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Background: Carefully designed controlled studies are Introduction

essential in further evaluating the therapeutic efficacy of , o )
transcranial magnetic stimulation (TMS) in psychiatric | N recent years, transcranial magnetic stimulation (TMS)
disorders. A major methodological concern is the designl has shown potential as a treatment for psychiatric
of the “sham” control for TMS. An ideal sham would disorders (George et al 1996). It is a noninvasive method
produce negligible cortical stimulation in conjunction of brain stimulation that uses strong magnetic fields to
with a scalp sensation akin to real treatment. Strategiesnduce small electrical currents in the cerebral cortex,
employed so far include alterations in the position of thedepolarizing neurons. The potential of TMS to influence
stimulating coil, but there has been little systematic studycerebral function has been demonstrated in a number of
Of their Va“dlty In th|S Study, we investigated the effeCtS Of\NayS. Transcrania| magnetic Stimu'ation Of the motor
differer_1t coil positions on cortical activation and scalp grtex has been reported to increase the excitability of
sensation. some cortical neurons when delivered at high frequency
Methods: In nine normal subjects, single TMS pulses (10 Hz, 20 Hz; Pascual-Leone et al 1994) or to depress
were administered at a range of intensities with a *figure gxcitapility at low frequencies (1 Hz; Wassermann et al
eight” coil held in various positions over the left primary 1996) These effects lasted several minutes after a single
motor cortex. Responses were measured as motor-evokg ssion of stimulation. Functional imaging studies have

potentials in the right first dorsal interosseus muscle.shown chanaes in recional cerebral blood flow durin
Scalp sensation to TMS with the colil in various positions, 9 9 9

over the prefrontal area was also assessed. TMS (e.g,, Fox et al 1997; Paus et al 1997, 1998).

. . . .. Transcranial magnetic stimulation has also been linked
Results:None of the coil positions studied met the criteria J

for an ideal sham. Arrangements associated with a highe}NIth downregulation oB-adrenoreceptors in the rat cortex

likelihood of scalp sensation were also more likely tO(FIeischmann et al 1996) and effects on astroglial gene
stimulate the cortex. expression in mice (Fujiki and Steward 1997). Thus, there

are several putative mechanisms by which TMS may exert

trade-off between effective blinding and truly inactive 2 thg rapeutic eﬁegt in psychigtric disorders.. Rese?“c“
“stimulation.” Further research is needed to develop the Studiés have examined the efficacy of TMS in treating
best sham condition for a range of applicationsiol depression (as an alternative to electroconvulsive therapy;

Psychiatry 2000;47:325-331 @000 Society of Biologi- €9~ George et al 1997; Kolbinger et al 1995; Pascual-
cal Psychiatry Leone et al 1996), mania (Grisaru et al 1998b), obsessive—
compulsive disorder (Greenberg et al 1997), and posttrau-
Key Words: Transcranial magnetic stimulation, brain, matic stress disorder (Grisaru et al 1998a; McCann et al
psychiatry, treatment, motor cortex, prefrontal cortex  1998).
Controlled studies have used either stimulation at a
different cerebral site (Greenberg et al 1997; Grisaru et
al 1998b) or a “sham” form of TMS (George et al 1997;
Klein et al 1999; Kolbinger et al 1995; Pascual-Leone et
al 1996) as a control condition. There are difficulties
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sites far from the site of stimulation (e.g., Fox et al
1997). The alternative, sham TMS, has rarely been
studied in terms of its design and cortical effects.

We propose that an “ideal” sham for TMS would have A
the following characteristics: 1) placement on the subject’sg
head of a TMS coll identical to that used for treatment to behind
obtain visual and tactile parity with “real” treatment; 2)
comparable scalp sensation arising from stimulation of
superficial nerves and muscles; 3) similar acoustic artifactom top
of TMS, time locked to the scalp sensation; and 4) no
physiologic effect on the cortex. Achieving this ideal
would be particularly important in crossover studies.
However, this ideal is difficult to attain, as any magnetic "
stimulus delivered from the same coil in contact with the shifted
scalp and powerful enough to produce scalp sensation is
also likely to depolarise cortical neurons.

A number of different forms of sham TMS were used
in the controlled studies cited above. These mostly a"
involved variations in the position of the stimulating twisted
coil relative to the scalp, resulting in differences in the
intensity and direction of currents induced in cortical
tissue (cf. different arrangements shown over the motor
cortex in Figure 1 ). Pascual-Leone et al (1996) and wp«
George et al (1997) used a figure-eight coil placed twisted
tangential to the scalp for real treatment and with its & shifted
lateral edge touching the scalp at 45° for sham treatment
(as in Figure 1B; personal communication from both
authors). Such an arrangement was reported not to _ ) o _
produce evoked potentials or to cause measurablEi9ure 1. Orientation of the magnetic coil on the head in seven

. . sham conditions. In conditions A, the figure-eight magnetic coil

changes in cerebral glucose metabolism when used ovgf,s tilted at 45° from a tangent to the head so that the front edge
the motor cortex (George et al 1997). However, patientsf the coil remained in contact with the head. The upper left
may have been alert to any subjective differences withdiagram shows a view of the back of a subject's head with the
sham stimulation, given the crossover design of thes&oil positioned on the left side. A line marks a tangent to the

. . . . ._curve of the head. The rest of A are views of the top of the
inials. Klein et al (1999) used a circular coil, tangential subject’s head with the nose indicating anterior. In A, the coil is

for real TMS and “perpendicular to the scalp surfacepgsitioned so that its center is over the optimal site (open circle)

without direct contact” for sham treatment. Scalp sen-for evoking a motor-evoked potential in the right first dorsal
sation was not mentioned and was presumably absent jrterosseus muscle. The black edges indicate where the coil is in
this arrangement. Kolbinger et al (1995) used a tangen(_:ontact with the head. Arrows indicate the direction of current

. . . flow in the coil. Lower A diagrams show the caihiftedso that
tial circular coil for both treatments but reduced the e eqge in contact with the head is over the optimal site for
machine output to a very low level (0.05 T) for sham stimulation, twisted so that current flow in the coil is in a
TMS. This was sufficient to induce an acoustic artifactdifferent orientation to the head, ardisted and shiftedin

(which would have been much reduced in intensity) pytconditions B, the coil is tilted at 45° to a tangent to the curve of
: - . the head so that one side of the coil (marked black) remains in
is unlikely to have produced any scalp sensation. contact with the head. As with A, the upper diagram shows a

All of the authors of the studies above found significantview of the back of the head and the lower diagrams are views of
differences between the outcomes of real and sham treatte top of the head.

ment. However, in our own double-blind, controlled study

in depressed patients we failed to find a significantused (figure-eight coil with front edge touching the scalp
difference between real and sham TMS treatment, wittat 45°, as in Figure 1A), while being weaker than real
both groups demonstrating improvement (Loo et al 1999)treatment, did in fact deliver a clinically meaningful
We concluded that this improvement (about 25%) wasstimulation. In this study, we sought to investigate this
probably because of “nonspecific” clinical factors, but we issue further.

could not rule out the possibility that the sham procedure Regrettably, little is known about the relative intensity

site of
contact

B

from
behind

/" optimal site
for MEP

from top

g
shifted \&

direction
of current
in coil

g
twisted
& shifted




Inactive Forms of TMS BIOL PSYCHIATRY 327
2000;47:325-331

of cortical stimulation resulting from various coil posi- magnetic stimulation was delivered with the coil in seven sham

tions. Lisanby et al (1998) measured the electrical currentgositions (Figure 1). As a subject's arousal level and motor

|nduced |n Cerebral electrodes |mp|anted |n ||Ve’ nonhu_threshold vary OVer time (Unpubllshed Obsel’vations), the seven

man primates while stimulation was applied with a ﬂgure_stlmulatlon condltlons'and a second motor t_h.reshold_measure-

eight coil in various positions. Variations from a tangential ™"t Were conducted in random order. In addition, subjects were

position reduced the magnitude of induced currents b);ancourgged to converse briefly after each 10 stimuli to maintain

. - . . . a consistent level of arousal.

25-73%. How this translates into physiologic effects is not

readily apparent, as neuronal depolarization is determined )

by a complex set of factors apart from the magnitude ofStimulation at Rest

induced currents. These include the direction of currentSubjects were blind to the order of sham stimulations. For each

relative to neuronal orientation (Amassian et al 1992) andgsham condition, an initial set of 10 stimuli was given at twice

the conductivity of surrounding tissue (Barker 1991). Thethreshold (2 T) stimulus intensity. Sets of 10 stimuli at lower

effects of coil orientation and position on cortical stimu- intensities (1.75 T, 1.5 T, and 1.25 T) were then administered

lation therefore require study in human subjects. In the!ntil an intensity at which no MEPs were apparent was reached.

current investigation, seven coil positions were studied\'\llj'::;)nereoafCMhEie;'(;;;?:gegir; gg’:;;:pﬁ{jg;;ger\\;?sé;he

i(rllzlglLJer?islgetg g{:ﬁ?:spgiz tpj&g?{ﬂglgifg'?gf ;ip%r;e et was recorded. This number was later confirmedeith offline

sham. While the prefrontal cortex remains the focus of easurements of all rials.

interest in psychiatric disorders, our study was limited to_ . ) . )

the motor cortex because of the practical advantage thetimulation during Voluntary Contraction

latter offers in the ability to measure evoked responses irfrurther testing was done for three sham conditions that had either

peripheral muscles. been used in controlled studies or were considered likely to
Since subjective sensation is an important component deliver a higher level of stimulation (Figure 1 conditions A, B

any sham treatment, we also administered single TM§hiﬁed, anq B t_wisted and shifted). S_timuli were given while the
ubject maintained a weak contraction of the right FDI muscle.

pulses over the left dorsolateral prefrontal area, a commoE ; h .
ecause the ongoing muscle activity created a noisy background

treatment site in psychiatric studies (e.g., Pascual-Leone ?rtom which to identify the response to the stimulus (compare left

al 1996), to determine the relative degree of scalp sensg;, g right halves of Figure 2), we set a criterion 2100 wV

tion produced by different coil positions. peak-to-peak amplitude for MEPs during contraction.
Methods and Materials Scalp Sensation during Prefrontal Stimulation
Subjects Single TMS pulses were administered over the left dorsolateral

refrontal area, defined as 5 cm anterior to the motor cortex hand

Nine normal adul_t _subjec?s (four male,_ tV\_’O left-handed, agecgrea. Subjects reported the presence or absence of scalp sensation
25-45 years) participated in the study with informed consent anqvith stimuli of intensity T with the coil in various positions:

institutional ethics committee approval. Subjects were Seategangential, front edge at 45° (Figure 1A), and lateral edge at 45°
comfortably throughout the study with the right hand resting On(Figure 1B)

a support. The electromyogram (EMG) was recorded from the

right first dorsal interosseus (FDI) muscle through surface

electrodes. The EMG was amplified and filtered (20 Hz—1 kHz) Results

and recorded to disk through a laboratory interface (CED 1902,

Micro 1401, Sigavg software, Cambridge Electronic Design,Motor thresholds (T) for the subjects ranged between 38%

Cambridge, UK). and 66% of maximal stimulator output and did not change
significantly during the course of the experiment (paired
Transcranial Magnetic Stimulation test,p = .29). Two subjects had thresholds above 60% of

Transcranial magnetic stimulation was delivered over the handmaxImal stimulator output and could therefore only be

area of the left primary motor cortex using a 70-mm figure-eightteSted atlevels up to 1.5 T.
coil and a Magstim (Carmarthenshire, Wales, UK) Rapid ma-
chine. Initially, with the coil held tangential to the scalp, the Stimulation at Rest

optimal position and orientation (current direction) for evoking aOf h h diti h | diti hich
motor response (motor-evoked potential [MEP]) in the right FDI the seven sham conditions, the only condition whic

muscle were found for each subject. Threshold stimulus intensitfVOked appreciable motor responses in any subject was
(T) was determined as the lowest intensity at which 10 consecthat with the front edge touching at 45° (Figure 1A). With
utive stimuli yielded=5 MEPs with a peak-to-peak amplitude of the coil in this position, two subjects had five or more
=50V with the subject at rest (Figar2 , top left). Transcranial responses with a stimulus intensity of 2 T and another
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Figure 2. Electromyogram (EMG) traces
from a single subject. Each of the four panels
shows the EMG recorded from the right first

relaxed

"real" stimulus
threshold intensity

6/10

contracting
sham "A"
1.5 X threshold 0/10

dorsal interosseus muscle during a set of 10
stimuli. Each trace shows an EMG recorded
from 20 msec before to 100 msec after a

stimulus. A stimulus artifact marks the time of
stimulation in most traces. The traces on the
left were recorded while the subject remained
relaxed and those on the right during a weak
contraction of the muscle. The dotted lines

RS mark the onset of motor-evoked potentials
w (MEPSs). The top left panel shows responses to
f real (tangential) stimulation over the motor
e B s A e cortex at a threshold intensity (T). In six out of
sham "A" . sham "A" | 10 of the traces, responses _reach the criterion
5 X threshold | 1110 2 X threshold | of 50 pV peak-to-peak amplltude._The I_ower
: ; left panel shows responses to stimulation of
—— j twice the intensity (2 T) but with the coil in
S S S —

sham position A. There is one MEP from 10
stimuli. In traces on the right, the ongoing
muscle contraction means that the response is
more difficult to identify compared to the
background activity and a criterion of 1Q0/
peak-to-peak amplitude was used. With an

W |200uV intensity d 2 T (lower right panel), stimula-
— tion in sham position A elicited MEPs in
seven out of 10 traces. Stimuli of 1.5 T (upper
right panel) evoked no responses. *Traces in

which responses were probably present but
failed to reach the amplitude criterion.

three subjects had at least one response. For the othand shifted” position, and two MEPs in only one subject in
conditions, there were negligible responses (not more thatB shifted,” MEPs were elicited in the contracting muscle
one subject with one MEP), even at a stimulation intensityin eight of the nine subjects by the A sham. Occasional
equivalent to 2 T. Table 1 shows the median and range o EPs could be elicited by stimulation with an intensity as
the number of MEPs evoked by 10 stimuli in each shamlow as 1.25 T. Figure 2 shows the EMG responses to real
condition. (tangential) TMS and sham stimulation in condition A for
one subject during relaxation and voluntary muscle con-

Stimulation during Voluntary Contraction traction. Group results (median and range) for condition A
are shown in Table 2 .

Again, the sham condition that produced the most re-
sponses was that with the front edge touching at 45° ) . ) .
(Figure 1A). Whereas one to three MEPs were elicited in>CalP Sensation during Prefrontal Stimulation

scalp sensation with tangential stimulation, four of the
Table 1. Number of Motor Responses Evoked in Relaxed First
Dorsal Interosseus Muscle by 10 Magnetic Stimuli of Intensity )
2 X Motor Threshold Table 2. Number of Motor Responses Evoked in Relaxed and

Contracting First Dorsal Interosseus Muscle by 10 Magnetic

Coil positior? Median Range  Stimuli with Coil in Position &
A ) 1 0-10 Stimulus Intensity Relaxed median Contracting median
A shifted 0 0-1 (X threshold) (range) (range)
A twisted 0 0-0
A twisted and shifted 0 o-0 10 — 0(0-1)
B 0 0-0 1.25 — 1(0-3)
B shifted 0 0-1 15 0.5(0-1) 2(0-8)
B twisted and shifted 0 0-0 175 2(0-4) 6 (2-10)
2.0 1 (0-10) 6.5 (4—10)

20r maximum machine output if threshole50% maximum.

bSee Figure 1 and text for description of the coil positions. 2See Figure 1 and text for description of the coil positions.
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nine subjects with stimulation with the front edge at 45°stimulation (minimal even in the presence of voluntary
(A), and one of the nine with stimulation with the lateral contraction) but were also less likely to be associated with
edge at 45° (B). scalp sensation. Thus B, while having the advantage of
being less “active,” is more likely to be perceived by the
) . subject as inactive treatment.
Discussion Theoretically, strategies for reducing cortical stimula-

Stimulation over the motor cortex was used as a test foflon While preserving the scalp sensation of TMS include
the functional efficacy of TMS with a figure-eight stimu- MoVing the coil over the scalp away from the treatment
lating coil held in various positions. Stimulation condi- Sit€ (Cf. shifted arrangements in Figure 1) and rotating the
tions were tested with the target muscle at rest and during®!! OVer the scalp (cf. twisted arrangements in Figure 1).
voluntary contraction, as the latter increases both theNifting the coil reduces its effective stimulation, as seen
likelihood that a stimulus will activate neurons in the IN A and “A shifted” (Table 1). This finding implies that
cortex and that any descending volley evoked by thdhe geor.netrlc.center of thg (figure eight) coil still delivers
stimulus will activate enough spinal motoneurons to pro-MOre stimulation at a cortical level than the edge of the
vide a detectable response in the muscle (e.g., Hess et @il touching the scalp, even though the former is not in
1987; Mazzocchio et al 1994). Thus, stimulation duringcontact with the scalp when the coil is raised at 45°. This
contraction is a more sensitive test of the effects of TMS'S @n important consideration when using active coils in
on the motor cortex than stimulation at rest and can evok&ham designs. Twisting the coil has been shown to
MEPs at stimulus levels that produce no response at restarkedly affect the degree of motor cortex activation
Research groups using a figure-eight coil have generally"he” the coil is held tangentially, since current direction
held its front edge at 45° (as in Figure 1A) or its lateral relative to neuronal orientation strongly determines depo-
edge at 45° (as in Figure 1B) for sham treatment. Thidarization (Mills et al 1992). The effect was not evident in
study demonstrated that condition A delivered a highetthis study, where the coil was held at 45° to the scalp;
level of stimulation and was also more likely to produce ahowever, this strategy may be important in other sham
scalp sensation. The level of activation elicited in A wasdesigns (e.g., where the coil is tangential but the stimulator
still low compared to a tangential coil placement (i.e., as inoutput level is decreased).
real TMS treatment). For most subjects, stimulation at 2 T There are a number of caveats in the interpretation of
(at rest) failed to produce a response (defined=#  our results and their application to sham designs in
responses per set of 10 stimuli). In other words, raising th@sychiatric treatment studies. First, motor and prefrontal
coil as in A reduced the stimulation level to less than 50%cortex may differ in their responses to magnetic stimula-
for most subjects. Since sham TMS in treatment studies i§on owing to differences in cortical cytoarchitecture and
usually given at the same level as real TMS, close to thé@euronal connections. Thus TMS thresholds for the two
subject’s motor threshold (T), this is unlikely to representareas may be different and prefrontal cortical response
an effective dose, though the possibility cannot be exmay not be as distinctly a threshold phenomenon as it is in
cluded. When stimulation was given during voluntary the motor cortex.
contraction, the majority of subjects hatb/10 responses, Second, there are other factors to consider in the effects
even at 1.75 T. If there is an analogous condition in theof TMS apart from a threshold response. A subthreshold
prefrontal cortex to voluntary contraction in the motor sham may still affect cortical functioning. This phenome-
cortex, then this form of sham may in fact be delivering anon has been demonstrated in the motor cortex, where a
clinically relevant stimulus. subthreshold conditioning stimulus can alter the response
In our recently completed double-blind, parallel design,to a subsequent suprathreshold stimulus (e.g., Kujirai et al
controlled study of 18 depressed patients (Loo et al 1999)1993; Nakamura et al 1995). An analogous phenomenon
sham A given at 110% motor threshold proved to be armay occur in the prefrontal cortex. In the motor cortex, a
effective blind, with subjects being unable to distinguishbackground voluntary contraction increased the likelihood
sham from real TMS. We found that the intensity of of an MEP response to a stimulus of given intensity.
prefrontal scalp sensation varied greatly between individLikewise, certain mental states or tasks may similarly
uals, though all subjects receiving sham TMS experiencetprime” the prefrontal cortex, producing a response to
some scalp sensation. Those in the sham group who weMS which is otherwise “subthreshold.”
on to have open real treatment did report far greater scalp Third, shifting the coil in this study reduced the likeli-
sensation with the latter. Therefore, while sham conditiorhood of activating the small area of motor cortex control-
A was adequate to achieve blinding in our parallel-desigring a hand muscle, but this may have a negligible effect
study, it may not be good enough in a crossover designin the prefrontal cortex if similar mental state changes can
Positions B delivered a much lesser degree of corticabe induced by stimulation of a number of sites within a far
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larger area. Likewise, twisting the coil may make little Fleischmann A, Sternheim A, Etgen A, Li C, Grisaru N,
difference if target prefrontal neurons (i.e., those puta- Belmaker R (1996): Transcranial magnetic stimulation down-
tively responsible for mental state changes) are not ori- regulatesp-adrenoreceptors in rat corteX.Neural Transm

ented such as to be preferentially depolarized by current 103:1361-1366.

. . . _p . y dep y I§ox P, Ingham R, George MS, Mayberg H, Ingham J, Roby J, et
in a particular direction (in contrast to the motor cortex). (1997): Imaging human intra-cerebral connectivity by PET
Fourth, the effects of single TMS pulses were examined  gyring TMS. Neuroreport8:2787-2791.

in our study, whereas most treatment studies apply regjiki m, Steward O (1997): High frequency transcranial mag-
peated TMS pulses, often at high frequency, to a single netic stimulation mimics the effects of ECS in upregulating
cortical site. We chose to use single pulses because MEP astroglial gene expression in the murine CN®I Brain Res
responses to a train of pulses are more difficult to interpret, 44:301-308.

particularly in the presence of voluntary contraction; George MS, Wassermann EM, Kimbrell TA, Little JT, Williams
however, it is likely that both neuronal depolarization and ~ WE. Danielson AL, et al (1997): Mood improvement follow-

. . . . ing daily left prefrontal repetitive transcranial magnetic stim-
subjective scalp sensation would differ with TMS at ulation in patients with depression: a placebo-controlled

different frequencies. crossover trialAm J Psychiatryl54:1752—1756.

A further area of investigation would be coil arrange- George MS, Wassermann EM, Post RM (1996): Transcranial
ments at 90° to the scalp. We concentrated on 45° magnetic stimulation: A neuropsychiatric tool for the 21st

arrangements because our experience has been thatcentury.J Neuropsychiatry Clin Neuros@:373-382.

scalp sensation is far less likely with the coil at 90° Greenberg BD, George MS, Martin JD, Benjamin J, Schlaepfer
(unpublished observations); however, since the geome- TE, Altemus M, et al (1997): Effect of prefrontal repetitive
try of the stimulating field is not symmetrical around a transcranial magnetic stimulation in obsessive-compulsive
figure-eight coil (Ueno et al 1988), it may well be that disorder: a preliminary studyAm J Psychiatryl54:867—869.
coil positions with scalp sensation but minimal cortical G"1saru N, Amir M, Cohen H, Kaplan Z (1998a): Effect of
activation could be found. transcranial magnetic stimulation in posttraumatic stress dis-

lusi £ th i . . . q order: A preliminary studyBiol Psychiatry44:52-55.
In conclusion, no,ne _0 the Cf" positions mves“g,ate Grisaru N, Chudakov B, Yaroslavsky Y, Belmaker RH (1998b):
above met all the criteria for an ideal sham. The choice of  transcranial magnetic stimulation in mania: A controlled

a particular position for sham TMS will be determined by  study.Am J Psychiatry155:1608—-1610.

the design of the study and, in particular, the importance ofjess cw, Mills KR, Murray NMF (1987): Responses in small
blinding. In psychiatric treatment studies using a crossover hand muscles from magnetic stimulation of the human brain
design, scalp sensations are particularly important. Yet the J Physiol (Lond)388:397-419.

need for a truly inactive sham has to be recognized, and ilein E, Kreinin I, Chistyakov A, Korean D, Mecz L, Marmur S,
must be acknowledged that previously published studies ©t al (1999): Therapeutic efficacy of right prefrontal slow

: . repetitive transcranial magnetic stimulation in major depres-
may well have used a partially active placebo. Further sion: A double blind controlled studyArch Gen Psychiatry

research is needed to explore alternative approaches to 5g.315 320

desgmng a ;ham for.TMS, m_cludlng the development C_’fKolbinger HM, Heflich G, Hufnagel A, Mdler H-J, Kasper S
specially designed coils for this purpose. These strategies (1995): Transcranial magnetic stimulation (TMS) in the
will gain from applying functional neuroimaging tech-  treatment of major depression: A pilot studsum Psycho-
niques to investigate the real effects of sham stimulation. pharmacol10:305-310.
Kujirai T, Caramia MD, Rothwell JC, Day BL, Thompson PD,
Ferbert A, et al (1993): Corticocortical inhibition in human
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