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Transeranial electrical stimulation can be used for clinical
investigations of the central nervous system and for monitoring
of motor nerve tracts during surgical operations. We wished to
reduce the pain involved with the transcranial electrical
stimulation and to improve the usefulness of the method for
monitoring during surgical operations. A dedicated trans-
cranial electrical stimulator was designed having special
Jfeatures to veduce the pain sensation and the nerve blocking
effect of anaesthetics. It provides constant current and constant
voltage stimulation pulses with very short duration and high
amplitude. The frulse length is adjustable in the range of 15 to
125 ps, while the maximum amplitude is 1000 V and 1 A for
voltage and current stimulation modes, respectively. Special
features mcluded high-repetition-rate pulse trains (50—
2000 pulses s~ ') and a three-clectrode stimulation configura-
tion. We suggest that the electrical transcranial stimulation has
the potential lo be a relalively painless method for routine
clinical investigations and a reliable method for monitoring
during surgery.

Introduction

Electrical transcranial stimulation of the motor cortex is
a useful non-invasive method for assessing conduction
in motor pathways. It can be used for clinical investiga-
tions with conscious patients [1, 2] and for monitoring
during surgical operations [3-5]. The method was
introduced in 1980 by Merton and Morton [6]. They
discharged a high voltage capacitor through stimulating
electrodes attached over the motor cortex on the scalp.
These single electric shocks elicited twitch-like move-
ments of associated muscles without undue discomfort.
A high amplitude (up to 1000 V) was needed to
penetrate the poorly conducting skull, and the short
pulse duration (approximately 10 us) was beneficial in
reducing the pain involved with the stimulation [7].

The capacitor discharge pulse has a shape with a fast
spike followed by an exponentially decaying tail.
Zenmer and Neumuller [8] presented a modification
to this shape. They interrupted the pulse after 40 or
70 us from the beginning, thus cutting the low
amplitude tail. This modification reduced the pain
sensation but did not affect the motor responses. They
concluded that the low amplitude tail of the pulse did
not contribute to the cortical excitation but did

*Author for corespondence.

increase the pain. Generally, short high-amplitude
pulses are preferred because of the faster activation of
the pyramidal neurons as compared to the sensory
receptors of the scalp [7]. Long low-amplitude pulses
obtainable from standard electroneuromyographic
devices have also been tested [9, 10].

Rossini ef al. [11] presented a unifocal stimulation
technique. A single anode was placed over the motor
area, and the cathode consisted of 12 interconnected
electrodes placed at regular intervals around the head.
By using this technique it was possible to elicit motor
responses to low-amplitude square wave stimulation
pulses (55—155V, 50—~150 us). Furthermore, the test
subjects rated the unifocal technique significantly more
tolerable. Unifocal stimulation induces current flowing
in the same direction as the pyramidal axons leaving
the cortex [12]. This is likely the reason for the better
effectiveness as compared to bipolar stimulation.
However, for successful implementation of the techni-
que, the impedances of the large number of electrodes
must be carefully balanced, which involves considerable
preparation work. Similar, if not identical, current
distribution can be achieved by using only two inter-
connected electrodes placed on opposite sides of the
head [12, ,13]. Therefore, the same excitation effec-
tveness can be obtained with the three-electrode as
with the unifocal technique.

Some surgical operations involve risk of permanent
injury on sensory and motor nerve tracts. Sensory
evoked potentials (SEP) are commonly monitored
during operations in order to give an early warning
about a condition, which would, if prolonged, lead to
permanent damage [14, 15]. However, sensory and
motor pathways are located in different parts of the
spinal cord and have a separate blood supply. Thus,
SEP monitoring alone may fail to indicate the loss of
motor function. The electrical transcranial stimulation
method has been tested for monitoring of motor
evoked potentials (MEP). Unfortunately, it has been
reported that the use of halogenated anaesthetics have
led to impairment or complete loss of MEPs [16, 17].
Taniguchi et al [18] reported that the impairment was
reduced, if not removed, by using fast pulse trains
instead of single pulses. Taniguchi e al used direct
electrical stimulation of exposed cortex, but the same
principle can be expected to work also with transcranial
stimulation [19, 20].

After the introduction of the magnetic stimulation
method [21], interest in developing the electrical
transcranial stimulation has diminished considerably:
the electrical stimulation still causes pain sensation or
discomfort, whereas the magenetic stimulation is
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considered painless. However, the electrical stimulation
method has some benefits over the magnetic method
[22]. Electrical transcranial stimulation has better
focusability and repetitiveness. Electrical stimulators
are cheap, light devices contrary to magnetic stimula-
tors, which are rather heavy and expensive. Different
waveforms can be produced more readily with electrical
stimulators. Magnetic stimulation in the operating
theatre causes disturbance to other electronic devices
and may affect various metallic parts. Furthermore, the
neurophysiological mechanisms, by which the electrical
and magnetic transcranial stimulation elicit the motor
responses, have differences [23—-25].

The aim of the work presented in this paper was to
reduce the pain involved with the transcranial electrical
stimulation, and to develop a stimulation method which
is easy to use in routine clinical investigations.
Furthermore, we wished to enhance the applicability
of the method for motor monitoring during surgery.
Pain has significance even with this application, because
control recordings may be required before and after
the operation, and they would be registered from
conscious patients.

Methods

We designed and constructed a dedicated transcranial
electrical stimulator. It provided stimulus pulses and
electrode configurations, which were based on our
theoretical results and clinical experiments [26]. The
construction was designed considering the safety
requirements for neural transcutaneous stimulators.
The electrical safety and the emitted radio frequency
interference of the prototype were inspected at the
State Research center of Finland (VTIT). The electrical
safety was inspected according to the EN 60601-1
standard excluding tests of a destructive nature, and
the interference was measured acording to the EN
55011 standard.

The following assumptions were used as the basis of the
design:

e Short stimulus pulse lengths are optimal. Thick
pyramidal cells have short time constants, between
40 to 50 ps. Thus, lengthening the stimulus pulse
to longer than 100 s hardly affects the required
stimulation amplitude; longer pulses would only
increase the intensity of the pain sensation caused
by the stimulation.

e High stimulation amplitude is required. The bony
skull is a very good electrical insulator, and only a
small part of the stimulation current flowing
between the electrodes enters the brain. The
stimulus strength cannot be increased by using
very long pulses (see above), thus, high amplitude
is needed to induce sufficient current into the
brain.

e Constant current pulses give more controlled
stimulus than constant voltage pulses. The elec-
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trode-skin impedance varies with the voltage level.
It may change as a function of time even with a
constant voltage level. Therefore, the stimulus
strength produced by constant voltage stimulation
is uncertain and cannot be reproduced. The
stimulus strength produced by the constant
current stimulation is more controlled, as the
impedance variations are actively compensated by
the stimulator circuitry.

e The MEP depressing effect caused by halogenated
anaesthetics may be overcome by using pulse
trains with a high repetition rate.

e The required stimulus strength can be reduced by
using the three-electrode configuration.

Results

The constructed stimulator produces a single rectan-
gular voltage or current pulses, and pulse trains
consisting of two to eight pulses. The user can adjust
the pulse duration, the number of pulses, and the
repetiion rate over a wide range, which enables
experiments with different stimulation parameters.
The pulse length can be selected in the range of 15
to 125 us, and the interval between the pulses in a train
in the range of 0.5 to 20 ms (corresponding repeition
rate of 50 to 2000 pulses s7).

The circuitry is simple. The device consists of control
circuitry, power supply, and output stages. The basic
construction of the output stage is presented in figure
1. The method to control the output amplitude
depends on the chosen stimulus modality, which can
be constant voltage or constant current stimulation.
With a constant voltage stimulation mode, the output
amplitude is adjusted by changing the voltage level of
the high voltage source. The high voltage is produced
with a pulse width modulated power supply. The user
adjusts a reference signal to control the output
voltage. Transistors in the output stages operate as
simple ON-OFF switches; they are switched on
during the stimulation with a control pulse to the
gate terminal. However, the maximum stimulation
current is limited by the transistors. This is accom-
plished by setting an appropriate voltage level for the
gate control pulses.

With constant current stimulation mode the high
voltage level is kept constant at the maximum. In this
case, the transistors operate as voltage controlled
current sources: the level of the gate voltage determines
the strength of the current that is allowed to flow
through the transistors. The transistor Q4 (figure 1)
continuously adjusts the voltage over the primary
winding of the transformer T2 (figure 1), so that the
current is kept constant at a level determined by the
gate voltage.

To ensure patient safety, isolating pulse transformers
are used in the output stages. This provides a floating
patient connection, which ensures that the current fed
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Figure 1. Stimulator output circuitry. A switched mode power supply provides the adjustable high voltage source (0—300 V). Two
output stages (only one illusirated) feed the current fo a patient through an output transistor, Q4, and an isolation transformer, T2.
The stimulator can operate in constant voltage or in constant current mode. With the constant voltage mode the output amplitude is
adjusted by adjusting the high-voltage source voltage level. Ul, Q1 and T1 charge C3 uniil the desired voltage level, which is set by
VOLTAGE_REF, is reached. If the user decreases the voltage setting C3 is discharged through Q2 until the desired level is reached as
detected by UZA. With the constani current mode the oulput transistor Q4 operates as a constant current source and the output
amplitude is adjusted by adjusting the transistor gate voltage (CURRENT_REF). The analogue switch Q3 is switched on during the
pulse. After the pulse the gate charge on Q4 is removed through Q5. ZI causes a small reverse voltage over the frrimary winding after
a stimulus pulse. This provides a rapid reset of the magnetic core allowing fast unipolar pulse trains. The two outpul stages are
connected in series to provide bipolar or in parallel to provide three-electrode stimulation.

by the stimulator cannot leak through some other
device or patient connection. A floating patient
connection is mandatory in transcranial electric stimu-
lators due to the high currents involved, and because
the patient is also connected to other devices (e.g.
electromyographic device) during the stimulation. The
transformers were constructed with Siemens R50 ferrite
toroids. The primary winding consisted of 500 turns and
the secondary winding of 850 turns of 0.35 mm copper
wire.

The stimulator has two separate output stages, which
can be internally connected in series to produce bipolar
stimulation, or in parallel to produce three-electrode
stimulation. The maximum aplitude of each stage is
restricted to 500 V or 1 A thus the maximum available
amplitude is 1000 V or 1 A with bipolar stimulation,
and 500 V or 2 A with three-electrode stimulation. The
maximum energy per pulse delivered is 100 m].
Normally, half of the maximum stimulus strength is
sufficient for the purpose.

The control circuitry allows the user to adjust the
stimulus parameters, accepts an external or a manual
trigger, and detects failure to deliver the stimulus.
The user is warned about two different fail states, one
with each stimulation mode: the failure to deliver
adjusted stimulation current with the constant current
simulation, and the maximum current limit with the
constant voltage stimulation. These fail states are

detected by probing the voltage level on the primary
winding of the isolating pulse transformer during the
stimulus pulse. The condition for a current fail is that
the maximum available supply voltage is used to drive
the current to the patient. In this case the transistor
drives the voltage very close to ground level on the
other primary terminal of the transformer (figure 1,
SENSE2). The conditon for a current limit is that the
whole available supply voltage is not used to drive the
current to the patient. In this case the transistor
limits the current so that the voltage in the primary
terminal is well above the ground level (figure 1,
SENSE2). Hence, loosened electrodes will cause a
current fail indication with constant current stimula-
tion, and a short circuit condition (e.g. due to
moisture) will cause a current limit indication with
constant voltage stimulation. The device does not
accept an external or a manual trigger before three
seconds has elapsed from the previous stimulus. This
prevents accidental continuous stimulus and limits the
energy over tme to 33 mJ s~ .

Figure 2 presents the stimulation current waveform for
constant-current and constantvoltage stimulation
modes of our stimulator. The waveforms were mea-
sured on a 500 Q resistive load.

The stimulator fulfilled the requirements placed by the
EN 60601-1 and EN 55011 standards. However, it was’
noted that the maximum available output amplitude
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Figure 2. Stimulation curvent with bipolar transcranial
stimulation with (a) constant voltage mode and (b) constant
current mode. The wave forms were measured with a test load
of 300 Q. The amplitude setting was 400 V and 400 mA with
constant voltage and constant current mode, respectively.

exceeds the limit recommended for transcutaneous
nerve stimulators (IEC 601-2-10), namely 500 V. Thus,
this type of stimulator is suited only for the specified

purpose.

Discussion

In this paper a design of an electrical transcranial
stimulator is presented. Our stimulator delivers con-
stant current and voltage pulses with a high amplitude
and a short duration. Either single pulses or pulse trains
can be used, and three-electrode as well as bipolar
stimulation is possible.

When using a voltage stimulation, variation in the inter-
electrode impedance will result in a variation of the
total stimulation current, which in turn results in a
variation of the cortical stimulation current. Thus, with
voltage stimulation the relation between the stimulation
amplitude and the cortical excitation is not accurately
known. The same electrode impedance may be difficult
to reproduce, and it may even change during the
course of the investigation. This problem can be
partially overcome by measuring the current during
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the voltage stimulation [27]. However, current stimual-
tion seems to be more reproducible and consistent than
voltage stimulation. This is especially important in
monitoring applications in operating theatres.

Unifocal stimulation induces less pain and is able to
excite the brain with a lower stimulation amplitude
than bipolar stimulation but is impractical due to the
large number of electrodes that need to be fixed. The
three-electrode technique may provide a useful com-
promise between low pain and ease of use: the number
of electrodes is low and, when using constant current
stimulation, balancing of the electrode impedances is
not critical. The output circuitry of our stimulator
supports the use of the three-electrode stimulation
technique.

The stimulation amplitude available from the stimula-
tor may seem very high as compared to general purpose
transcutaneous stimulators. However, due to the very
short duration of the pulse, the energy delivered per
pulse is well below the maximum level, 300 m],
recommended for transcutaneous nerve stimulators
(AAMI 1980). It should alsoc be noted that the
registration of motor evoked potentials does not
require any averaging: a single stimulus elicits a clear
muscle response in the millivolt range. Only a few
stimulus pulses per site are needed in clinical investiga-
tions, and one or two to check the state of the motor
pathways during operations. Thus, the total energy
delivered during investigations is low. Furthermore, the
net charge injected through the electrodes is very low in
comparison with, for example, functional electrical
stimulation, and there is no charge accumulation as the
time interval between the pulses is long. Thus, there is
no need to use biphasic stimulation pulses. Electrical
transcranial stimulation has been successfully applied
for over fifteen years without reports of adverse effects.

We have tested the stimulator both in the measurement
of central motor conduction time and in monitoring
during anaesthesia. Our experience with these pre-
liminary tests is that the use of constant current pulses
provides a more controlled transcranial electrical
stimulation technique. We believe that the method
ensures reliable recordings having its role especially in
operating theatres.

The critical component for the performance of the
stimulator is the isolation transformer used in the
output stage. The design presented in this paper was
based on readily available components, and is by no
means optimal. The small available flux density change
in the ferrite core results in large size and a high
number of winding turns. Better performance can be
achieved by using a suitable high permeability alloy as a
transformer core material in a stacked thin plate design
[28].
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