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Suppressing the Surface Field during
Transcranial Magnetic Stimulation

Kent R. Davey, IEEE Fellow and Mark Riehl

Abstract—Transcranial Magnetic Stimulation (TMS) is used
commonly as both a diagnostic tool and as an alternative to
electric shock therapy for the treatment of clinical depression.
Among the clinical issues encountered in its use is the mitigation
of accompanying pain. The objective becomes one of minimizing
the induced surface field while still achieving the target field
objective. Three techniques discussed for realizing this end are
(1) placing a conducting shield over a portion of the central
target region, (2) using supplementary coils of opposite polarity
in tandem with the primary field, and (3) opening the core angle
to distribute the field. Option (3) shows the greatest promise for
reducing the ratio of the maximum surface field to induced target
field

Index Terms— electric field, iron core, magnetic, stimulation,
suppression

I. INTRODUCTION

RANSCRANIAL magnetic stimulation is a noninvasive

technique for stimulating cortical neurons by a rapidly
changing magnetic field [1]. It has been used in neurology as a
diagnostic tool and in functional brain mapping [2] [3]. In
recent years, TMS has proved quite useful as an alternative to
electroshock therapy for the treatment of depression and
Parkinson’s disease [4] [5]. Unfortunately, one of the side
effects is pain. In a special issue on TMS, Wasserman states
“rTMS  (repetitive TMS) can cause significant local
discomfort due to the direct activation of nerves and muscles
in the scalp.” [6] The pain experienced varies among patients,
and is quite dependent on the excitation level and position of
the stimulator. The surface field near the scalp appears to be
the primary source of the problem, inducing pain by surface
depolarization of trigeminal nerve branches in the scalp due to
the higher field concentration in this region. The induced field
on the scalp is stronger than in the cortex. Iron core magnetic
stimulators aggravate this problem because of the
concentration of the flux. This paper examines some ways in
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which the surface field on the scalp can be minimized while
still achieving the deeper stimulation within the cortex.
Among the possible solutions examined are the following:

1) Use a conducting surface shield to suppress the induced
field beneath the shield.

2) Use a smaller supplementary coil to oppose the primary
field near the center of the stimulation core.

3) Increase the stimulation core opening angle.

All three options require additional stimulation energy.

Fig. 1’s inset shows a picture of Y4 of the principle core
analyzed in this document. The core is a tape wound
magnetizable core, typically comprised of 3% grain oriented
steel. Tape wound cores substantially reduce the required
system size and energy requirements [7] [8], although their
construction is more difficult [9]. Most of the principles
considered apply to air core stimulators, but magnetizable
cores will remain the focus in this document because of their
growing use in industry. Neotonus, Inc. is using magnetizable
cores for the treatment of incontinence; they have performed
over 2,000,000 treatments in over 300 clinics in 35 countries.
Another company, Neuronetics, Inc., is using these cores for
the treatment of depression. Seratonin release is related to
action potential termination at a synaptic junction.

II. IMPORTANCE OF THE PROBLEM

The use of strong electric fields in the treatment of many
neurological disorders is well established. Both in the
treatment of incontinence and clinical depression, the electric
field should be sufficiently strong to initiate an action
potential. A changing magnetic field induces an electric field
within a conducting medium. Inducing the electric field is
valuable for many reasons. It allows treatment through patient
clothing, and it is a convenient means of getting past the skull
for transcranial stimulation.
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(b) Air core stimulator
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Fig. 1 (a) Typical magnetic stimulation circuit, (b) %2 of an air core stimulator
for TMS, and (c) an iron core stimulator showing a winding wrapped around a
tape wound laminated core..

Nearly all magnetic stimulators work by discharging a
capacitor into an inductor as suggested in Fig. 1. The simplest
magnetic stimulator is a coil of wire around a magnetic core,
such as that suggested in inset c. Iron core stimulators require
a specially constructed tape wound core to suppress eddy
currents. These tape wound cores require about “: of the
energy of air core stimulators to realize the same induced
electric field.

The importance of this problem surfaces because the
induced electric fields are indeed proving effective, but their
use is wusually accompanied by pain, especially with
transcranial magnetic stimulation. Both the magnetic field and
the induced electric field fall off exponentially with distance
from the core in the near field region. Neurons in the soft
scalp are subjected to the strongest field. Another area which
registers problems is within neurons passing through an
opening in bone. This paper focuses on the first problem. It is
an oxymoron to think about a no surface field magnetic
stimulation. There are, however, means by which the ratio of
target depth electric field to surface field can be reduced
considerably. This paper analyzes methods for achieving this
objective without introducing additional sources.

One option for suppressing the surface field is to
superimpose a secondary electric field with electrodes. The
idea is shown in Fig. 2. Surface electric fields are placed
normal to the induced surface field. Every other electrode
must be excited with independent potential sources and
chosen to inject a current opposite to the induced current. The
skull ensures that the injected current will not penetrate into
the white and grey matter. This option will not be discussed
because of the difficulty of implementation.
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Fig. 2 Surface electrodes can be placed on the scalp on equipotential lines.
Because of the demand placed on the placement and contact of the electrodes,
as well as the excitation, this approach is not recommended.

The electric field results displayed in this paper are
computed using a boundary element solver [10][11]. For
simplicity and speed, the results are displayed and computed
in two dimensions, through a midplane cut through the
stimulation core.

Current

The peak induced electric
field will occur along this line
for any depth

Outline of the stimulator core

Fig. 3 Stimulator core next to the brain in quarter plane perspective.

III. SURFACE SHIELD

A surface conductor has the ability to suppress the local
electric field, and in fact drive it to zero under the conductor if
it is in electrical contact with the scalp. The integral form of
Faraday’s law,

S P
E.-dl =——|B-AdS, 1

¢ | (M

makes it clear that this technique will both move and

increase the magnitude of the peak field. A better approach is
to insulate the conductor from the surface.
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Copper Shield

(a) TMS excitation topology (b) Field plot with a copper shield

Fig. 4 Transcrannial magnetic stimulation B field plot without (a) and with (b)
a passive copper shield.

Consider the TMS setup shown in Fig. 4. The stimulation
core is considered to be a tape wound 3% silicon grain
oriented core excited at 5,295 AT, 5.208 kHz for one pulse.
The brain is modeled as a homogeneous medium of
conductivity 0.48 S/m, the conductivity of white matter. The
steep fall off of the field from the core plotted in inset (a) is
characteristic of the ferromagnetic stimulator core. If the core
has an outer radius of 5.08 cm, and an inner radius of 1.53 cm,
it induces an electric field of | V/cm at a depth of 3 cm. The
field value of 1 V/cm is considered to be close to threshold for
cortical axon stimulation.

The excitation
current is adjusted
to keep the

induced E field
equal to 1 V/em at
the depth of 3

The peak field
always occurs
here

The peak
induced E field
is sought along
this arc

The angle B is adjusted from 10° to 80°

Fig. 5 Changing the angle of the shield conductor reduces the maximum
induced field on the scalp.

Consider varying the opening angle of the shield conductor
as suggested in Fig. 5. As the angle gets larger, the shield
reduces the induced electric field. As the shield angle
increases, increase the current exciting the core so that the
induced electric field at the target depth of 3 cm remains fixed
at 1 V/ecm. At each test, compute the maximum induced
electric field along the scalp 1 mm in from the surface. For
this topology, the peak E field 1 mm below the surface always

occurs on the centerline of the core. This result changes a bit
in 3D analysis.

Fig. 6 quantifies the reduction realized as the angle of the
shield conductor is increased. Inset (a) shows the maximum
induced surface E field (1 mm depth) as a function of shield
angle, while maintaining the target E field at 100 V/m. When
B is increased to 80°, the induced E field on the surface is
reduced by about 31%. The excitation current in the core,
coincidentally, increases by 40% to maintain the same target
excitation field. Fig. 4(b) clearly shows that the effect of the
shield conductor is to open up the field, increasing the
effective opening of the core.

Maximum Surface Field

E (V/m)

Current Scale Factor

Fig. 6 Reduction in surface E field with increased shield conductor opening
angle.

There still remains the question of whether this solution is
efficacious. The criteria for a neuron to fire is that the
intercellular potential rise by about 30 to 40 mV. During
TMS, the intercellular potential is being driven up by the
influx of positive ions. When the electric field is collinear
with the neuron, and the neuron is relatively long, the gradient
of the electric field will dictate the condition necessary for an
action potential. However, at axon bends, branch points, and
terminations, the E field, not its gradient, becomes the
dominant factor. Axons deep within the brain have a
predominant radial orientation. Consider how the E field
gradient changes along the vertical bisection line shown in
Fig. 4(b). The TMS core stimulator without shield induces an
E field with a pronounced gradient, the field falling off
roughly as exp(-x/A), where A is the opening of the C core.
Fig. 7 shows a comparison of the shielded and unshielded
electric field gradient. It is clear that the copper shield
accomplishes a minimization of the surface electric field at the
expense of the E field gradient. The topology of neurons
within the first 2-3 cm below the scalp is complicated, but is
generally characterized by axons with bends so that at least a
portion of the axon is tangential to the skull. Because the
cortex is dominated by synapses, focusing on the E field,
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rather than the E field gradient, is warranted for this
document.

E Field Derivative
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Fig. 7 E field gradient along a radial line centered at the core.

A. Reverse Excited Secondary Coils

Fig. 8 shows how a secondary coil can be inserted within the
primary coil. If the secondary coil has a reverse excitation
from the primary winding, it will lower the surface field.
Because the secondary coil is an air core winding, and the
winding spread is small, the field penetration into the brain is
reduced. Fig. 9 shows that the suppression of the E field
occurs, but at a price. The E field is plotted along the scalp at
a depth of 1 mm. The primary core current is adjusted with
and without the exciter coil to deliver 1 V/cm at a depth of 3
cm within the brain. This 9.1% improvement in surface field
is obtained with a secondary exciter current 41% of the
primary current. The improvement can be increased to 12.6%
by distributing the return current.

Fig. 8 Reverse excited secondary coil within to suppress the surface E field.
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Fig. 9 The induced E field along the scalp is smaller when a secondary exciter
coil is used.

B. Stretched Core

Shown in Fig. 10 is a magnetic core stimulator with the
angle opened considerably from Fig. 3. Keep the 3% grain
oriented steel within the core. Inject the opposite current over
a region spanning an angle . The electric field is suppressed
along the vertical midline. Fig. 11 shows the electric field
along the scalp induced by this configuration. The primary
core excitation is 3,285 A (per side) with 500 A being sent
through the reverse excited coil in the center. Both this current
and the angle B=21° are determined through optimization
using variable metrics. The minimum induced E field that
satisfies the target value of 1 V/cm, 3 cm down, is 150 V/cm.
The induced E field is computed along the complete arc
annotated in Fig. 10.

Field is plotted
along this arc

Target point
« 1 mm deep

Fig. 10 Opening the angle of the core yields deeper field penetration.
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Fig. 11 Electric field along the scalp from the configuration in Fig. 10.
4000

Excitation Current (AT

C. Stretched Core, No reversed excitation winding

Fig. 12 shows a simpler core without reversed excitation. 3600 -
Consider the exercise of opening the core angle from 90° to Angle (degrees)
140°. At each opening, compute the correct excitation under
saturation so that the induced E field 3 cm down remains at 1
V/em. Fig. 13 shows the peak surface field and required core
excitation as a function of core angle. The peak field has been

reduced to 38% of its initial value in Fig. 4(a).

Fig. 13 Peak surface field and amp-turn excitation with increasing core angle.

D. A Comparison of the Three Methods

Three methods have been suggested for mitigating the
surface field, using a passive conducting shield, actively
exciting a smaller coil with opposite field polarity, and
opening up the excitation core angle. Of the three methods,
the third is favored. The reverse field excitation has the
drawback that it requires either another power supply or
additional load to the existing supply. This method has a
safety issue; if the reverse field excitation fails or suffers a
phase lag, the patient will suddenly experience much pain.
The passive shield is rated second because there is little
probability that it will fail. However it imposes an additional
load on the stimulator supply. The more serious difficulty is
the heat dissipation within the shield. Continuous excitation
will register a possibly dangerous rise of the shield
temperature. The open angle core poses the least additional
burden on the stimulator power supply, and it does not suffer
the safety problems of the reverse excitation or thermal shield.

Fig. 12 Core opened to 140°, 3790 AT excitation at 5280 Hz.

IV. CONCLUSIONS

Suppressing the surface field during transcranial magnetic
stimulation has been accomplished to a limited extent through
the use of passive conductor shields, supplementary coils of
opposite polarity excitation, and changing the core angle. The
latter method shows the greatest success. All require clinical
testing. Additional methods exist, such as electrically injecting
current through electrodes during the magnetic field transient,
and may warrant attention for future work. Preliminary tests
show that these techniques offer little reduction in the
maximum field, but are useful in moving that maximum to
another location. Surface electrodes on the scalp are expected
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to be problematic because of implementation, surface contact,
and additional excitation source requirements.

The root of the problem is pain experienced clinically. The
techniques examined in this paper are under investigation.
None have gone through clinical testing, although the surface
shield has been tested by Neuronetics, Inc. internally. It does
reduce surface pain. Procurement of the open angle core and
subsequent tests are yet to follow.
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