters of
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the fine nerve endings is lacking. The sensory beads were
assumed to have a rather leaky membrane similar to axon
nodes, as high concentrations of mitochondria in the nerve
endings suggest energy consumption and thus active membrane.
However, this may have led to an overestimation of the passive
load presented by the ending. In addition, the active
behaviour of the membrane may reduce the effect of the load
(Awiszus. 1991).

Doubling the stimulation current almost doubled the excita-
tion area. It is interesting to compare this result with that
obtained by HAKKINEN et ai. (1995). They observed an approxi-
mately linear relationship between the pain and stimulation
current: doubling the current made the pain approximately
threefold. Thus, increasing the stimulation current increased
the pain more rapidly than did the size of the excitation area.
This is not surprising, because a stronger stimulation current is
able to bring thinner sensory fibres over the excitation threshold,
increasing the portion of excited nerves within the excitation
area. However, the observed linear behaviour lends support to
the assumption that the size of the excitation area is a useful
indicator of pain sensation.

In conclusion, the modelling methods used in this study were
very simplistic in view of the complexity of pain sensation. Only
the first stage of the sensation was partially studied, namely
unrepeated excitation of a single nociceptor. The results
obtained in this work were presented as excitation areas for a
representative nociceptor. It is not assumed that the area would
have a simple and direct relationship to the pain sensation.
However, the results may give some indication about how
strong the effects of different stimulation parameters are.

Unfortunately, there seems to be little that can be done to
minimise the pain. Shortening the stimulation pulse helps
significantly only with very short pulses. If topical anaesthesia,
such as EMLA cream*, is used, the topography of scalp
sensation must be taken into account, and the anaesthesia must
be applied on a sufficiently large area. The results of this paper
indicate clearly that applying the cream just undemeath the
electrode is not very useful.

Another suggested way to reduce the pain sensation is the use
of a very large cathode to reduce the cathodal current density.
The results indicate that sufficient reduction may not be achieved
with a single cathode. However, in the so-called unifocal
stimulation method, 12 large cathodes are placed around the
head (ROSSINI ¢f ¢/.. 1985). This arrangement does not reduce
the effectiveness of cortical excitation, but might reduce the
cathodal current density enough to prevent activation of fast
nociceptors.
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Appendix 1
Pyramidal nerve model

Soma:
soma geometry
diameter = 100 pm
length = 100 pm
membrane parameters (HODGKIN and HUXLEY, 1952)
axoplasmic resistivity =30Qcm
membrane capacitance per unit area=1 pFem™
membrane conductance per unit
area=03mScm
Axon and initial segment (SWEENEY ef al. 1987):
fibre geometry
fibre diameter = 10 um
axon diameter — fibre diameter ratio = 0.6
nodal gap width=1.5pum
inter-nodal length = 1 mm
length of initial segment =30 pm
number of axon nodes =78
membrane parameters
V.= resting membrane potential = —80mV
P =axoplasmic resistivity = 54.7 Q cm
¢, = membrane capacitance per unit
area=2.5pF em™2
Zng = maximum sodium channel conductance per
unit area = 1445 mSem ~
Ve = equilibrium potential for sodium
channels =35.64 mV
g, = leakage channel conductance per unit
area= 128 mScm ?
Vi = equilibrium potential for leakage
channels = —80.01 mV
V= membrane potential, mV
sodium current /unit area iy, = gnun AV — Vi)
leakage current/unit area i =g;(V — V)
gating variables
a,=(126 +0.363 V)é(! Jrar Wrad)is3y
b= anfe? * 56.2)/4.1
a,=by/e7* 74.5)/5
by =15.6/(1 4= B/,
dm/dt=a,(l —m)— bym
dh/dt=an(1 —h)y—byh

2

Appendix 2
Nociceptor model (WESSELINK ef al. 1999)

Fibre geometry
fibre diameter D=5 pm
axon diameter d=0.76 D— 1.81 x107°
nodal gap width= 1.5 um
inter-nodal length L =7.87 %107 In(D/3.44 x 107%)
number of axon nodes =258 — 926
exposed membrane area of fine sensory
ending = 120 um?®
length of fine sensory ending = 120 pm?
Membrane parameters
V. =resting membrane potential = —84 mV
p.=axoplasmic resistivity =33 Qcm
¢, = membrane capacitance per unit
area =28 puF em™
Pna = sodium permeability = 0.0704 dm® m
V. = equilibrium potential for sodium
channels =43.7mV
£x = maximum potassium channel conductance
per unit area=30mS cm ™2

=2 -1
s

Vi = equilibrium potential for potassium
channels = —84mV
g; = leakage channel conductance per unit
area =60mS cm 2
V1 = equilibrium potential for leakage
channels = —84.14 mV
Na, = sodium concentration outside cell = 154 mM
Na; = sodium concentration inside cell =30 mM
F =TFaraday constant =96 485 C mole™’
R = gas constant = 8.3144 ] K™ mole™"
T'=temperature =310.15K (=37°C)
V'=membrane potential, mV
sodium current per unit area
ing=m"h pral VF* [RT)(Nat,— Nase /%7y /(1 — &"/57)
potassium current per unit area ix=n gV — Fg)
leakage current per unit area iy = g;(V — V;)
gating variables
8, =4.6x103(V+ 18.4)/(1 — ¢!~ 11— 1/103
b= ?133 ;;9 22,7)/292,[2 n/
a,=021x10%(— 111 = 1) /(1 — ¥ H1/1Y
by=14.1x103/(1 4 &~ 285 - 1/134)
a,=517(F+93.2)/(1 — ¢t =32 N/L1
bp=92(— 76— V)/(1 — Rigs 76)/10.5)
dm/dt=a,(1 —m) — b,m
dh/dt=ay(1 —h)—bh
dn/dt=a,(1 —n)—b,n
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