Guide to Magnetic Stimulation
The recent years have seen a large increase in both the development and use of magnetic stimu lators
world- wide. Com mer cial stimu la tors can achieve pulse rates up to 100Hz with stimu lus in ter vals as low as
1msec and full computerisation. A growth in research interest has produced a marked spread into the
clini cal ar eas of di ag no sis, prog no sis, moni tor ing and ther apy. As with other tech nolo g ies, the world wide
web is act ing as a cata lyst to speed the spread of in for ma tion amongst re search ers and cli nicians.
The abil ity of mag netic stimu la tion to in duce elec tri cal cur rents to
flow within body tissue permits the clinician to influence or
monitor many of these functions. It is able to reach deep neural
structures such as the motor cortex and spinal nerve roots
non-invasively and without pain. As a result the technique has
be come of great in ter est in psy chia try and is pro vid ing fur ther aids
to the clinician for the therapeutic treatment of spasticity in
multiple sclerosis and stroke patients, and other forms of
rehabilitation.
This guide has been written to provide an overview of the
tech nique of mag netic stimu la tion from the first prin ci ple through
to some of the clini cal ap pli ca tionsnow fea si ble. Also in cluded are
de tails about dif fer ent stimu la tor types and a look at more re cent
de vel op ments. A list of some 500 pa pers is pro vided or gan ised by
discipline. We thank our readers who have contributed helpful
in for ma tionor sug ges tions to wards this edi tion.

Cover Page: Induced electric field profile
of the double cone coil. The colours
yellow, red, blue and green on the front
cover signify decreasing fields strength.

Reza Jali nous, Ph.D.

Please note that this guide de scribes the state of the art in mag netic stimu la tion and is in te nded for a world- wide
read er ship. Some tech niques and mag netic stimu la tor de vices de scribed rep re sent uses that are con sid ered as
in ves ti ga tional in the USA. In par ticu lar this ap plies to the use of cor ti cal mag netic stimu la tion. Fur ther de tails
on the regu la tions gov ern ing the use of in ves ti ga tional de vices can be ob tained from theFDA (www.fda.gov).
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What’s New in Psychiatry
This sec tion de scribes one of the emerg ing ap pli ca tions
in magnetic stimulation, that of the use of repetitive
tran scra nial mag netic stimu la tion, orrTMS, in the treatment of mood dis or ders.
Mod est bene fit in the treat ment of
de pres sion was first demon strated
in 1995 by George et al. [Neu roReport, 1995, 6: 1853-1856] where
sub-motor threshold mag netic
stimuli were delivered cortically.
The ap proach is radi cally dif fer ent
from electroconvulsive therapy,
ECT, in that the pa tients are alert
and do not need to be an aes thetised. There have been a number
of other studies (see reference
list’s sec tion on psychiatry) with a
notable one having been con ducted by Pascual- Leone et al.
[Lancet, 1996b, 348: 233-238]
where pa tients re ceiv ing left dorsal lat eral pre fron tal cortex rTMS
showed a significant im provement when com pared with stimula tion of other ar eas.

The majority of rTMS work has been done at 10Hz
with the other fre quen cies be ing 1Hz, 5Hz, 15Hz and
20Hz. There ap pears to be lit tle dif fer ence in the ef fective ness of the dif fer ent rTMS fre quen cies so long as the
num ber of stim uli per train re main the same.

Fig ure A. Common high frequency rTMS protocols currently applied in the treatment of
mood disorders. Brief trains are applied once per minute for twenty minutes. Patient
receives ten treatments over a two week period.

Fig ure B. New treatment modality, low frequency rTMS, appears to have similar benefits
to high frequency rTMS. Note: Unlike high frequency rTMS, benefits are observed for
stimulation of the right prefrontal cortex.

Unlike sin gle pulse mag netic stim u la tion, where risks
of in duc ing a sei zure are ex tremely low, cor ti cally applied rTMS can in duce a sei zure un der cer tain cir cumstances. The risk can, how ever, be mini mised through
the use of care fully se lected pa ram e ters. Be fore the initi a tion of rTMS the cli ni cian is rec om mended to study a
milestone paper covering safety issues [Wassermann
EM, Electroencephalogr Clin Neurophysiol, 1998,
108: 1-16]. As well as a com pre hen sive set of guide lines
the pa per con tains one ta ble which sets a train du ra tion
limit based on stim u lat ing power and fre quency. This is
an ex cel lent start ing point for a study.
Cur rently there are two ap proaches with re gards to the
treat ment of de pres sion: (a) re pet i tive high fre quency
stim u la tion, and (b) re pet i tive low fre quency stim u lation. The two train mo dal i ties are shown in the two figures A and B on this page. Be ing more re cent, re pet i tive
low fre quency stim u la tion is less well stud ied but appears to have sim i lar ben e fi cial ef fects to rTMS. If the
initial data can be confirmed, the significantly lower
risk of in duc ing a sei zure will prove an un doubted plus
over rTMS.

It is stan dard prac tice to nor mal ise power lev els used to
the thresh old of a mo tor re sponse in a re laxed mus cle.
This is a rough in di ca tor of stimu lat ing power and is a
rea son able start ing point in the ab sence of im me di ate indi ca tors fol low ing rTMS of the pre fron tal cor tex. The
power lev els have ranged from 80% to 120% of mo tor
threshold. According to the aforementioned study by
Was ser mann et al. the safe limit, at 10Hz, is as fol lows:
Safe Limit Example: 10Hz Protocol
80% of motor threshold
100% of motor threshold
120% of motor threshold
130% of motor threshold

Limit unknown
5 seconds (50 stimuli)
4.2 seconds (42 stimuli)
2.9 seconds (29 stimuli)

In the same pa per it was sug gested that stud ies in nor mal
volunteers should be con ducted with a 25% safety margin to reduce seizure risk. Paraphrased, it states that:
“These safe limits should only be exceeded in cases
where adverse effects are expected and prepared for,
and the risks out weigh the po ten tial bene fit where al terna tive thera pies also have sig nifi cant risk.”
Also see the Safety sec tion and the References.
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Part 1: Fundamental and Technical Aspects
Brief His tory
Electromagnetic induction, producing a current in a
conductive object by using a moving or time-varying
mag netic field, was first de scribed by Mi chael Fara day in
1831 at the Royal Institution of Great Britain, and is
probably the most relevant experimental observation
for mag netic stimu la tion. Fara day wound two coils on
an iron ring and found that when ever the coil on one
side was con nected or dis con nected from a bat tery, an
elec tri cal cur rent passed through the coil on the other
side. The iron ring acted as a chan nel link ing the magnetic field from the first coil to the sec ond. A change in
the mag netic field, re lated to the chang ing cur rent in the
first coil, in duced a cur rent in the sec ond coil. In fact the
iron ring only im proved the cou pling ef fi ciency be tween
the two coils mak ing the ex peri ment more prac ti cal to
per form, and given suf fi cient pri mary cur rent it could be
dispensed with. This is the case in non-invasive mag netic stimu la tion where the stimu lat ing coil acts as one
coil, space as the me dium for the flow of the mag netic
field and the electrically con duc tive liv ing body as the
sec ond coil.
In 1896 d’Ar son val [C R Soc Biol; 1896, 3: 450- 51] reported phos phe nes (flick er ing lights in the vis ual field)
when plac ing his head in a coil driven from an al ter nat ing
110 volt sup ply at 30 am peres. It is now known that this
was due to the di rect stimu la tion of the ret ina. Bick ford
and Frem ming in 1965 [Di gest 6th Int Conf Med Elec
Biol Eng, 1965, p112] dem on strated non- invasive magnetic stimu la tion of fa cial nerves. In 1982 Pol son et al.
produced a magnetic stimulator capable of peripheral
stimu la tion and re corded the first mus cle evoked po tential [Med Biol Eng Com put, 20: 243-4]. The tech nique of
mag netic stimu la tion came of age in 1985 when Barker et
al. in Shef field [Lan cet, 1985, 1106- 1107] achieved magnetic stimu la tion of the hu man mo tor cor tex. For a more
de tailed his tori cal re view the reader is re ferred to a pub lica tion by Ged des LA [J Clin Neu ro physiol, 1991, 8:1-9].
Pro gress has been rapid since 1985 with sev eral new areas of re search us ing new de vel op ments. These in clude
coils with multiple windings for accurate stimulation;
train of pulses for in traop era tive moni tor ing and treatment of de pres sion and other psy chi at ric dis or ders; use
of fast repetitive stimuli to determine the laterality of
speech cen tres; and high en ergy stim uli to re start the fibril lated heart.

Figure 2: Magnetic stimuli are produced by passing
strong electric current pulses through a coil of wire.

Figure 3: The time varying magnetic field produces an
electric field surrounding the stimulating coil which in
turn induces small eddy currents in a conductive medium
such as the human tissue.

Figure 4: Magstim Model 200 shown above is a
magnetic stimulator with a monophasic output pulse.
The unit weighs 17kg with the heaviest items being the
storage capacitor, transformers and thyristor.
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Circular 40mm
Type 9594

Circular
50mm
Type 9993

Circular
70mm
Type 9762

Circular Double Small Double
90mm
25mm
50mm
Type 9784 Type 1165 Prototype

Double
70mm
Type 9925

Double
Cone
Type 9902

Inside Diameter (mm)

20

25

40

66

18 (x2)

34 (x2)

56 (x2)

96 (x2)

Outside Diameter (mm)

62

77

94

123

42 (x2)

74 (x2)

87 (x2)

125 (x2)

Number of Turns

21

18

15

14

14 (x2)

11 (x2)

9 (x2)

7 (x2)

Peak Magnetic Field
Strength (Tesla)

4.1

3.6

2.6

2.0

4.6

N/A

2.2

1.4

Peak Electric Field
Strength (V/m)

530

600

530

530

660

N/A

660

N/A

Table 1: The physical characteristics and maximum calculated outputs of the coils used with the Magstim 200.

Prin ci ples of Mag netic Stim u la tion
Magnetic nerve stimulators typically consist of two
dis tinct parts: a high cur rent pulse gen er a tor pro ducing dis charge cur rents of 5,000 amps or more; and a
stim u lat ing coil pro duc ing mag netic pulses with field
strengths of 1 tesla or more with a pulse du ra tion of
some 1ms.
The discharge current flow ing through the stim u lating coil generates the necessary magnetic pulse as is
shown in Fig ures 2 and 3. This pulse in duces cur rents
in an electrically con duc tive re gions, such as the human body. If the in duced cur rent is of suf fi cient amplitude and duration it will stim u late neuromuscular
tis sue in the same way as with con ven tional elec tri cal
stimulation.
The first com mer cial mag netic stimu la tors were produced in Shef field in 1985. The Magstim Model 200 is
based on the orig i nal Shef field de sign and is re ferred to
in this document to provide detailed information on
real sys tems used in magnetic stim u la tion. The
Magstim in Fig ure 4 con sists of a ca pac i tor charge/discharge sys tem to gether with the as so ci ated con trol and
safety elec tron ics. Using the charg ing cir cuitry the energy storage capacitor is charged to a set level de termined by front panel controls up to a maximum of
2,800 volts (2.8kV). When the Magstim receives a
trig ger in put sig nal the en ergy stored in the ca pac i tor
is dis charged into the stim u lat ing coil. The stored energy, apart from that lost in the wir ing and ca pac i tor, is
trans ferred to the coil and then re turned to the in strument to reduce coil heating. The discharge switch
con sists of an elec tronic de vice, which is called a thyris tor, is ca pa ble of switch ing large cur rents in a few
microseconds. Thyristors conduct current only in

Figure 5: The above waveforms are those produced by the
circular 70mm Coil (see Table 1 for winding detail)
showing a fast rise and slow decay culminating in induced
charge which depolarises the nerve.
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Mag netic stimu la tor types

one di rec tion and hence the Magstim
Model 200 pro duces a monophasic
dis charge cur rent with no cur rent rever sal. Monophasic discharge cur rents reduce heat dis si pa tion in the
coil, dis charge click noise, the stim ulus arte fact and in crease stim u lus accu racy. In addition, the stable and
well defined monophasic pulse al lows for a better un der stand ing of
the mech a nisms in volved in mag netic nerve stimu la tion. The wave forms of coil cur rent through to
in duced charge are shown in fig ure 5
for the 70mm cir cu lar coil (Type
9762 in Ta ble 1).
Al though the fig ures usu ally quoted
for the total energy stored in mag netic stimu la tors typ i cally range from
500J to 10kJ or more, the im por tant
fac tor in the ef fec tive ness of a magnetic nerve stimulator is the maxi misation of the peak coil energy. This
can be achieved by us ing a large en ergy
stor age ca pac i tor and/or by hav ing an
efficient energy transfer from the ca pac i tor to the coil. Typically 500J of energy has to be transferred from the
en ergy stor age ca pac i tor into the stimulating coil in around 100µs. Power,
measured in watts, is equivalent to
joules per second. From this, the im pulse power output of a typical mag netic stimulator during the discharge
phase is 5,000,000 watts (5MW). During the dis charge, en ergy ini tially
stored in the capacitor in the form of
electrostatic charge is converted into
magnetic energy in the stimulating
coil in ap prox i mately 100µs. This fast
rate of en ergy trans fer is nec es sary to
achieve a rapid rate of rise of mag netic
field. The cur rent in duced as a re sult
of the time vary ing mag netic field is in
the or der of 1-20mA/cm2 which is the
same as that used in conven tional
elec tri cal stim u la tion.
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Figure 5a: The above diagram shows the outputs of the three main types of
magnetic stimulators. Conventional recharger and close interval pulse train
units have high output capability whereas rapid-rate stimulators have medium
output power at repetition rates of 10-30Hz. It must be noted that rapid-rate
trains of five or more pulses applied cortically have been shown to be capable
of inducing seizures. This is, of course, not surprising as ECT is also capable
of inducing seizures using similar parameters. Single stimuli delivered at less
than 5Hz or pulse trains containing four or fewer pulses, on other hand are
highly unlikely to induce a seizure.

Figure 5b: The above diagram shows the three main types of magnetic field
output from stimulators together with their characteristics. Only one device
appears to utilise polyphasic output with the remainder using mono and
biphasic output in similar numbers. Some units have multiple output types.

Since the magnetic field strength falls off with dis tance from the stim u lat ing coil, the stim u lus strength
is at its high est close to the coil sur face. The stim u lation characteristics of the magnetic pulse, such as

depth of pen e tra tion, strength and ac cu racy, de pend
on the rise time, peak mag netic en ergy trans ferred to
the coil and the spa tial dis tri bu tion of the field. The
rise time and peak coil energy are governed by the
electrical characteristics of the magnetic stimulator

Reza Jalinous

Guide to Magnetic Stimulation

Figure 6: The 3D magnetic field
profile is shown below for the
circular 90mm coil (P/N 9784-00)
shown on the left. The highest
field strength occurs near the
inner turn (2.0 Tesla peak field).
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Figure 7: The 3D magnetic field
profile is shown below for the
double circular 70mm coil (P/N
9925-00) showing the interaction
between the two windings (2.2
Tesla peak field).

Magnetic
Field
Strength

mm

and stim u lat ing coil, whereas the spa tial dis tri bu tion
of the in duced elec tric field de pends on the coil geom e try and the anat omy of the re gion of in duced
cur rent flow.

Stimu lat ing Coils
The stim u lat ing coil, nor mally housed in moulded plastic cov ers, con sists of one or more tightly wound and
well insulated copper coils together with other elec tronic cir cuitry such as tem per a ture sen sors and safety
switches. The physical description of the coils used
with the Magstim Model 200, which was de scribed earlier, to gether with the es ti mated mag netic and elec tri cal
fields for these coils are shown in Ta ble 1 . The Magstim
200 is supplied with a circular 90mm mean diameter
coil as stan dard. This is most ef fec tive in the stim u lation of the hu man mo tor cor tex con trol ling the up per
limbs with a large cortical representation, and also in
the stim u la tion of spi nal nerve roots. To date cir cu lar
coils with a mean diameter of 80-100mm have re mained the most widely used in mag netic stim u la tion.
A 3D rep re sen ta tion of the mag netic field pro duced
on the sur face of a 90mm cir cu lar coil (Type 9784 in
Ta ble 1) is shown in Fig ure 6. In the case of cir cu lar
coils it is im por tant to note that the in duced tis sue
cur rent is zero or near zero on the cen tral axis of the
coil and in creases to a max i mum in a ring ap prox i-

Magnetic
Field
Strength

mm

mately un der the mean di am e ter of the coil. Stim u la tion,
there fore, is most likely to oc cur un der the wind ing and
not un der the coil cen tre. Dur ing the stim u lat ing phase,
when the magnetic field is increasing from zero to its
max i mum, the induced tis sue cur rent flows in the op posite direction to the coil current. In the case of the
Magstim 200, all single circular coils are marked with
Side A and Side B. With the coil placed on the body and
Side A visible, the induced tissue cur rent flows in the
clock wise di rec tion. With Side B vis i ble in duced tis sue
cur rent flows in the anti-clock wise di rec tion. The use of
the cor rect coil side is par tic u larly im por tant in cor ti cal
stimulation as the human motor cortex appears to be
more sen si tive when the in duced cur rent is flow ing from
posterior to anterior. Hence, with the coil placed cen trally on the ver tex and Side A vis i ble, the in duced current predominantly stimulates the left motor cortex.
With Side B vis i ble the ef fect is re versed.
Al though the 90mm cir cu lar coil is a very use ful gen eral
purpose coil, the site of stimulation is not well de fined. The most no ta ble coil ad vance has been that of
the double coil (also termed butterfly or figure of
eight coil). Dou ble coils uti lise two wind ings nor mally
placed side by side. A 3D rep re sen ta tion of the magnetic field pro duced on the sur face of a 70mm dou ble
coil (Type 9925 in Table 1) is shown in Figure 7.
Typically dou ble coils range from very small flat coils
for brain map ping work to large con toured ver sions
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to stim u late deeper neural struc tures in the brain.
The main advantage of
dou ble coils over cir cu lar
coils is that the induced
tis sue cur rent is at its maximum directly un der its
cen tre, where the two
wind ings meet.
Two commercial coils, a
single cir cu lar coil with a
90mm mean di ame ter
winding (Type 9784 in
Ta ble 1) and a dou ble coil
with two 70mm mean diameter windings (Type
9925 in Table 1), have
been used to il lus trate the
main dif fer ences be tween
circular and double coils.
In Fig ure 8 the cal cu lated
in duced elec tric field
10mm be low the coil surface is plot ted against distance from the coil cen tre.
Figure 8: The induced electric field profile of single and double coils differ widely because of
This shows that in the their geometry. The induced electric field of a circular coil is zero directly under its centre and
case of the circular coil
reaches maximum approximately under the mean diameter. In the case of double coils it is at a
the two peaks are sym met- maximum directly under the coil centre and has two smaller characteristic peaks on either side.
See Table 1 for winding details.
rical about the centre and
are of the same am pli tude.
In the case of the double
other parts of the coil wind ing ex posed to lower in duced
coil, how ever, there is a cen tral peak with over twice the
currents may also be stimulated. With the double coil
am pli tude of its pe riph eral peaks. That en ables the coil
placed flat, however, the nat u ral cur va ture of the head
to predominantly stimulate neural structures under its
helps keep the outer edges of the wind ings away from
centre.
other area of the cor tex fur ther im prov ing the ac cu racy
of the dou ble coil.
However, the hypothesis that the double coil only
stim u lates un der its cen tre should be viewed with cauThe Dou ble Cone Coil (Type 9902 in Ta ble 1; also see
tion. As shown in Fig ure 8, there are also smaller pe Fig ure 9) is a de vel op ment where two large cup shaped
riph eral peaks of ap prox i mately half the am pli tude of
wind ings are po si tioned side by side with a flat cen tral
the cen tral peak on ei ther side of the wind ing. These
sec tion and an gled sides closely fit ting the pa ti ent’s head.
calculations refer to an avail able commercial coil
The ad van tage of this coil is that its ge ome try al lows for
where prac ti cal re stric tions in con struc tion have been
bet ter mag netic cou pling, giv ing sig nifi cantly higher intaken into ac count. The chances of only stim u lat ing
duced current in the central fissure (70% higher than
un der the cen tral axis can be in creased by stim u lat ing
with the 90mm cir cu lar coil). This coil is es pe cially use ful
at, or just above, the thresh old level, but this can not
in the stimu la tion of the mo tor cor tex ar eas con trol ling
be guaranteed. In the case of cortical stimulation,
the mus cles of the lower torso and limbs.
many neu ral fibres have to be stim u lated be fore a suffi cient de scend ing vol ley is gen er ated. The readi ness,
Stim u lat ing coil con struc tion: The stim u lat ing coil is
and hence the stimulation threshold, of individual
the only part of a magnetic nerve stimulator which
nerve fibres in the motor cortex varies sig nificantly
needs to come close to, or into contact with, the pa from one re gion to the next. Thus nerve fibres un der
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Figure 9. The Double Cone
Coil utilizes two angled
windings to improve
coupling to the head. This
significantly improves its
effective stimulating power.
The coil is useful for
cortical stimulation of the
lower limb areas.
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Magnetic Field Flow

Coil Cross Section
Coil Winding

tient. Dur ing the discharge of the mag netic pulse the
coil wind ing is sub jected to high volt ages and cur rents.
Al though the pulse gen er ally lasts for less than 1ms, the
forces act ing on the coil wind ing are sub stan tial and depend on the coil size, peak energy and construction.
Care ful coil de sign is, there fore, a very im por tant as pect
in the con struc tion of a mag netic stimulator. Large coils
uti lise more cop per mass than a small coil and gen er ally
have a lower elec tri cal re sis tance. As a re sult less heat is
dis si pated in their wind ings and be cause of their higher
heat ca pac ity they re main us able for much lon ger pe riods of time with out be com ing warm.
Cop per has been used as the high cur rent con duc tor in
coil windings due to its low electrical resistance, high
heat ca pac ity, avail abil ity and a fair ten sile strength. Silver has a lower re sis tance than cop per and hence there
would be less heat dis si pated within the coil dur ing the
discharge phase as a result of I2R resistive losses. The
bene fits are, how ever, off set by the sig nifi cantly lower
heat ca pac ity of sil ver re sult ing in the coil warm ing up
more quickly than copper even though less heat has
been gen er ated.

Mag netic Field Strength vs. Stimu lus Strength
The most widely quoted fig ure re gard ing the out put
of mag netic stimu la tors is the mag netic field strength.
Al though it is an im por tant pa ram e ter, mag netic field
strength alone is a poor mea sure of mag netic
stimulator per for mance. Mag netic field strength is defined as the mag netic flux density and does not re flect
the to tal mag netic flux pro duced by the stim u lat ing
coil over its to tal area. In a small coil where the magnetic flux is con cen trated in a small area, the mag netic
field in ten sity will be higher than in a larger coil, but
the field falls off much more rapidly with distance.

Hence a small coil is some what more powerful in the
stim u la tion of su per fi cial nerves and a large coil is more
suitable for structures at depth. The amplitude, wave form and spa tial char ac ter is tics of the in duced cur rent all
play a role in mag netic nerve stim u la tion.
A more ac cu rate in di ca tor of the stimu lat ing power output is the induced charge den sity per phase de fined as
the in te gral of the in duced cur rent den sity dur ing the rise
time of the mag netic field. It pro vides a bet ter in di ca tor
of out put by tak ing into ac count the ef fects of both ampli tude and du ra tion of the in duced stimu lat ing cur rent.
It does not, how ever, take into ac count the ef fects of the
nodal time con stant of the mye li nated nerve fi bre. Unfor tu nately the ac tual value of the in duced charge density per phase is difficult to calculate ac cu rately due to
the com plexi ties of the struc ture be ing stimu lated. Different ar eas, such as bone, fat, grey matter and white
matter with differing conductivities all affect the in duced cur rent and its path.
As well as basing a choice of coil on magnetic field
strength and in duced cur rent, the suit abil ity of a coil for
its in tended ap pli ca tion must also be taken into ac count.
As ex am ples the 90mm coil is very ef fec tive in bi lat eral
stimulation of the phrenic nerve roots, the double
70mm is used for mono- hemispheric tran scra nial stimula tion, the cir cu lar 40mm coil is well suited to stimu lation at the Erb’s point, and the dou ble cone coil is most
pow er ful in cor ti cal stimu la tion of the lower ex tremi ties.
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Part 2: Clinical Aspects
Mag netic stimu la tion’s main abil ity is safely and eas ily to
stimu late most neu ral struc tures, un im peded by fat and
bone and with out dis com fort.The ma jor ity of the clinical applications for the technique are for the noninvasive stimu la tion of the pe riph eral and cen tral mo tor
path ways. Other uses in clude stimu la tion of the left and
right prefrontal cortex, visual cortex, language centre,
cerebellum and pe riph eral sen sory nerves.These ap plica tions cover uses for di ag no sis, prog no sis, moni tor ing
and therapy. The fol low ing sec tions give an out line of
how re sponses are ob tained and how their char ac ter istics are meas ured, to gether with sev eral sam ple ap pli cations from operating room monitoring to urology.
There is also a sec tion on safety with a con clud ing section of ref er ences.

proximately 25%, increase the re sponse am pli tude 2-5
times and reduce response latency by some 1-3ms
through pre- activation of the tar get mus cle (see Fig ure
11 not ing the changes in scales). This tech nique, re ferred
to as fa cili ta tion, has been de scribed in con sid er able detail by others [e.g. Roth well et al. Review article. Exp
Physiol 1991, 76: 159- 200]. Where the pa tient is able to
con tract the tar get, the cli ni cian has the choice of re ducing the power level resulting in in creased pa tient comfort. Ta bles of nor mal data are, how ever, avail able for
both re laxed and fa cili tated mus cles. The meas ure ment
of conduction latency with facilitation re quires sev eral
su per im posed re sponses to al low the de ter mi na tion of
ex act take- off point.

Mo tor Evoked Po ten tials (MEPs)
Magnetically evoked mo tor po ten tials can be ob tained
by stimulating neural tissue such as the mo tor cor tex,
spi nal nerve roots and pe riph eral nerves. Re sponses can
be recorded in the normal manner using EMG or
evoked po ten tial equip ment. In the case of mus cle action po ten tials av er ag ing is not gen er ally nec es sary because of the size of the response. Depending on the
re sponse size, nerve ac tion po ten tials may re quire av erag ing. Mag netic stimu la tion of a pe riph eral nerve, in this
case the ul nar nerve, was pre vi ously shown in Fig ure 1.
Us ing a more ac cu rate fig ure of eight coil the re sponses
in Fig ure 10 dem on strate the use of the Mag stim 200 to
meas ure the pe riph eral mo tor nerve con duc tion ve loc ity
(NCV).
It is the stimu la tion of deeper and less ac ces si ble nerves,
how ever, where the tech nique of mag netic stimu la tion
excels over conventional electrical stimulation. Motor
evoked po ten tials from the left First Dor sal In teros seous (FDI) in re sponse to mag netic stimu la tion of head,
neck, Erb’s point and the mo tor cor tex are shown in Figure 11. Meas ure ments usu ally ob tained from the waveforms tend to include conduction latency, response
am pli tude (ei ther base- line to first peak, or peak to peak
value), thresh old of stimu la tion. Other pa rame ters also
noted, which are perhaps used less frequently include,
morphology (number of response phases), response
area, power spec trum, si lent pe ri od, fa tigue and cen tral
re cov ery time.
Facilitation:In the case of the cen tral nerv ous sys tem it
is possible to reduce the stimulation threshold by ap -

Stimulation at the
Wrist

Stimulation at
the Elbow

5mV/Div
5ms/Div
Expanded View
3.20ms
1mV
/Div

7.36ms
Stimulation at the
Wrist
Stimulation at
the Elbow

2ms/Div

Figure 10: Typical responses to peripheral magnetic
nerve stimulation are shown above and were recorded
over the first dorsal interosseous (FDI) muscle in the left
hand. The ulnar nerve was stimulated at the elbow and
wrist using a double 30mm coil giving conduction
latencies of 7.36ms and 3.20ms respectively. The
distance between the two sites of stimulation was 24.5cm
giving a healthy nerve conduction velocity of 59m/s. The
lower traces show expanded waveforms (note scales) to
highlight the take-off points.
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Figure 11: The set-up shown below allows the recording
of motor evoked potentials. The example responses
shown on the right have all been recorded over the left
dorsal interosseous (FDI). From top to bottom: (a)
Stimulation at Erb’s point using the circular 40mm coil
(see Table 1); (b) Stimulation at the neck with the 90mm
circular coil centred over C7; (c), (d) and (e)
Stimulation of the motor cortex with the 90mm circular
coil placed centrally on the vertex - three superimposed
responses each. Responses (d) and (e) are facilitated by
slight preactivation of the target muscle. Note that there
is a silent period after the compound motor potential
lasting over 100ms.

Magstim
200

Stimulating
Coil
Interconnecting
Lead

EMG
Instrument

MEP vari abil ity: From the very early days of cortical
mag netic stimu la tion a con sid er able amount of re sponse
vari abil ity has been noted, un like in pe riph eral stimu lation where re sponses are ac cu rately re peat able. Ini tially
these were thought to be as a re sult of changes in coil posi tion ing and power level varia tion from pulse to pulse.
Care ful ex peri ments have, how ever, shown the vari ability to be a real neu ro logi cal phe nome non as a re sult of
continually changing excitability of the cortex. In fact
the meas ure ment of this vari abil ity may also prove useful clini cally in cer tain dis or ders.

Central Motor Conduction Time (CMCT): An es tima tion of the cen tral mo tor con duc tion la tency can be
made by sub tract ing the cor ti cal to mus cle con duc tion latency from the peripheral conduction latency. The pe ripheral conduction latency can be measured either by
mag netic stim u la tion of the spi nal nerve roots or by us ing
conventional F-wave techniques where applicable (see
Fig ures 11 and 19 for ex am ple wave forms). The CMCT is
ab nor mal in many dis or ders of the ner vous sys tem and,
to gether with the other pa ram e ters mea sured, forms the
ba sis for di ag no sis and as sess ment. There are nu mer ous
normative and patient data avail able for many human
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Peripheral Response

Cortical Stimulation
Coil Current
Stimulating Coil
Cortical Stimulation
Descending Nerve
Impulse

Relaxed Muscle:
Example CMCT = 23.8ms - 17.4ms = 6.4ms
Contracted Muscle:
Example CMCT = 22.6ms - 17.4ms = 5.2ms

Figure 12: The central motor conduction time (CMCT)
is typically measured by first stimulating the motor
cortex (top right) and then the relevant peripheral nerve
as it exits the spine (right). The difference is the time it
takes for the impulse to travel from the motor cortex to
the spinal vertebral foramen. This time is commonly
referred to as the CMCT. The responses shown above
were obtained from the first dorsal interosseous (FDI)
muscle in the hand.

mus cles or, if re quired, us ers can ob tain their own ta bles
of data to suit their circumstances. Typically if the
CMCT is out side mean plus two stan dard de vi a tions the
con duc tion is con sid ered ab nor mal.
Threshold: The thresh old of stim u la tion (nor mally described as a per cent age of the max i mum power level of a
par tic u lar stimulator man u fac turer and model) is gain ing
pop u lar ity. It is also a sen si tive in di ca tor of ab nor mal ity in
cer tain dis or ders, es pe cially where CMCT can be nor mal,
for ex am ple in stroke (tests for this dis or der are de scribed
later). Threshold can be defined as the power level at
which a re sponse can be de tected 50% of the time and it
can be mea sured for both fa cil i tated and re laxed mus cles.
Note that due to the vari a tions ex plained ear lier it is necessary to repeat the stimulation a few times - three re sponses out of six stimuli has been suggested as a
stan dard. Mea sure ment of the thresh old of stim u la tion in

the dis or ders of the cen tral ner vous sys tem has the advan tage of re quir ing low power lev els and no pe riph eral
stimulation. Its repeatability and comfort eases longer
term as sess ment, for ex am ple in re ha bil i ta tion and drug
ther apy mon i tor ing.
Response amplitude: Whereas in peripheral stimu lation a su pra maxi mal stimu lus is gen er ally a re quire ment,
a dif fer ent ap proach is taken for the stimu la tion of the
cen tral nerv ous sys tem. Since it is not pos si ble to ob tain
su pra maxi mal re sponses evoked by cor ti cal stimu la tion,
the am pli tude tends to be noted ei ther on its own or as a
ratio of supramaximal peripheral response. In normal
sub jects this ra tio is above 50% for fa cili tated hand muscles but can be 5% or less in several dis or ders such as
stroke and mul ti ple scle ro sis.
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Limitations: It should be noted that the tech nique of
magnetic stimulation has certain lim itations. It has
not yet proved pos si ble di rectly to stim u late the spi nal
cord al though this may be come pos si ble through the
de vel op ment of new spe cial ised coils and puls ing arrange ments. It is thought that the bone and car ti lage
surrounding the cord impedes in wards cur rent flow
from the out side and that the spi nal cav ity it self does
not have a large enough area to allow sufficient in duced current. Cortical and spinal root stimulation,
however, overcome this limitation in most clinical
uses (as an ex am ple see sec tion on cer vi cal
spondylosis).
While the Dou ble 25mm Coil does not re place all the
stan dard MCV and SNCV tests, mag netic stim u la tion
has become as reliable as conventional
electroneurography in the assessment of
demyelinating neuropathies, with less dis com fort and
a shorter ex am i na tion time. Mag netic stim u la tion is
of particular use in the non-invasive stimulation of
deep nerves and es pe cially spi nal nerve roots such as
the phrenic nerve where elec tri cal stim u la tion is both
very pain ful and some times un re li able.
Mag netic Pulse Pairs with a timed stim u lus in ter val
can be ef fected ei ther through a sin gle coil or through
two in de pend ent coils. There are a num ber of op tions
pro vided to match most needs.
A Magstim Model 250 unit can deliver two individual
pulses through one coil at a pre de ter mined interstimulus
in ter val from 1.0ms to 99.9ms in 0.1ms steps, with both
pulses at the same power level. The re sult ing MEP’s
will show a facilitated response. The pulses can be
summated to pro vide a sin gle high power pulse.
The BiStim set-up pro vides the flex i bil ity to evoke either an in hib ited or a fa cil i tated re sponse, or to de liver
two pulses through one or two coils. The set-up uti lises two Magstim Model 200 units and a BiStim Module.
De livering two pulses through one coil main tains the
same in duced cur rent flow (see Fig ure 13). Using the
BiStim Mod ule it is pos si ble to ad just both the power
level and the tim ing of each pulse in de pend ent of each
other. In the case of cortical stim u la tion the site of
stim u la tion may not re main the same, as the first pulse
can activate both inhibitory and facilitatory mech anisms and modify the threshold and readiness of
other sites to stim u la tion by the sec ond pulse. For
this reason most studies using magnetic pulse pairs

Figure 13: Magnetic pulse pairs can be produced using
the BiStim Module which routes the output pulses from two
individual Magstim 200 units into one stimulating coil.
Typically a time interval of between 1ms and 50ms is
chosen. Depending on the inter-pulse spacing and power
level magnetic pulse pairs applied to the central nervous
system may produce inhibitory or facilitatory effects. The
responses below show the facilitatory effects of pulse pairs
when stimulating cortically. Both responses were recorded
from the left tibialis anterior using the Double Cone Coil
(see Table 1 for details) placed at the vertex (50% power
level).

30.4ms
200µV/Div

Single Stimulus
Response

4ms Pulse
Separation
10ms/Div

Dual Stimulus
Response

200 µV/Div
Right Tibialis
Anterior

have used dou ble coils for se lec tive stim u la tion. The
BiStim Mod ule is al low ing the de tailed study of the inhibitory and facilitatory mechanisms of the brain and
spi nal cord.
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Sen sory Evoked po ten tials (SEPs)
20µV/Div

Mag netic stimu la tion can also be used to stimu late sensory nerve fibres. The response can be recorded over
sen sory nerves and av er aged in the nor mal man ner. The
ad van tage of mag netic stimu la tion over elec tri cal is that
of com fort. The dis ad van tage is the fact that stimu lat ing
coils may warm up bef ore the end of the data ac qui sition. Magnetic sensory evoked potentials, so far rela tively uncommon, are gaining popularity as coils
improve and pulse repetition rates increase. A typical
sen sory re sponse to mag netic stimu la tion at the wrist is
shown in Fig ure 14. Ow ing to the small sig nal size careful ar range ment of re cord ing elec trodes is nec es sary to
avoid stimu lus ar te fact in ter fer ence.

2.40ms

1ms/Div

Stimulus Artefact
Figure 14: Responses from sensory nerves can also be
recorded using magnetic stimulation. The above averaged
response (8 sweeps) is recorded over the index finger after
magnetic stimulation of the median nerve at the wrist
using a Double 20mm Coil with the Magstim set at 75%
power level.

ing of motor pathways has, therefore, become an
im por tant goal.

Sam ple Ap pli ca tions
The fol low ing sec tions pro vide a va ri ety of sam ple applications covering peripheral, spinal nerve root and
cortical stimulation. For further information on the
sam ple ap pli ca tions and other ar eas not cov ered in this
guide the reader is also re ferred to the ref er ence sec tion
start ing on Page 27.

With the pain as pects of stim uli be ing largely un im portant dur ing sur gery, where pos si ble elec tri cal stimu la tion
has been used to stimu late mo tor nerves. This tech nique
has proved quite suc cess ful in the case of some pe ripheral nerves and is al ready in wide spread use dur ing appropriate surgical procedures. One example is facial
nerve monitoring during acoustic neuroma brain tu mour sur gery.

Op er ating Room Mon i toring
The stan dard method of op er at ing room (O.R.) mon itoring, where the central nervous system or spinal
nerve roots are at risk, has so far been that of sen sory
evoked po ten tials (SEPs). The tech nique of re cord ing
SEPs can not, how ever, be used to mon i tor the cen tral
mo tor path ways di rectly. As a re sult dam age to the motor sys tem may go un no ticed leav ing the pa tient at a
higher risk of post-op er a tive dis abil ity. O.R. mon i tor-

Di rect elec tri cal stim u la tion of the cen tral ner vous system, however, poses important problems because of
bone and the depth of tis sue to be stim u lated. These obsta cles mean that large cur rents are re quired to stim u late
with po ten tial for elec trode burns. In ad di tion the need
for di rect elec tri cal con tact with the pa tient in creases the
risk of electric shock through the malfunction of the
stimulator and/or other equip ment in con tact with the
patient. Magnetic stimuli on the other hand have no

Why Take the Mag netic Train Route in O. R. Moni tor ing?
•

A sin gle pulse train is all that is needed for bi lateral lower limb responses; no averaging is re quired. Re sponses can be ob tained regu larly.

•

The stimulating coil, unlike electrical stimu lation, makes no elec tri cal con tact with the pa tient
mini mis ing risk of elec tric shock or burns.

•

Unlike with SEPs the motor tract is monitored.
The pro cess is non- invasive and can be car ried out
at regu lar in ter vals.

•

Additionally magnetic stimulation can be used
pre-operatively for baseline data and diagnosis
and post- operatively for prog no sis.

•

The set- up is sim ple and fast us ing con ven tional
surface pick-up electrodes. Epidural electrodes,
prone to mis place ment, are not re quired.

•

When used to gether with SEPs the spi nal cord is
moni tored in both di rec tions by two in de pend ent
sys tems in creas ing re li abil ity.
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O.R. Monitoring

Deep Per oneal Nerve

Figure 15: The above drawing shows one of the many possible O.R. monitoring set-ups during spinal surgery. Th e Double
Cone Coil, specifically designed to obtain good lower limb responses, is centred over the motor cortex and is used to deliver
the magnetic pulse. The coil can either be fixed into position using a variety of clamping arrangem ents or brought into
contact as and when monitoring is required. In this case recordings are made from Tibialis Anterior where clear signals of
up to 1mV p/p may be expected. Hand responses can also be recorded to act as controls. Although the painless aspects of
magnetic stimulation are no longer important with the patient under anaesthesia, it is possible to directly compare responses
with pre- and post-operative data obtained using the magnetic stimulator. Additionally the lack of direct contact with the
patient eliminates the risk of electrode burns possible with high power electrical stimulators.

Figure 16: Example Responses obtained using the Magstim QuadroPulse, Train of Four Magnetic Stimulator, together with
the set-up shown in the previous figure. Single or double pulses produced no responses (when using propofol based
anaesthesia) whereas three and four pulses produced large amplitude motor evoked potentials. The advantage of three pulses
over two are clear-cut whereas the advantage of four pulses over three becomes apparent only in the more difficult cases.
Waveform reproduced with the kind permission of Dr. Lavern Gugino.
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Surgery

Fig ure 16a: The above draw ing shows a pos si ble set-up for mon i tor ing up per limbs dur ing cer vi cal surgery. In con trast to the
mon i tor ing of lower limbs where the dou ble cone coil was used, the most suit able coil for re c ord ing up per limb re sponses is
the curved round coil. The use of epidural elec trodes is not nec es sary but is shown here to demon strate al ter na tive re cord ing
tech niques. Re sponses can be re corded us ing con ven tional evoked po ten tial equip ment.

Fig ure 16b: Re sponses ob tained us ing the Magstim QuadroPulse, Train of Four Mag netic Stimulator, to gether with the set-up
shown in the pre vi ous fig ure. Re sponses re pro duced with the kind per mis sion of Dr. Lavern Gugino. The two se quence of
traces show the sta bil ity of re sponses from one stim u lus train to the next and over a pe riod of 30 min utes. The in ter laced traces
show al ter nate re sponses ob tained with the po lar ity of the mag netic pulse re versed from one pulse to the next.
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Figure 17: Block diagram of the Magstim QuadroPulse 500. Two independent charger systems feed four capacitor banks.
These capacitors can be fired in a sequence to produce closely spaced trains of up to four pulses, or in combination to produce
very high power levels. Control of the instrument can either be via the hand-held unit or from an external source such as a
computer. There are a selection of stimulating coils to perform different tasks all of which can be held in position using the
supplied floor standing coil clamp. The instrument can be used pre-, intra- and post-operatively to establish baseline, monitor
and then assess outcome.

diffi culty pass ing through bone an use much lower current lev els of around 20mA/cm2, in stead of the 1A/cm 2
of elec tri cal cor ti cal stimu la tors. Ad di tionally mag netic
stim u la tion’s non-in va sive and more com fort able charac ter is tics give the ad van tage of al low ing a pre-op er a tive
base line to be es tab lished and a post-op er a tive as sessments to be car ried out. This en ables mean ing ful compar i sons to be made be fore, dur ing and af ter sur gery.
Cor ti cal mag netic stim u la tion in the awake sub ject typ ically pro duces a de scend ing vol ley con sist ing of sev eral
in di rect waves (I-waves) with 1-3ms sep a ra tion. The descend ing vol ley summates and trig gers the spi nal al pha
motoneurone with the impulse leading to the muscle
where the mus cle ac tion po ten tial (MAP) is re corded in
the normal manner. With most anaesthesia, however,
the I-waves are sig nif i cantly re duced in num ber or are

eliminated completely. With the ad vent of short
interpulse mag netic pulse trains it has be come pos si ble
to mimic the nat u ral de scend ing vol ley even dur ing depressive anaesthesia which would normally reduce or
eliminate the I-waves. The tech nique uti lises tem po ral
sum ma tion at the spi nal al pha motoneurone to pro duce
the MAP in dis tal mus cles. This en ables the use of more
com mon an aes thetic agents, such as propofol, and possi bly even with in ha la tion agents.
Work by Tay lor et al. [J. Neu rol, Neu ro surg & Psy chiat,
1993, 56: 104-106] demonstrated the bene fits of us ing
elec tri cal pulse pairs for spi nal MEPs. Tem po ral summation at the spinal level significantly enhanced the
MEP re sponse al low ing the use of “good sur gi cal an aesthe sia”. This tech nique was then ex tended suc cess fully
to the use of the BiS tim Mod ule with a Dou ble Cone

Op tions for Op er at ing Room Moni tor ing
•

Conventional single pulse magnetic stimulators
can only be used for re li able mo tor tract moni toring if special anesthetic regimen are used (e.g.
based on eto mi date and/or keta mine). More common an es the sia such as pro po fol tend to oblit erate lower limb re sponses. Ex peri ments show that
the D- wave re mains in tact but the I- waves are reduced in number and am pli tude. Epidural electrodes can, therefore, be used to record the
D- wave di rectly.

•

Temporal sum ma tion can be used with trains of
two or more pulses to get mus cle re sponses with
more com mon an es the sia. The Mag stim Quad roPulse is unique in that it is ca pa ble of very closely
spaced trains (1ms+). Us ing a train of four, in terpulse spac ings of around 3ms ap pear to be op ti mal
giv ing ro bust MEPs with pro po fol based an es thesia. Large amplitude bilateral responses are ob tain able with sin gle stimuli trains with out
averaging.
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Coil (see Ta ble 1) [Tay lor et al. 5th Int. Symp. on Spi nal
Cord Moni tor ing, Lon don 1992. In Press]. A pulse separa tion of 2ms was used with pro po fol as the main an aesthetic. Large mo tor evoked po ten tial re sponses
(~1mVp/p) were present when using magnetic pulse
pairs and ab sent with a sin gle pulse, clearly dem on strating the bene fit of us ing paired stim uli. The stimu la tion
and re cord ing sites were over the ver tex and tibi alis an terior mus cle re spec tively. An ex am ple of the fa cili ta tion
pos si ble in an awake sub ject was shown in Fig ure 13.
As a re sult of the work with the BiS tim Mod ule, a new
generation of magnetic stimulator capable of longer
trains with higher out put power was de vel oped. This instu ment, Mag stim Quad ro Pulse, is ca pa ble of very close
interval (1ms+) trains of up to four pulses. With the
O.R. set- up shown in Fig ure 15, it has proven pos si ble to
obtain clear, stable and large responses before, during
and af ter spi nal sur gery. Ex am ple re sponses are shown
in Fig ure 16. The block dia gram is shown in Fig ure 17.
Magnetic stimulators are also used for the purpose of
O.R. pe riph eral nerve moni tor ing of cer tain cra nial and
peripheral nerves (e.g. facial nerve), where anaesthetic
ef fects are less im por tant [Thum fart WF et al. Ann. Otol.
Rhin. Laryng, 1992, 101: 629- 634]. The ad di tional depth
of pene tra tion in mag netic stimu la tion of ten al lows the
stimu la tion of nerves not read ily ac ces si ble to con ventional elec tri cal stimu la tion. Fur ther in for ma tion re garding the stimu la tion of fa cial nerve can be found on Page
21.

Cer vi cal Spondylosis
Mag netic stimu la tion is also used in the early di ag no sis
and assessment of spinal disorders such as Cervical
Spon dy lo sis. The test ing pro ce dure is sim ple, takes less
than 45 min utes to carry out in the ma jor ity of cases, and
is vir tu ally pain less.
The tests are based on the fact that the mus cles in the
shoul ders and arms are fed from dif fer ent cer vi cal nerve
roots and that the ana tomi cal con nec tions are well under stood. Hence, by look ing at the re sponses af ter cor tical and peripheral stimulation from carefully chosen
mus cle groups, the prog ress of the im pulse can be monitored through the brain, spe cific nerve roots and nerve
trunks.
The mus cles used in this ex am ple are the Bi ceps, typically fed by C5, C6, and C7 nerve roots, and First Dor sal
Interosseous (FDI), typically fed by C8 and T1 nerve
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Figure 18: In the above example responses can be
recorded from the biceps and first dorsal interosseous to
differentiate between upper and lower cervical disorders
(see text below).For cortical stimulation the 90mm coil
is placed directly over the vertex. For the stimulation of
cervical nerve root exits, the coil is positioned on the
midline at the back of the neck at a height suitable for
the nerve root of interest.

roots (see Fig ure 18). This choice al lows the dif fer en tiation be tween up per and lower cer vi cal dis or ders.
The stimu lat ing coil is used cor ti cally and re sponses are
obtained from the left and right Biceps and FDI. The
coil is then po si tioned over the cer vi cal nerve roots and
at the Erb’s point and re sponses are once again re corded
from the left and right mus cles. In the case of the FDI
muscles conventional F-wave recordings can also be
used to differentiate between central and spinal nerve
root le sions. Ex am ple re sponse wave forms are shown in
Fig ure 19.
With cor ti cal stimu la tion the la ten cies from the Bi ceps
and FDI com prise the Cen tral, nerve Root and Peripheral con duc tion times (C+R+P). With the coil placed
over the cer vi cal roots the meas ured la ten cies re late to
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the Peripheral segment of the motor path way (P) exclud ing the nerve root.
Subtraction of the second la tency (P) from the first
(C+R+P) gives the time taken for the im pulse to travel
from the motor cor tex to the exit of the motor roots
from the in ter ver te bral fo ra men (C+R). This is re ferred
to as the cen tral motor con duc tion time.
F-wave measurements which include the spinal nerve
roots and the re flex cen tre can be com bined with magnetic stimulation to calculate the actual central motor
conduction time and also to separate out conduction
times in the spi nal nerve roots. As an ex am ple, sub traction of twice the dis tal con duc tion la tency, ob tained using mag netic stimu la tion at the neck, from the sum of
the F-wave and M- wave la ten cies gives the time taken
for the im pulse to travel through the spi nal nerve roots
and the re flex cen tre.
The latency, amplitude and waveform measurements
are sen si tive in di ca tors of lo ca tion and se ver ity of cer vical spine dis or ders. In ad di tion, com par i son of the responses from left and right hand sides allows the
de ter mi na tion of the laterality of the ab nor mal ity. The test
is used to in di cate, quan tify and mon i tor the prog ress of
the spi nal dis or der, con firm ra dio log i cal and clin i cal findings, and also to in di cate the level of in volve ment of motor path ways in pa tients with soft tis sue in jury.

Phrenic Nerve Stim u la tion
The Magstim is used for bilateral or unilateral phrenic
nerve stim u la tion. Its ad van tages over elec tri cal stim u lation are ease of positioning, re peat abil ity and much improved pa tient tol er ance. It is used re li ably to as sess the
function of respiratory muscles by measuring the di aphragmatic re sponse and strength. The ease of ap pli cation and pa tient com fort makes it pos si ble to also carry
out lon gi tu di nal mon i tor ing stud ies. Mag netic stim u la tion
can be used to ob tain re sponses even when the phrenic
nerve cannot be located using conventional electrical
stimulation.
The technique described here has been used by the
Kings College and Brompton Hospitals in London.
With the neck flexed the stan dard stim u lat ing coil is positioned over the spineous processes of C6/7 and the
mag netic stim u lus is given with the pa tient at FRC (see
Fig ure 20). This al lows for bi-lat eral phrenic nerve stimu la tion. The coil is moved up or down the midline un til
the maximum response is obtained. Oesophageal and
gas tric pres sures are re corded from la tex bal loon cath e-
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(a) Responses to supramaximal
electrical stimulation of the
ulnar nerve at the wrist.

(b) As in (a) but with the vertical
scale expanded to highlight the
F-wave response.

(c) Responses to
magnetic stimulation at
the Erb’s point using the
Small 40mm Coil.

(d) Response to magnetic
stimulation at the C7 level using
the High Power 90mm Coil.

Figure 19: The example waveforms shown here have all
been recorded over the left first dorsal inerosseous (FDI).
Since the FDI muscle is fed by the ulnar nerve supplied by
the C8 and T1 nerve roots, the above measurements allow
for the assessment of lower cervical roots. Vertical Scale:
5mV/Div for responses (a), (c) and (d) and 0.5mV/Div for
response (b). Horizontal scale: 5ms/Div.

ters. Twitch diaphragmatic pressure is then computed
by the sub trac tion of oe soph a geal from gas tric pres sure,
us ing Pdi at FRC as the ref er ence point.
Uni lat eral phrenic nerve stimulation can also be
achieved by us ing a small fig ure of eight coil placed at the
side of the neck. Dia phrag matic mus cle ac tion po ten tials
can then be re corded us ing sur face elec trodes placed in
the 7th and 8th in ter cos tal spaces. Re sponses ob tained
when us ing a dou ble small coil are shown in Fig ure 20
dem on strat ing su pra maxi mal stimu la tion.
A development is with two individual figure of eight
coils connected to a BiStim set-up allowing almost si mul ta ne ous dis charge for bi lat eral stimu la tion. The advan tage of this ap proach over a sin gle coil placed at the
back of the neck is less cur rent spread and bet ter pa tient
comfort. The slight disadvantage is that the two coils
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Figure 20: Above Right: Respiratory muscle responses
can be recorded using pressure measurements, EMG
evoked potentials and ultrasound scans. In order to
stimulate the phrenic nerve roots the circular 90mm coil
is centred over C7.
Above: Twitch responses resulting from electrical and
magnetic stimulation are shown above. These responses
were recorded using Validyne MP4-1 differential
pressure transducers (Validyne Co, Northbridge, CA).
Waveforms supplied courtesy of Professor John Moxham
and Dr. Malcolm Green, Royal Brompton Hospital,
London, U.K.
Right: Supramaximal twitch response to unilateral
magnetic stimulation is obtained using a figure of eight
coil (Double 40mm Coil) placed at the side of the neck.
Bilateral stimulation of the phrenic nerve can also be
achieved using two Magstim units each feeding one
figure of eight coil.

need to be positioned individually as is the case with
elec tri cal stimu la tion.
Twitch Pdi meas ure ment may be used to con firm or refute the diagnosis of bilateral or unilateral diaphragm
weakness. In patients with neuromuscular disease
Twitch Pdi may per mit ac cu rate clini cal as sess ment of
dis ease prog ress. On go ing de vel op ments in clude the adap ta tion of mag netic stimu la tion for use with neo nates
or children. Additionally, by meas uring pressure
changes in the mouth (Twitch Pmo) it is now pos si ble to
ob tain a non- volitional meas ure of dia phragm strength.

Urology
Re cent ad vances in the di ag no sis and mon i tor ing of urogen i tal tract dys func tion have be come of in ter est to the
Urol o gist, Neuro-Urol o gist and Urosurgeon alike. The
con tri bu tion of the so matic fibres to the innervation of
the lower genitourinary tract is marginal compared to
that of the au to nomic nerves. Mag netic stim u la tion al-

Latex Balloon
Catheters

EMG
Electrodes
200 µV/Div
10ms/Div

60%

70%
80% & 90%

lows the in ves ti ga tion of cen tral mo tor path ways and
autonomic nerve function alongside the more tra ditional tech niques which look at so matic path ways only.
Pelvic floor motor evoked potentials (MEPs), in re sponse to ei ther cor ti cal or pe riph eral stim u la tion, can
be recorded on standard EMG or evoked potential
equip ment. Re sponses can be picked up by con cen tric
needle electrodes from the muscles concerned (e.g.
anal or periurethral sphincter, bulbocavernosus mus cles, or detrusor mus cle), or by sphincter plugs con taining silver plated electrodes. Stim u la tion of the mo tor
cortex gives an overall response which includes con duc tion along both the cen tral and pe riph eral por tions
of the mo tor path ways. As an ex am ple stim u la tion of
lumbosacral nerves and roots, as shown in Fig ure 21, is
also pos si ble.
By sub tract ing the re sponse la tency to pe riph eral stim ula tion from the re sponse la tency to cor ti cal stim u lation,
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the cen tral mo tor con duc tion and spi nal root con duction time is obtained. The results can then be com pared to ta bles of nor mal re sponses for in ter pre ta tion.
Both con gen i tal and ac quired dis or ders such as
menigomyeloceles, multiple sclerosis, Parkinsons dis ease, pel vic floor dis or ders in clud ing le sions of the sa cral
cord, corda equina, the motor branch of the pudendal
nerve, and frac tures of the pel vic bones, can be eval uated by this method. Re cent re search is re veal ing ex citing prospects for non invasive control over bladder
emp ty ing and blad der train ing.
Ad di tionally mag netic stim u la tion of the lum bar spine
can be used to re cord sen sory evoked po ten tials, for exam ple from the sen sory cor tex. The main ad van tage is
that of patient comfort where conventional electrical
stimulation may be unbearable [Tsuji S, et al. Cortical
Somatosensory Po ten tials Evoked by Mag netic Stim u lation of Tho racic and Lum bar Roots. Neu rol ogy, 1993,
43: 391-396].

Stroke
The tech nique of mag netic stim u la tion is be ing used for
the prognosis and monitoring of stroke affecting the
cen tral mo tor ner vous sys tem. When ap plied soon af ter
the on set of stroke - within 7 days - it pro vides im por tant
early data re gard ing the pros pects of re cov ery, es pe cially
move ment. It is a quick test to con duct and its non-in vasive na ture al lows for re peated use to mon i tor prog ress
with out pa tient dis com fort.
Accurate diagnosis of stroke is currently achieved
through clin i cal ex am i na tion and scan ning tech niques. It
is, how ever, dif fi cult to de ter mine the pros pects for recov ery. Such in for ma tion is im por tant to de ter mine patient need, arrange physiotherapy where appropriate,
and give rel a tives a more ac cu rate in di ca tor of re cov ery.
In its sim plest form mo tor evoked re sponses present on the pa retic side pre dict good re cov ery and
an ab sence of any re sponse in di cates poor re covery.
The test is simple and quick to carry out and when
needed other pa ram e ters such as re sponse am pli tude,
stim u la tion thresh olds and con duc tion la tency are also
de ter mined to al low finer prog nos tic dis tinc tions to be
performed. These measurements also form the base line data for long term mon i tor ing.
Stimulation: The ini tial ex am i na tion should be car ried
out soon af ter the on set of stroke, pref er a bly within 7

Page 20

Sciatic
Nerve

Pudendal
nerve

Site of
Stimulation

Stimulating Coil

Figure 21: The Magstim can be used for the
stimulation of lumbosacral nerve roots. Here the
Double 70mm Coil (see Table 1 for details) is used to
provide improved accuracy of stimulation.

days. Cortical stim u la tion can be achieved through the
use of a va ri ety of coils. A cir cu lar coil is gen er ally used to
re cord up per limb re sponses and the Dou ble Cone Coil
(see Table 1 for details) for lower limb responses.
Typically coils are placed centrally over the vertex and
the stimulating power is grad u ally in creased un til a response is obtained. Typically two or more muscles are
stud ied in the hands and the legs for both the pa retic and
non-pa retic sides.
Threshold: With the coil placed over the ver tex and the
target muscle relaxed, the threshold of stimulation is
noted. The re sults are com pared ei ther with re sponses
from the non-paretic side or tables of normal data or
both. If it is not pos si ble to ob tain a re sponse from the
tar get mus cle at high power lev els the pa tient is asked to
at tempt to con tract the tar get mus cle to fa cili tate a response. Where col labo ra tion is dif fi cult to ob tain, fa cilitation can be achieved by using the contrallateral side,
the fa cial mus cles, or by us ing paired mag netic stim uli to
in clude a fa cili ta tory pulse. In a number of pa tients no
response will be obtainable even at maximum power
level. In such cases prog no sis will be poor.
Response Amplitude: Once the presence of a re sponse has been es tab lished re sponse am pli tude, which
is also a sensitive indicator, is measured. Largest re sponses are ob tained with slight con trac tion of the tar get
mus cle at around 20% above thresh old. Re sponse amplitudes, however, are quite variable and depend on
other fac tors such as elec trode po si tion ing. Paired magnetic stim uli can be used to halve the co ef fi cient of varia-
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tion of amplitude, particularly in conditions where no
collaboration is possible. As bef ore, this meas ure ment
can be com pared ei ther with re sponses from the nonparetic side or ta bles of nor mal data or both.
The central motor conduction time (CMCT) is cal culated by sub tract ing pe riph eral la tency from the cor ti cal
to muscle conduction latency. Shortest CMCTs are
meas ured with fa cili tated mus cles. There are nu mer ous
published ta bles of CMCT avail able for many mus cles
through out the body. The CMCT is typi cally nor mal in
the case of cerebral stroke but can be abnormal with
non- cerebral stroke.
In ter pre ta tion of Re sults: A nor mal re sponse pre dicts
good and com plete re cov ery. Ab sence of a re sponse indi cates poor re cov ery. Al though in some 5-10% of patients without an initial response some degree of
recovery is possible, complete recovery remains un likely. Ab nor mal thresh olds, small re sponse am pli tudes
or a long CMCT all in di cate mo tor nerve in volve ment.
The prognosis is variable to good depending on the
number of pa rame ters which are ab nor mal. Where magnetic stimu la tion is car ried out in the first few days, the
re sults form the ba sis of a very early prog nos tic in di ca tor
of mo tor re cov ery.
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Ta ble 1). The ac tual site of pe riph eral nerve stim u la tion
was shown to be in the lab y rin thine seg ment of the fa cial
ca nal [Rösleret al. EEG, 1991, Suppl 43: 362-368]. Cor tical stim u la tion can also be achieved through the use of
the same coil placed over the contralateral mo tor cor tex
al low ing the cal cu la tion of the cen tral mo tor con duc tion
time. This method makes it pos si ble to as sess the mo tor
routes to the fa cial mus cles over dis tinct seg ments and to
pro vide ev i dence of fa cial nerve le sions lo cated in the facial canal at an early stage, such as in Bell’s Palsy.
Transcranial central stimulation of the trigeminal,
hypoglossal and ac ces sory motor path ways and
extracranial stim u la tion is also pos si ble. Clin i cal uses for
these tech niques in clude the pre-op er a tive as sess ment
of facial nerve involvement in patients with acoustic
neurinomas which can be de tected by transcranial magStimulating Coil
Position for
Peripheral
Stimulation of
the Facial nerve

Other related applications: The ability of magnetic
stimu la tion to non- invasively stimu late the mo tor cor tex
al lows it to be used for a va ri ety of other cen tral mo tor
dis or ders and in ju ries to com ple ment other tech niques.
Coma: Similar measurement techniques to that described in this sec tion also ap ply in co ma tose pa tients,
with the exception of voluntary effort to facilitate re sponses. Several fa cilitation techniques have been
shown to also work with un con scious pa tients. These include the use of tendon vibrator and magnetic pulse
pairs and pulse trains to pro duce tem po ral sum ma tion.
In a case study it proved pos si ble to ob tain dis tinct responses from the pa tient in full coma and se dated with
flunitrazepam.

Figure 22: Peripheral stimulation of the facial nerve
can be achieved at low power levels by the placing the
coil centred above the ear. This technique can be used
for diagnosis as well as for intra-operative monitoring
purposes where anaesthetic effects are less important
than with the stimulation of the central nervous system.
Typical responses recorded over the frontalis muscle
using the Small 50mm Coil are shown below.

Fa cial Nerve
Mag netic stim u la tion has been used for across-the-lesion testing of the facial nerve function. It com plements MRI by looking at the function instead of the
anat omy of the nerve. Both cor ti cal and pe riph eral motor areas as well as the intracranial part of the facial
nerve can be as sessed. Coil po si tion ing for pe riph eral
stim u la tion of the fa cial nerve and typ i cal re sponses are
shown in Fig ure 22 us ing the cir cu lar 50mm coil (see

4.56ms
2ms/Div

200µV/Div
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Figure 23: Modern day rapid-rate magnetic stimulators are capable of up to 50Hz and custom devices can reach 1 00Hz or
even 1000Hz for brief trains. Risks, in particular that of inducing a seizure, have increased in line with stimulus repetition
rates. Fortunately the benefits have also increased now including potential treatment for various debilitating disorders. In
order to ensure that the correct ‘dose’ is delivered at least one of the rapid-rate equipment allows predetermined power level,
frequency, train duration and, last but not least, the interval between trains. The computer screen shown above allows direct
control over these parameters. In the case of the above software, the minimum interval between trai ns has been set to three
times the train duration or 3 seconds minimum. This can be adjusted as clinical details emerge.

netic stimulation even in patients with small and me dium sized tumours but with clinically normal facial
function.

Rapid- Rate Mag netic Stim u la tion
Warning: Rapid rate cor ti cal stim u la tion can in duce seizures even in healthy sub jects! See guide lines by Was sermann EM. Electroencephalogr Clin Neurophysiol, 1998,
108:1-16.
Following on from earlier research with repetitive
transcranial mag netic stim u la tion (rTMS) in 1990, one of
the first pa pers to draw at ten tion to the po ten tial of this
tech nique was “In duc tion of speech ar rest and count ing
errors with rapid transcranial stimulation”, Pascual-Le one et al. Neu rol ogy,1991;41:697-712 Trains of stim uli of
25Hz last ing up to 10 sec onds were used to de ter mine the
laterality of the speech cen tres prior to neu ro sur gery as an
al ter na tive to the wada test. More re cent pro to cols have
evolved us ing much slower rep e ti tion rates. The use of
rapid-rate stim u la tion has been ex tended to other cog ni-

tive studies and treatment procedures for psychiatric
disorders such as depression, schizophrenia, epilepsy,
Par kin son’s dis ease and pain re lief. Re pet i tive stimu lators are also pro vid ing a role for pe riph eral stim u la tion
for the re lief of spasticity in both stroke and mul ti ple
scle ro sis, in mus cle stim u la tion to sim u late a cough in
spi nally in jured pa tients, to look at mus cle strength, fatigue and re cov ery, and aid ing in the maintainance of
mus cle bulk dur ing a pe riod of in ca pac ity. With Urology it may be an aid in the as sess ment and mon i tor ing
of uri nary tract disfunction with the faster rates re ducing data ac qui si tion times, al low ing fa tigue stud ies, and
per form ing mus cle ther a pies. New clin i cal pa pers are
emerging which point the way to advanced ap pli cations for repetitive stim u la tion both in di ag no sis and
therapy.
At this stage it is im por tant to re mem ber that ef fects of
stim u lat ing the cor tex with re pet i tive stim u la tion may
have im por tant safety con sid er ations and re sults may
not be as an tic i pated even if es tab lished pro to cols are
being used [Pascual-Le one et al. Lancet, 1992, 997].
Con sid er able work is, how ever, be ing put into quan ti-
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Figure 24: Magstim Rapid Session Software . The software allows the user to define, compile, edit and deliver a magnetic
nerve stimulation protocol specifically configured for individual needs. Up to 999 session files can be produced and monitored
either by number or by file name.This system gives total control and flexibility to create, store and recall or incorporate,
patient specific or established protocols.

fying the risk and developing treatment strategies
which mini mise the risk of sei zures and other pos si ble
side-ef fects. (See also sec tion on Safety and Pre cau tions)
Of course sei zures are in duced dur ing treat ment of depression using ECT (electroconvulsive therapy) and
many de part ments have the means of cop ing with a seizure. It has al ways re mained pos si ble that, given a suf ficient number of magnetic stimuli at a high stimulus
strength and repe ti tion rates, a sei zure can be in duced.
Thus, if the potential benefit of a par ticu lar treat ment
out weighs the risk, then the risk of in duc ing a sei zure can
be reduced by each or a combination of the following
measures:
(a) Stimu late at 90% or less than mo tor thresh old,
(b) Stimu late at the low est fre quency pos si ble,
(c) Stimu late away from mo tor cor tex ar eas,
(d) Use a fo cal coil for less cur rent spread,
(e) Stimu late for as brief a pe ri od as is pos si ble,
(f) Al low suf fi cient re cov ery time af ter each train.
Re peti tive stimu la tion equip ment is now avail able from
all major magnetic stimulation manu fac tur ers some of
whom have safety fea tures built into their con trol programmes, and al low ac cu rate dos age to be de ter mined,
with the three main pa rame ters be ing : power level,fre-

quency and train duration (or pulse number). A com puter screen from one of the rapid- rate in stru ments is
shown in Fig ure 23. Fur ther de vel op ments in the in terest of op era tional use and safety per mit pro to cols to be
in stalled or writ ten to speci fi ca tion and pre cisely de livered. These protocols will automatically be up-dated
with safety pa rame ters built into the pro gramme. The information about sub ject, date, time, fre quency, power
levels, train duration etc. is automatically logged onto
hard disc for later re call and analy sis, or can be printed to
hard copy if required. A control screen of the Session
Soft ware pro to col con trol ler is shown in fig ure 24.
The high level of in ter est now shown in TMS and rTMS
has led to the for ma tion of the In ter na tional So ci ety for
Transcranial Stimulation, ISTS, which will become a
representative and supportive body, co-ordinating de velopments at both the sci en tific and regu la tory level.
The In ter na tional Fed era tion of Clini cal Neu ro physi ology has ap pointed a Spe cial Com mis sion to make recom men da tions for the world- wide use of TMS and the
Ameri can Ac adamy of Neu rol ogy has ap pointed a Commis sion to evalu ate the clini cal use ful ness of TMS and to
de velop a po si tion state ment for the AAN on the is sue
of rec om men da tions for the tech nol ogy.
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Sheffield
Magstim
90mm Coil

Circular 50mm

Magnetic Field Strength (T)

1.4

Electric Field (V/m)
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Circular 70mm
Type 9762

Circular 90mm
Type 9784

Double 70mm
Type 9925

2.8

2.0

1.5

1.6

260

360

400

410

540

9

13

14

14

19

Induced Charged Density
Per Phase (µC/cm2/ph)

0.8

0.71

0.85

0.94

1.1

Energy Deposited Per Phase
(µJ/cm3)

1.8

2.3

3.0

3.5

5.3

Induced Current Density Per
Phase (mΑ/cm2/ph)

Type 9999

Table 2: Estimated maximum exposure of the human brain to magnetic and electric fields, induced current and charge
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Re lated Web Sites
http://www.ists.unibe.ch
http://www.musc.edu/tmsmirror/TMSresrc.html
http://www.psycom.net/depression.central.transcranial.html
http://info.utas.edu.au/docs/healthsci/inro/layintro.html
http://info.utas.edu.au/docs/healthsci/articles.html
http://www.psych.helsinki.fi128.214.75.169/magstim.html
http://members.aol.com/magstim/
http://www.magstim-us.com (Starts June 1998)

Safety Pre cau tions & Is sues
The presence of pacemakers and other electronic im plants must be con sid ered as a con tra in di ca tion in case
of in ter fer ence due to the in duced elec tric fields and currents resulting from the mag netic pulse. Al though the
stimu lat ing coil does not have much ef fect on small metallic objects, such as stainless steel aneurysm clips
placed a few inches away, it could ex ert a more sig nificant physi cal force on larger metal ob jects within 20cm
of the coil. Much de pends on the size of the ob ject, its
conductivity and whether or not it is ferromagnetic.
Data on magnetic materials such as credit cards and
computer floppy discs can be accidentally erased and
cath ode ray tubes, es pe cially those with a col our mask,
could be affected if they were brought within some
50cm of the stimu lat ing coil.
Studies with very powerful magnetic stimulators with
en er gies of 10kJ or more, giv ing an or der of mag ni tude
in crease in stimu lat ing power over con ven tional stimula tors, have shown that it is pos si ble to in duce an ec topic
beat in a dog’s heart [Bour land, et al. Med Biol Eng &
Com put, 1990, 28: 196- 198]. It is not pos si ble, how ever,
to directly affect the human heart with any of today’s
com mer cial mag netic stimu la tor units due to their limited dis charge en ergy, the dis tance from the coil to the
heart and also the rela tively fast pulse rise time of the
magnetic field waveform. Clinical magnetic de fi bril lators, how ever, re mains a pos sib lity for the fu ture.
Kin dling is a phe nome non whereby a per ma nent epi leptic fo cus is in duced by very many re peti tive stim uli given
to the brain us ing im planted elec trodes. God dard et al.
[God dard et al. Exp Neu rol, 1969, 25: 295- 330] were un-
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able to in duce kin dling in ani mals at fre quen cies of less
than 10Hz, ir re spec tive of the number of stim uli given.
Us ing mag netic stimu la tors, with a maxi mum dis charge
repetition rate of less than 1Hz, no risk of kindling
should ex ist. In ad di tion, the number of stim uli given to
any one sub ject is very low com pared to the mini mum
required to cause kindling in animals. The risk of kin dling in the case of fast repetitive magnetic stimuli
(10Hz) re mains un known.
In Ta ble 2 the cal cu lated fig ures of mag netic and electric field strengths, induced current, charge density,
and deposited tissue en ergy are provided for the
Magstim 200 together with the original Sheffield
Magstim. In the cal cu la tion of these pa ram e ters, used
for considering the physiological effects of the mag netic stimulator on hu mans, it has been as sumed that
the brain does not lie closer than 5mm to the coil surface. Other than in the case of exposed brain this
should nor mally be the case. A uni form con duc tiv ity
value of 0.35S/m, that of grey matter in humans
[Geddes & Baker, Med Bio Eng, 1967, 5: 271-293], has
been used in the cal cu la tion of in duced cur rent, charge
density per phase and energy deposited per pulse. It
should be noted that these cal cu la tions are car ried out
to es ti mate the max i mum ex po sure lev els and are likely
to be over-es ti mates.
There is lit tle ev i dence to sug gest that mag netic fields
of the or der of 2T can have any harm ful ef fect. The current U.K. guide lines for whole body ex po sure to static
mag netic fields dur ing mag netic res o nance im ag ing is
2.5T [NRPB, Ra dio graph 1984, 50: 220]. In ad di tion it
should be re mem bered that, in most cases, the out put
from a mag netic stimulator lasts only 1ms and there is
no ob vi ous rea son why purely mag netic ef fects from
such a pulse should be greater than from a static field.
The fig ures in Ta ble 2 show that the max i mum elec tric
field and induced current density are 540V/m and
19mA/cm 2 respectively. As expected these levels of
ex po sure are sim i lar to con ven tional elec tri cal stim u lation using surface or needle electrodes which have
proven quite safe. In addition the induced stimulus
from the mag netic stimulator is in her ently charge balanced, eliminating the possibility of electrolytic cell
dam age in cases of pro longed stim u la tion. The fig ure
of charge density per phase of 1.1µC/cm 2/phase is
well be low the min i mum fig ure of 40µC/cm2/phase at
which ev i dence of neu ral dam age has been found when
stimulating for long periods at 50Hz [Agnew et al.
Neurosurg, 1987, 20: 143-147]. In ad di tion the to tal
charge deliv ered is less than 0.1% of that used for
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ECT. The max i mum cal cu lated fig ure of 5.3µJ/cm3
for the en ergy den sity per pulse dis si pated in tis sue is
ex tremely small, giv ing a tem per a ture rise of only 10-6C
in the tis sue. At a rep e ti tion rate of 1Hz, the to tal power
dissipation of less than 1mW for the whole brain is
more than four orders of magnitude lower than the
adult brain base met a bolic rate.
It has been suggested by Coun ter et al. [Neurology,
1990, 40: 1159-1162] that the dis charge click noise produced by a 5cm stim u lat ing coil causes hear ing loss in
al bino and chin chilla rab bits with the coil placed over
the ex ter nal au di tory meatus. The sound out put from
the coil was measured to be as much as 157dB peak
SPL. Barker and Stevens [Physiology Soc, London,
1991, 19: 14P] mea sured sound out put from the standard com mer cial coil (Type 9784 in Ta ble 1) sup plied
together with the Magstim 200 and found it to be a
maximum of 124dB(A) on the coil surface falling to
117dB(A) 50mm away from the coil sur face. These values are within that re quired by the U.K. Noise at Work
Reg u la tions (1989) as long as the num ber of dis charges
at the maximum power level does not exceed 4000
stim uli per day - clearly an un likely event. It should be
noted that the dis charge click noise de pends on the coil
size (small coils are louder than larger ver sions), power
level and most im por tantly the man u fac tur ing method.

Low Fre quency Stim u la tion
Since 1985 many tens of thousand of subjects have
been ex am ined us ing low rep e ti tion rate (<1Hz) magnetic stimulators to assess mo tor func tion of the peripheral and central nervous system. There is now a
considerable vol ume of data sup port ing the safety of
mag netic stim u la tion. There have been no ill ef fects reported with mag netic stim u la tion of the pe riph eral nervous sys tem and in the case of cor ti cal stim u la tion the
incidence of side effects has been ex tremely low and
well within that ex pected by avail able sta tis tics for var ious pa tient groups [Kandler R, Lan cet, 1990, 335, 1:
469-70]. An area of con cern has been the trig ger ing of
epileptiform ac tiv ity in in di vid u als at a high risk to ep ilepsy [Hömberg & Netz, 1989, 2: 113]. Nevertheless
one of the ar eas where mag netic stimu la tors have been
suc cess fully used has been in the study of ep i lepsy and
the determination of the site of the epileptic focus
[Hufnagel et al. Ann Neurol, 1990, 27: 49-60]. Over all
mag netic stim u la tion has proved to be a very safe and
ef fec tive clin i cal tool.
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High Fre quency Stim u la tion Guidelines
A r e c e n t p a p e r by Was s e r m a n n EM
[Electroencephalogr Clin Neurophysiol, 1998,
108:1-16.] is recommended reading as it describes the
de vel op ment of a set of guide lines cov er ing the safety of
re pet i tive transcranial mag netic stim u la tion.
Copy Right No tice: Cop ies of this guide can be made
so long as the com plete guide is re pro duced with out altera tion and that it is not sup plied for any fi nan cial gain.
Please note that this docu ment is up dated ap proxi mately
once every year. For modi fi ca tions and cor rec tion please
contact:
Reza Jali nous, Ph.D.
E- mail: rjali nous@compu serve.com
The Mag stim Com pany Lim ited, U.K.
Tel: +44 -1994- 240798
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Part 3: Reference List Organised by Discipline
1. Anaesthesia

36. Magnetic Pulse Pairs

2. Anaesthesia, Primate Studies

37. Mirror Movements

3. A.L.S. Disease

38. Miscellaneous Diseases

4. Ataxias

39. Motor Cortical Inhibition

5. Audiology

40. Motor Evoked Potentials

6. Basic Principles, Technical Aspects

41. Motoneuron Disease

7. Basic Principles, Clinical Aspects

42. Multiple Sclerosis

8. Bends (Decompression Sickness)

43. Myoclonus

9. Brain Mapping

44. Neuropathy

10. Brainstem stimulation

45. Operating Room Monitoring

11. Cerebellum

46. Pediatrics

12. Cerebral Ischemia

47. Pain

13. Cerebral Palsy

48. Paraplegia

14. Clinical Applications and Reviews

49. Parkinson’s Disease

15. Coil Configuration

50. Peripheral Stimulation

16. Colorectal Disease

51. Plasticity

17. Coma

52. Psychiatry

18. Computer Modelling

53. Pulmonary Medicine

19. Diabetes

54. Rehabilitation and Therapy

20. Dystonia

55. Repetitive Transcranial Magnetic Stimulation

21. Electrical Versus Magnetic Stimulation

56. Research

22. Electroconvulsive therapy

57. Respiratory Medicine

23. Epilepsy

58. Rett’s Syndrome

24. Experimental Research

59. Safety

25. Facial Nerve

60. Silent Period

26. Facilitation

61. Sleep

27. Gastroenterology

62. Somatosensory Evoked Potentials

28. Guillain-Barré Syndrome

63. Speech - Wada Test

29. Hereditary Spastic Paraparesis

64. Spinal Disorders and Injuries

30. History and Background

65. Stroke

31. Huntington’s Disease

66. Thoracic Medicine

32. Hysteria

67. Urology

33. Inhibition

68. Visual Cortex/Opthalmics

34. Kallmann’s Syndrome

69. Wilson’s Disease

35. Locked-in-syndrome
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What's New!
The following is a list of selected new papers added from
August 1996 through to December 1997. The same papers
are also organised by discipline in some 69 sections
together with earlier selected papers. Where more recent
papers have been available, the majority of papers
published before 1995 have been removed.
Abbruzzese G, Marchese R, Trompetto C. Sensory and
Motor Evoked Potentials in Multiple System Atrophy: A
Comparative Study with Parkinson's Disease. Movement
Disorders, 1997;12:315-321.
Alfonsi E, Merlo IM, Monafo V, Lanzi G, Ottolini A,
Veggiotti P, Moglia A. Electrophysiological Study of
Central Motor Pathways in Ataxia-Telangiectasia. J. Child
Neurol, 1997;12: 327-331.
Ashridge E, Walsh V, Cowey A. Temporal aspects of visual
search studied by transcranial magnetic stimulation.
Neuropsychologia, 1997;35:1121-1131.
Basting EP,Rapisada G, Pennisi G, Maertens de Noordhout
A, Lenaerts M, Good DC, Delwaide PJ. Mechanisms of
hand motor recovery after strokes: An electrophysiological
study of central motor pathways. J. Neuro Rehab
1997;11:97-108.
Beckung E, Uvebrant P. Hidden dysfunction in childhood
epilepsy. Developmental Medicine and Child Neurology,
1997;39:72-78.
Belmaker RH, Grisaru M, Ben-Shahar D, Klein E. The
Effects of TMS on Animal Models of Depression,
ß-Adrenergic Receptors, and Brain Monoamines. CNS
Spectrums, 1997;2:26-30.
Boroojerdi B, Diefenbach K, Ferbert A.Transcallosal
inhibition in cortical and subcortical cerebral vascular
lesions. Journal of the Neurological Sciences,
1996;144:160-170.
Brouwer B, Smits E. Corticospinal imput onto motor
neurons projecting to ankle muscles in individuals with
cerebral palsy. Developmental Medicine and Child
Neurology, 1997;38:787-796.
Brouwer B, Hopkins-Rosseel DH. Motor cortical mapping
of proximal upper extremity muscles following spinal cord
injury. Spinal Cord, 1997;35:205-212.
Caramia MD, Gigli G, Iani C, Desiato MT, Diomedi M,
Palmieri MG, Bernardi G. Distinguishing forms of
generalised epilepsy using magnetic brain stimulation.
Electoenc. Clin. Neurophysiology, 1996; 98:14-19.
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Caramia MD, Iani C, Bernardi G. Cerebral plasticity after
stroke as revealed by ipsilateral responses to magnetic
stimulation. Neuroreport, 1996;7:1756-1760.
Carr LJ. Development and reorganisation of descending
motor pathways in children with hemiplegic cerebral palsy.
Acta Paediatrica, 1996;85:53-57.
Carter N, Zee DS. The anatomical location of saccades
using functional imaging studies and transcranial magnetic
stimulation. Current Opinion in Neurology, 1997;10:10-17.
Catano A, Houa M, Noel P. Magnetic transcranial
stimulation: dissociation of excitatory and inhibitory
mechanisms in acute strokes. Electroencephalography and
clinical Neurophysiology, 1997;105:29-36.
Catano A, Noel P. Transcranial magnetic stimulation:
Interest of the excitation threshold. Acta Neurologica
Belgica, 1997;97:61-61.
Cantello R, Gianelli M, Civardi C, Mutani R. Focal
subcortical reflex myoclonus: A clinical and
neurophysiological study. Archives of Neurology,
1997;54:187-196
Chen J, Hanusaik L, Ramses P, Schipp D, Anderson J,
MacLean A, Nedzelski J. Comparative psychophysical
evaluation in cochlear implantation: Electrical and
magnetic stimulation. American Journal of Otology,
1997;18:39-43.
Chen R, Gerloff C, Hallett M, Cohen LG. Involvement of
the Ipsilateral Motor Cortex in Finger Movements of
Different Complexities. Ann Neurol, 1997;41:247-254.
Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM,
Hallet M, Cohen LG. Depression of motor cortex
excitability by low frequency magnetic stimulation.
Neurology, 1997;48:1398-1403.
Classen J, Schnitzler A, Binkofski F, Werhan K, Kim YS,
Kessler KR, Benecke R. The motor syndrome associated
with exaggerated inhibition within the primary motor
cortex of patients with hemiparetic stroke. Brain,
1997;120:605-619.
Cohen L, Brazin B, Sirigu A, Meininger V,
Pierrot-Deseilligny C. Progressive upper limb monoparesis:
a form of primary lateral sclerosis? Two cases with
metabolic brain imaging and transcranial magnetic
stimulation. European Journal of Neurology,
1997;4:294-296.

Reza Jalinous

Guide to Magnetic Stimulation

Page 29

Cohen LG, Celnik P, Pascual-Leone A, Corwell B, Faiz L,
Danbrosla J, Honda M, Sadato N, Gerloff C, M.Dolores C,
Hallett M. Functional Relevance of cross-modal plasticity
in blind humans. Nature,1997;389:180-183.

Gaillard WD, Bookheimer SY, HertzPannier L, Blaxton
TA. The noninvasive identification of language function:
Neuroimaging and rapid transcranial magnetic stimulation.
Neurosurgery Clinics of North America, 1997;8:321.

Curt A, Diez V. Prognosis of spinal cord injury. The
meaning of clinical and electrophysiological findings.
Nervenarzt, 1997;68:485-495. (German)

George M, Wassermann EM, Prost RM. Transcranial
Magnetic Stimulation: A Neuropsychiatric Tool for the
21st Century. Journal of Neuropsychiatry and Clinical
Neurosciences, 1996;8:373-382.

Craggs MD, Dinner L, Lovell AT, Knight SL, Goldstone
JC. Diaphragm function assessed by multipulse magnetic
stimulation of phrenic nerves in man. Journal of
Physiology, 1997;501:53.
Davey NJ, Murphy K, Maskill DW, Guz A, Ellaway PH.
Site of facilitation of diaphragm EMG to corticospinal
stimulation during inspiration. Respiration Physiology,
1996; 106: 127-135.
Davey NJ, Puri BK, Lewis HS, Lewis SW, Ellaway PH.
Effects of antipsychotic medication on electromyographic
responses to transcranial magnetic stimulation of the motor
cortex in schizophrenia. Journal of Neurology
Neurosurgery and Psychiatry, 1997;63:468-473.
Desioto MT, Caramia MD. Toward a neurophysiological
marker of amyotropic lateral sclerosis as revealed by
changes in cortical excitability. Electroenceph. clin.
Neurophysiol., 1997;105:1-7.
Detsch C, Kochs E. Effects of Ketamine on central nervous
system function. Anaesthetist, 1997;46:S20-S29. (German)
Edgley SA, Eyre JA, Lemon RN, Miller S. Comparison of
activation of corticospinal neurons and spinal motor
neurons by magnetic and electrical transcranial stimulation
in the lumbosacral cord of the anaesthetized monkey.
Brain, 1997;120:839-853.
Epstein CM, Lah JJ, Meador K, Weissman JD, Gaitan LE,
Dihenia B. Optimum stimulus parameters for lateralized
suppression of speech with magnetic brain stimulation.
Neurology, 1996;47:1590-1593.
Feistner H, Awiszus F, Sailer M, Hinrichs H, Heinze HJ.
A method for rapid response estimation of single human
motorneurones to transcranial magnetic and peripheral
electrical stimulation. Z. EEG-EMG, 1996;27:80-84.
(German)
Flor H, Elbert T, Knecht S, Weinbruch C, Pantev C,
Birbaumer N, Larbig W, Taub E. Phantom limb pain as a
perceptual correlate of cortical reorganization following
arm amputation. Nature, 1995;375:482-484.

Gerloff C, Corwell B, Chen R, Hallett M, Cohen LG.
Stimulation over the human supplementary motor area
interferes with the organization of future elements in
complex motor sequences. Brain, 1997;120:1587-1602.
Greenberg BD, George MS, Martin JD, Benjamin J,
Schlaepfer T, Altemus M, Wasserman EM, Post RM,
Murphy DL. Effect of prefrontal repetitive transcranial
magnetic stimulation in obsessive-compulsive disorder: A
preliminary study. American Journal of Psychiatry,
1997;154:867-869.
deHaan P, Kalkman CJ, deMol BA, Ubags LH, Veldman
DJ, Jacobs MJHM. Efficacy of transcranial motor-evoked
potentials to detect spinal chord ischemia during
operations for thoracoabdominal aneurysms. Journal of
Thoracic and Cardiovascular Surgery, 1997;1:87-100.
Hamdy S, Aziz Q, Rothwell J, Singh KD, Barlow J, Hughes
D, Tallis R, Thompson DG. The cortical topography of
human swallowing musculature in health and disease.
Nature Medicine, 1996;11:1217-1224.
Hamdy S, Aziz Q, Rothwell JC, Crone R, Hughes D, Tallis
R, Thompson DG. Explaining oropharyngeal dysphagia
after unilateral hemispheric stroke. The Lancet,
1997;350:686-692.
Hamnegard CH, Wragg S, Mills G, Kyroussis D, Polkey
MI, Bake B, Moxham J, Green M. Clinical assessment of
diaphragm strength by cervical magnetic stimulation of the
phrenic nerves. Thorax, 1996;51:1239-1242.
Harashima F, Yokoto T. Influence of peripheral nerve
stimulation on human cortical excitability in patients with
ventrolateral thalamic lesion. Archives of Neurology,
1997;54:619-624.
Harris ML, Moxham J. Measuring respiratory and limb
muscle strength using magnetic stimulation.
Brit J. Intensive Care, 1998; 8:(1) 21-28.
Hendricks HT, Hageman G, VanLimbeek J. Prediction of
recovery from upper limb extremity paralysis after stroke by
measuring evoked potentials. Scandinavian Journal of
Rehabilitation Medicine, 1997;29:155-159.
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Heinen F, Korinthenberg R. Does Transcranial Magnetic
Stimulation Allow Early Diagnosis of Rett Syndrome?
Neuropaediatrics, 1996; 27: 223-224.

Kanouchi T, Yokoto T, Isa F, Ishii K, Senda M. Role of
ipsilateral motor cortex in mirror movements. Journal of
Neurology Neurosurgery and Psychiatry, 1997;62:629-632.

Hendricks HT, Hageman G, VanLimbeek J. Prediction of
recovery from upper limb extremity paralysis after stroke by
measuring evoked potentials. Scandinavian Journal of
Rehabilitation Medicine,1997;29:155-159.

Kanouchi T, Yokata T, Kamata T, Ishii K, Senda M.
Central pathway of photic reflex myoclonus. Journal of
Neurology, Neurosurgery, and Psychiatry, 1997;62:414-417.

Hiraizumi Y, Transfelt EE, Kawahara N, Yamada H.
Differences in sensitivity between magnetic motor evoked
potentials and somatosensory evoked potentials in
experimental spinal cord lesions. Spine,
1996;19:2190-2196.
Jones SJ. Harrison R. Koh KF, Mendoza N, Crockard HA.
Motor evoked potential monitoring during spinal surgery:
responses of distal limb muscles to transcranial cortical
stimulation with pulse trains. Electroencephalography and
Clin Neurophysiol,1996;100:375-383.
Kamen G, Caldwell GE. Physiology and Interpretation of
the Electromyogram. Journal of Clinical Neurophysiology,
1996;13:366-384.
van der Kamp W, Zwinderman AH, Ferrari MD, vanDijk.
Cortical excitability and response variability of transcranial
magnetic stimulation. Journal of Clinical
Neurolophysiology, 1996;13:164-171.
van der Kamp W, VandenBrink AM, Ferrari MD, vanDijk.
Interictal cortical hyperexcitability in migraine patients
demonstrated with transcranial magnetic stimulation.
Journal of the Neurological Sciences, 1996;139:106-110.
van der Kamp W, VandenBrink AM, Ferrari MD, vanDijk.
Interictal cortical excitability to magnetic stimulation in
familial hemiplegic migraine. Neurology, 1997;48:1462-1464.
Kamen G, Caldwell GE. Physiology and Interpretation of
the Electromyogram. Journal of Neurophysiology,
1996;13:366-384.
Kaneko K, Fuchigami Y, Morita H, Ofuji A, Kawai S.
Effect of coil position and stimulus intensity in transcranial
magnetic stimulation on human brain. Journal of
Neurological Sciences, 1997;147:155-159.
Kaneko K, Kawai S, Fuchigama Y, Shiraishi G, Ito T.
Intracortical facilitation after transcranial magnetic double
stimulation. Muscle and Nerve, 1996;19:1043-1045.
Kaneko K, Kawai S, Taguchi T, Fuchigami Y, Shiraishi G.
Coexisting peripheral nerve and cervical cord compression.
Spine,1997;22:636-640.

Karlsborg M, Smed A, Jesperson H, Stephenson S, Cortsen
M, Jennum P, Herning M, Korfitsen E Werdelin L.
A prospective study of 39 patients with whiplash injury.
Acta Neurol Scand, 1997;95:65-72.
Kew JJM, Halligan P, Marshall JC, Passingham RA,
Rothwell JC, Riddind MC, Marsden CD, Brooks DJ.
Abnormal access of axial vibrotactile input into
deafferinated somatosensory cortex in human upper limb
amputees. J. Neurophysiol. 1997;77:2753-2764.
Keirs L. Magnetic stimulation of the motor cortex: Clinical
applications. Journal of Clinical Neuroscience, 1997;4:3-8.
Kirkcaldie M, Pridmore S, Reid P. Bridging the skull:
Electroconvulsive therapy (ECT) and repetitive
transcranial magnetic stimulation (rTMS) in psychiatry.
Convulsive Therapy, 1997;13:83-91.
Kirkaldie MTK, Pridmore SA, Pascual-Leone A.
Transcranial magnetic stimulation as a therapy for
depression and other disorders. Australian and New
Zealand Journal of Psychiatry, 1997;31:264-272.
Kotterba S, Tegenthoff M, Malin JP. Perioperative lesions
of the facial nerve: follow-up investigations using
transcranial magnetic stimulation. Eur Arch
Otorhynolaryngol, 1997;254:140-144.
Krams M, Quinton R, Mayston MJ, Harrison LM, Dolan
RJ, Bouloux PMG, Stephens JA, Frakckowiak RSJ,
Passingham RE. Mirror movements in X-linked Kallman's
syndrome. 2. A PET study. Brain, 1997;120:1217-1228.
Krings T, Buchbinder B, Butler W, Chiappa K, Jiang H,
Cosgrove G, Rosen B. Functional magnetic resonance
imaging and transcranial magnetic stimulation:
complementary approaches in the evaluation of cortical
motor function. Neurology, 1997;5:1406-1416.
Kyroussis D, Polkey MI, Mills GH, Hughs PD, Moxham J,
Green M. Simulation of Cough in Man by Magnetic
Stimulation of the Thoracic Nerve Roots. Am J. Respir
Crit Care Med, 1997;156:1696-1699.
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Kyroussis D, Polkey MI, Mills GH, Hughs PD, Moxham J,
Green M. Simulation of Cough in Man by Magnetic
Stimulation of the Thoracic Nerve Roots. Am J. Respir
Crit Care Med, 1997;156:1696-1699.

Mayston MJ, Harrison LM, Quinton R, Stephens JA,
Krams M, Bouloux PMG. Mirror movements in X-linked
Kallman's syndrome. 1. A neurophysiological study. Brain,
1997;120:1199-1216.

Laghi F, Tobin MJ. Relationship between
transdiaphramatic and mouth twitch pressures at
functional residual capacity. European Respiratory Journal,
1997;10:530-536.

Meyer B, Liebsch R, Roricht S. Tongue motor responses
following transcranial magnetic stimulation of the motor
cortex and the proximal hypoglossal nerve in man.
Electroencephalography and clinical Neurophysiology,
1997;105:15-23.

Lin VWH, Wolfe V, Frost Fs, Perkash I. Micturition by
functional magnetic stimulation. Journal of Spinal Cord
Medicine, 1997;20:218-226.
Lin VWH, Hsiao I, Perkash I. Micturition by functional
magnetic stimulation in dogs: A preliminary report.
Neurourology and Urodynamics, 1997;16:305-313.
Lissons MA, Vanderstraeten GG. Motor evoked potentials
of the respiratory muscles in tetraplegic patients. Spinal
Cord, 1996;34:673-678.
Ljubsavljevic M, Milanovic S, Radovanovic S, Vukcevic I,
Kostic V, Anastasijevic R. Central changes in muscle
fatigue during sustained submaximal isometric voluntary
contraction as revealed by transcranial magnetic
stimulation. Electroencephalography Clin Neurophysiol,
1996;101:298-303.

Mills GH, Kyroussis D, Hamnegard CH, Wragg S, Polkey
MI, Moxham J, Green M. Cervical magnetic stimulation of
the phrenic nerves in bilateral diaphragm paralysis.
American Journal of Respiratory and Critical Care
Medicine, 1997;155:1565-1569.
Mills KR, Kimiskidis V. Motor cortex excitability during
ballistic forearm and finger movements. Muscle & Nerve,
1996;19:468-473.
Mills KR, Nithi KA. Motor cortex stimulation does not
reset primary orthostatic tremor. Journal of Neurology,
Neurosurgery & Psychiatry, 1997;63:553.
Mills KR, Nithi KA. Corticomotor threshold is reduced in
early sporadic amyotrophic lateral sclerosis. Muscle &
Nerve, 1997;20:1137-1141.

McFarlane JP, Foley SJ, De Winter P, Shah JPR, Craggs
MD. Suppression of detruser instability by magnetic
stimulation of the sacral nerve roots. British Journal of
Urology, 1997;80:734-741.

Muellbacher W, Mamoli B. The course of
cortico-hyperglossal projections in the human brainstem:
functional testing using transcranial magnetic stimulation.
Brain, 1997;120:1909-1910.

Maegaki Y, Maeoka Y, Ishii S, Shiota M, Takeuchi A,
Yoshino K, Takeshita K. Mechanisms of central motor
reorganisation in pediatric hemiplegic patients.
Neuropediatrics, 1997;28:168-174.

Nakajima M, Eisen A, McCarthy R, Olney RK, Aminoff
MJ. Reduced corticomotoneuronal excitatory postsynaptic
potentials (EPSPs) with normal la afferent EPSPs in
amyotrophic lateral sclerosis. Neurology,
1996;47:1555-1561.

Maloney SR, Bastings EP, Blair D, Quinlevan L, Good DC.
The course of cortico-hypoglossal projections in the human
brainstem: functional testing using transcranial magnetic
stimulation. Brain, 1997;120:1910-1911.

Netz J, Lammers T, Homberg V. Reorganization of motor
output in the non-affected hemisphere after stroke. Brain,
1997;120:1579-1586.

Mathis J, Hess CW. Motor-evoked potentials from
multiple target muscles in multiple sclerosis and cervical
myelopathy. European Journal of Neurology
1996;3:567-573.

Netzu A, Kimura S, Ohtsuki N, Tanaka M. Transcranial
magnetic stimulation in benign childhood epilepsy with
centro-temporal spikes. Brain and Development,
1997;19:134-137.

Mathis J, Gurfinkel VS, Struppler A. Facilitation of motor
evoked potentials by postcontraction response (Konstamm
phenomenon). Electroencephalogr Clin Neurophysiol,
1996;101:298-303.

Netzu A, Kimura S, Uehara S, Kobayashi T, Tanaka M,
Saito K. Magnetic stimulation of the motor cortex in
children: Maturity of the corticospinal pathway and
problem of clinical application. Brain and Development,
1997;19:176-180
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Nielson JF. Improvement of amplitudes variability of motor
evoked potentials in multiple sclerosis patients and in
healthy subjects. Electroencephaloraphy and clinical
Neurophysiology, 1996;101:404-411.
Nielson JF. Logarythmic Distribution of Amplitudes of
Compound Muscle Action Potentials Evoked by
Transcranial Magnetic Stimulation. Journal of Clinical
Neurophysiology, 1996;13:423-434.
Nielson JF, Sinkjaer T. Long-lasting depression of soleus
motoneurons excitability following repetitive magnetic
stimuli of the spinal cord in multiple sclerosis patients.
Multiple Sclerosis, 1997;3:18-30.
Nielson JF. Frequency-dependent conduction delay of
motor evoked potentials in multiple sclerosis. Muscle &
Nerve, 1997;20:1264-1274.
Nielson JF. Treatment of spasticity with repetitive
magnetic stimulation; a double-blind placebo-controlled
study. Multiple Sclerosis, 1996;2:227-232.
Neilson JF. Repetitive magnetic stimulation of the cerebral
cortex in normal subjects. Journal of Clinical
Neurophysiology, 1996;13:69-76.
Nilsson J, Panizza M, Arieti P. Computer-Aided
Determination of the Silent Period. J.Clin. Neurophysiol.
1997;14:136-143.
Nirkko AC, Rosler KM, Ozdoba C, Heid O, Schroth G,
Hess CW. Human cortical plasticity: Functional recovery
with mirror movements. Neurology, 1997;48:1090-1093.
Olson JD, Li J, Anand S, Hotson JR. Rapid-rate
transcranial magnetic stimulation delivered focally over
frontal cortex evokes saccades. Neurology, 1996;
46:S44.006.
Paus T, Jech R, Thompson CJ, Comeau R, Peters T, Evans
AC. Transcranial magnetic stimulation during positron
emission tomography: A new method for studying
connectivity of the human cerebral cortex. Journal of
Neuroscience, 1997;17:3178-3184.
Polkey MI, Kyroussis D, Hamnegard CH, Mills GH, Green
M, Moxham J. Diaphragm Strength in Chronic
Obstructive Pulmonary Disease. American Journal of
Respiratory and Critical Care Medicine,
1996;154:1310-1317.
Polkey MI, Kyrouissis D, Hamnegard CH, Hughs PD,
Rafferty GF, Moxham J, Green M. Paired phrenic nerve
stimuli for the detection of diaphragm fatigue in humans.
Eur. Respir J, 1997;10:1859-1864.
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Priori A. Clinical Applications of Silent Period
Measurements. Advances in Occupational Medicine and
Rehabilitation, 1996;2:91-97.
Puri BK, Lewis SW. Transcranial magnetic stimulation in
psychiatric research. British Journal of Psychiatry,
1996;169:675-677.
Puri BK, Davey NJ, Ellaway PH, Lewis SW. An
Investigation of Motor Function in Schizophrenia using
Transcranial Magnetic Stimulation of the Motor Cortex.
British Journal of Psychiatry, 1996;169:690-695.
Rapisarda G, Bastings E, deNoordhout AM, Pennisi G,
Delwaide PJ. Can motor recovery in stroke patients be
predicted by early transcranial magnetic stimulation?
Stroke, 1996;27:2191-2196.
Ravnborg M. The role of transcranial magnetic
stimulations and motor evoked potentials in the
investigation of central motor pathways in multiple
sclerosis. Danish Medical Bulletin, 1996;43:448-462.
Rijntjes M, Tegenthoff M, Liepert J, Leonhardt G,
Kotterba S, Muller S, Kiebel S, Malin JP, Diener HC,
Weiller C. Cortical reorganization in patients with facial
palsy. Annals of Neurology, 1997;41:621-630.
Roricht S, Irlbacher K, Petrow E, Meyer BU. Normative
data for callosally and corticospinally mediated
electromyographic effects in hand muscles following a
hemisphere-selective magnetic cortex stimulation in man.
Z. EEG-EMG, 1997;28:34-38. (German)
Rose RD. Sensory component of cervically evoked motor
potentials. Medical Hypothesis, 1996;46:577-579.
Salerno A, Georgesco M. Interhemispheric facilitation and
inhibition studied in man with double magnetic
stimulation. Electroencephalography and Clin
Neurophysiol, 1996; 101: 395-403.
Samii A, Wassermann EM, Ikoma K, Mercuri B, et al.
Decreased postexercise facilitation of motor evoked
potentials in patients with chronic fatigue syndrome or
depression. Neurology, 1996;47:1410-1414.
Schubert M. Clinical and Experimental aspects of magnetic
stimulation. Z. EEG-EMG, 1997;28:114-118. (German)
Schulz U, Ferbert A. Variability of motor evoked
potentials: Comparison of three small hand muscles.
Z. EEG-EMG, 1996;27:143-150.
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Schulze-Bonhage, Knott K, Ferbert A. Effects of
carbamezepine on cortical excitatory and inhibitory
phenomena: a study with paired transcranial magnetic
stimulation. Electroencephalography and Clin
Neurophysiol, 1996;99:267-273.
Schwarz CM. Subconvulsive magnetic brain stimulation no
replacement for ECT. American Journal of Psychiatry,
1997;154:716-717.
Scott PV. Asystole from tetanic stimulation of the
accessory nerve. Anaesthesia, 1996;51:1148-1150.
Sheean GL, Murray NMF, Rothwell JC, Miller DH,
Thompson AJ. An electrophysiological study of the
mechanism of fatigue in multiple sclerosis. Brain,
1997;120:299-315.
Sheriff MKM, Shah JPR, Fowler C, Mundy AR, Craggs
MD. Neuromodulation of detrusor hyper-reflexia by
functional magnetic stimulation. British Journal of
Urology, 1996;78:39-46.
Similowski T, Mehiri S, Duguet A, Attali V, Straus C,
Derenne J-Ph. Comparison of magnetic and electrical
phrenic nerve stimulation in assessment of phrenic nerve
conduction time. Journal of Applied Physiology,
1997;82:1190-1199.
Similowsky T, Catala M, Rancurel G, Derenne J-Ph.
Impairment of Central Motor Conduction to the
Diaphragm in Stroke. Am J. Respir Care Med,
1996;154:436-441.
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Strafella A, Ashby P, Lang AE. Reflex myclonus in
cortical-basal ganglionic degeneration involves a
transcortical pathway. Movement Disorders,
1997;12:360-369.
Struppler A, Jakob C, Muller-Barna P, Schmid M,
Lorenzen H-W, Paulig M, Prosiegal M. New method for
early rehabilitation in extreme palsies of central origin by
magnetic stimulation. Z. EEG-EMG, 1996;27: 151-157.
(German with English Abstract)
Sue CM, Yiannikas C, Clouston PD, Lim CL, Graham S.
Transcranial cortical stimulation in disorders of the central
motor pathways. J. Clin. Neuroscience, 1997;4:19-25.
Tamer SK, Misra S, Jaiswal S. Central motor conduction
time in malnourished children. Archives of Disease in
Childhood, 1997;77:323-325.
Tegenthoff M, Vorgerd M, Juskowiak F, Roos V, Malin
J.-P. Postexcitatory inhibition after transcranial magnetic
single and double brain stimulation in Huntington's
disease. Electroencephalogr Clin Neurophysiol,
1996;101:298-303.
Thompson ML, Thickbroom GW, Mastaglia FL.
Corticomotor representation of the sternocleidomastoid
muscle. Brain, 1997;120:245-255.
Timmerhuis TPH, Hageman G, Oosterloo SJ, Rozeboom
AR. The prognostic value of cortical magnetic stimulation
in acute middle cerebral artery infarction compared with
other parameters. Clinical Neurology and Neurosurgery,
1996;98:231-236.

Similowski T, Straus C, Attali V, Duguet A, Jourdain B,
Derenne J-Ph. Assessment of the motor pathway to the
diaphragm using cortical and cervical magnetic stimulation
in the decision making process of phrenic pacing. Chest,
1996; 110: 1551-1557.

Traversa R, Cicinelli P, Bassi A, Rossini PM, Bernadi G.
Mapping of motor cortical reorganisation after stroke: A
brain stimulation study with focal magnetic pulses. Stroke,
1997;289:110-117.

Similowski T, Straus C, Coic L, Derenne J-Ph.
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