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Abstract

Background—Transcranial magnetic stimulation (TMS) is a relatively noninvasive brain
stimulation technology that can focally stimulate the human cortex. One significant limitation of
much of the TMS research to date concerns the nature of the placebo or sham conditions employed.
When TMS pulses are delivered repetitively (especially prefrontal TMS) it is often experienced as
painful. Most sham TMS techniques produce identical sounds to active TMS, but they do not cause
much, if any, scalp or facial sensation or discomfort. This is a serious problem when investigators
are attempting to evaluate the effects of TMS using traditional sham techniques because of unintended
systematic differences between real and sham TMS groups (i.e., confounds). As long as traditional
approaches to sham TMS are employed, the validity of the inferences regarding the efficacy of TMS
will be limited. While some other sophisticated systems have been developed to address these
concerns, they tend to be expensive and lack portability. Portability will likely become more and
more important as TMS applications expand into different clinical areas (e.g., TMS in the post-
anesthesia care unit following surgery)

Methods—The present study describes a portable electrical TMS sham system (eSham system)
modeled after the James Long System that was designed to produce similar scalp sensations as real
TMS. Preliminary results are presented on 9 healthy adults that received both real and eSham 10Hz
rTMS (at 80%, 100% and 120% of resting motor threshold) over the prefrontal cortex and rated the
sensation quality (pain, tingling, sharpness, piercing, electric, tugging, pinching), tolerability, and
location. Results: Real TMS and eSham TMS were rated similarly across all 7 sensory dimensions
examined. Real and eSham TMS were also rated similarly with respect to tolerability and perceived
location of the TMS-induced sensations.

Conclusions—The eSham system may be a simple, affordable, and portable approach to providing
convincing sham TMS for future clinical trials. The present study provides preliminary evidence
supporting the use of the eSham system. Future larger-scale studies are warranted.

Introduction

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technology that
can focally stimulate the human cortex.1:2 Several studies have found that rTMS delivered
over motor cortex can affect the perception of laboratory-induced pain in healthy adults as well
as chronic neuropathic pain in clinical samples. 3712 Additionally, a few studies have
demonstrated anti-nociceptive effects with TMS over the prefrontal cortex TMS. 13717

One significant limitation of much of the research on the effects of TMS on pain perception to
date concerns the nature of the placebo or sham conditions employed. When TMS pulses are
delivered repetitively (especially prefrontal TMS) it is often experienced as painful (and at a
minimum it produces noticeable scalp and/or facial sensations; see Borckardt18). Most sham
TMS techniques (whether they involve tilting the coil away from the scalp or whether a
specially designed sham TMS coil is used) produce identical sounds to active TMS, but they
do not cause much, if any, scalp or facial sensation or discomfort. This is a serious problem
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when investigators are attempting to evaluate the effects of TMS using traditional sham
techniques for several reasons including: 1) introduction of unintended systematic differences
between real and sham TMS groups (i.e., confounds), 2) participants may be able to correctly
guess the condition to which they have been randomized (introducing demand characteristics),
and 3) real TMS may lead to changes in pain perception independent of the intended cortical
stimulation. A typical TMS session lasts 20-minutes, and it is possible that the painfulness of
the experience triggers pain modulatory activity in research subjects (e.g., endogenous opioid
activity, cognitive changes, activation of other descending pain inhibitory mechanisms). Thus,
when comparing the effects of real TMS to sham TMS on pain perception, any observed
antinociceptive effects of real TMS may be simply due to exposing subjects to a 20-minute
painful procedure. These effects may have little or nothing to due with changes in cortical
activation. Until a simple, affordable sham TMS system is available that produces facial/scalp
sensations comparable to real TMS, valid inferences about the effects of TMS on pain
perception will be limited.

A few studies have begun to address the limitations associated with traditional approaches to
sham TMS. Okabe et al (2003) implemented an electrical sham system in a controlled trial of
rTMS for Parkinson’s Disease. A 0.2 ms electrical pulse was delivered in-time with TMS caoil
clicks at twice the intensity of participants’ sensory thresholds for skin stimulation. However,
it is unclear based on the material presented in this paper, what kind of equipment was used to
produce the electrical stimulation, what methods were implemented to sync the electrical pulses
with the TMS coil noises, what TMS coils the system would work with, and what costs were
associated with building and implementing the system. Very recently, Rossi et al (2007) has
introduced a sophisticated sham system (real electro-magnetic placebo; REMP) in which a
compact wood component (contoured to the shape of a Magstim figure-8 coil) is attached to
the active surface of a real Magstim coil with Velcro strips. The thickness of the component
(3 cm) is likely sufficient to attenuate most of the induced electrical currents by the TMS coil.
An electric stimulator is connected to round copper metal disks embedded in the surface of the
REMP attachment. Electrical pulses are then delivered in sync with the TMS pulses. While it
is likely possible to develop REMP attachments for different coil types and shapes, at present,
it appears that this device has only been developed and tested for the 70mm figure-eight shaped
Magstim coil. One potential problem that might arise with this otherwise very elegant system,
is that it would be difficult to truly blind the TMS administrator as to whether a participant was
receiving real or sham TMS because the REMP device changes the weight and appearance of
the handheld coil. Thus, the present REMP design would permit the implementation of
excellent single-blind research methods but double-blind studies would prove considerably
more difficult.

One emerging issue regarding TMS systems in general is related to portability. Recently,
Borckardt et al (2006a) has found that 20-minutes of 10Hz prefrontal TMS (at 100% of resting
motor threshold) is associated with a reduction in patient-controlled analgesia use post-
operatively (a total of 4000 pulses were delivered in the 20-minute session). In this study, a
Neuronetics TMS machine was wheeled into the post-anesthesia care unit (PACU) and TMS
was delivered to patients immediately following bariatric surgery. The available Magstim coils
are not be capable of stimulating at a frequency of 10Hz for 20 minutes (4000 pulses) without
problems related to coil overheating. Thus, the sham systems described above (for use with
Magstim coils) would not work for this type of TMS application. In order to have provided
sham stimulation that matched real TMS with respect to facial and scalp sensations with
currently available technology using our Neuronetics machine, we would have had to transport
an expensive CPU along with a monitor, and large electric pulse-generator to the PACU along
with the TMS machine (as per the James-Long sham TMS system described in the Methods
section). Additionally, we would have had to set-up this rather bulky and elaborate system for
each participant in the study, which would have added considerable time and effort.

Brain Stimul. Author manuscript; available in PMC 2009 May 6.
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In this paper, we first describe the development of a simple, portable, and relatively inexpensive
sham TMS system designed to mimic real TMS with respect to perceived facial/scalp
sensations, and painfulness. This system is designed to work with any TMS machine that has
a TTL output port. It is small enough to sit atop the TMS machine, and is inexpensive enough
to implement in trials that have limited funding. Additionally, we present data from a small
pilot trial in which the sensations and location (scalp and/or facial) produced by the sham
system are compared to those produced by real TMS.

Current Sham TMS System Technology

In a current multi-site NIH sponsored trial of left prefrontal TMS for depression, the James
Long sham TMS system is being employed (James Long Company; NY; USA). This system
integrates a Mecta (Mecta Corp. Lake Oswego, OR) system with a Neuronetics (Neuronetics
Inc, Malvern, PA) TMS machine. Two electrodes from the Mecta system are placed on the
subjects forehead anterior to the TMS coil and the Mecta system is attached to the Neuronectics
TMS machine. Every time a sham TMS pulse is delivered, a TTL pulse is sent from the TMS
machine to the Mecta triggering a brief, mild electrical pulse that is delivered through the
electrodes to the subject’s scalp. This system also employs an auditory masking system so that
neither the subject or the TMS operator can hear the TMS pulses being delivered thereby
reducing the chances of identifying whether real or sham TMS is being delivered. The James
Long system provides an extremely high quality method for conducting double-blind TMS
trials. However, it is quite expensive and requires the use of a lot of bulky equipment (2 separate
computers plus the Mecta machine and digital display).

eSham System Development

Subjects

With TMS research expanding into different hospital settings13, there is a need for a portable,
convincing sham TMS system. Using James Long’s basic idea, the authors sought to develop
a system that would be light, portable, inexpensive, and that produced scalp sensations similar
to real TMS. Additionally, the system was designed to be able to work with any TMS machine
that has a TTL output port. This system, just like the James Long system, delivers a brief, mild
electrical stimulus to the scalp in sync with the sham TMS pulses (referred to as the eSham
system in this paper).

A portable electrical stimulus generator (Epix VT; Empi, St. Paul, MN; USA) powered by a
9-volt battery is used to delivery a constant stimulus (150 pulses per second) to a custom
developed switch-box that blocks the continuous electrical stimulus from reaching the
participant. Two 1/2-inch, round, metal electrodes (or flat Thymapad ® Stimulus Electrodes,
Somatics, LLC; Lake Bluff, IL, USA) are attached from the switch box to the subject’s forehead
immediately anterior to the TMS coil (or directly underneath the TMS coil if Thymapad ®
Stimulus Electrodes are used). A BNC cable connects the TMS machine to the switch-box and
every time the TMS machine delivers a pulse, a TTL signal is sent via the BNC cable to the
switch-box. Upon receiving the TTL pulse, the switch box opens a gate for ~250 us allowing
the electrical stimulus through to the subject’s scalp. Thus, participants experience a brief (~250
us) electrical pulse every time the sham TMS coil clicks. The intensity of the stimulus is
adjustable at the electrical generator (1 to 60 mA) and the time that the gate is let open after
each TTL trigger is adjustable on the switch-box as well. See figure 1 for a diagram of the
sham system and see figure 2 for a photo of the actual system attached to a TMS machine.

Nine non-depressed adults (3 female) with no history of chronic pain disorders volunteered to
participate in this study approved by the Institutional Review Board for the Protection of

Brain Stimul. Author manuscript; available in PMC 2009 May 6.
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Human Subjects at the Medical University of South Carolina. All subjects were free of
medications known to lower seizure threshold, had no implanted medical devices, and had no
history of stroke or seizure. None reported a history of any chronic medical conditions including
psychiatric disorders and chronic pain conditions.

Motor Threshold Assessment and Coil Placement

After providing written informed consent, resting motor threshold was estimated. Two
Neuronetics 2100 TMS machines were used (one with an active coil and one with sham), and
were placed behind the participants, out of site. The active machine was set to 40% of maximum
output. The TMS coil was positioned over each subject’s motor cortex and pulses were
delivered at the rate of 1 per 4 seconds. The intensity and location of the stimuli delivered were
systematically adjusted until the area of the motor cortex that controls the Abductor Pollicus
Brevis muscle (APB) was located. Next, a parameter estimation by sequential testing (PEST)
algorithm was used to determine the amount of machine output necessary to produce visual
thumb movement 50% of the time (resting motor threshold; rMT19). After motor threshold
was assessed, the prefrontal cortex was located by moving the coil 5 cm anterior along a
parasagital line. The coil position was marked on the subject’s scalp using a non-toxic felt-
tipped marker.

Titrating the eSham TMS system

Next, metal electrodes from the portable eSham system were attached to each subject’s
forehead immediately anterior to the TMS coil, and held in place by a rubber strap. The cathode
was placed medially. Redux gel was used to ensure good contact between the electrodes and
the subject’s scalp.

Subjects were administered 1-second-trains of real TMS over the prefrontal cortex (10 Hz) at
80%, 100%, and 120% of rMT (randomly ordered) and they rated the painfulness of each
sensation using a numeric rating scale (0=no pain at all to 10=worst pain imaginable). These
ratings were recorded on the clinical research form for future reference. Next, the sham TMS
coil was placed over the subject’s prefrontal cortex and the eSham system was set to deliver
electrical stimuli starting at ImA (in sync with the audible TMS pulses at 10Hz) in trains lasting
1-second. Subjects were asked to rate the painfulness of each 1-second train using the same
numeric rating scale. The intensity of the electrical pulses were adjusted and a PEST algorithm
was used to match the subjective pain rating of the electrical stimulation to the rating of the
real TMS at 100%. A minimum of 30 secs elapsed between all of the 1-second pulse trains.
The entire sham titration procedure takes between 3 and 5 minutes to complete.

Study Design

To compare real TMS with the eSham system, participants received a total of 12 4-sec stimulus
trains. Half of the trains were delivered using the real TMS coil at 80%, 100% or 120% of rMT
(2 trials each). The other 6 trains were delivered using the sham coil and eSham system at 80%,
100% or 120% (2 trains each) of the mA setting that was matched to real TMS (at 100% of
rMT) during the titration process. The order of stimuli was randomized. Subjects were blind
to whether the stimuli were real or sham TMS and they were not told the intensity of each
stimulus.

Measuring pain location, quality and intensity

After each stimulus was delivered, subjects used a custom-developed computer program with
several visual analogue scales (ranging from 0 to 100) to rate the sensation (pain, tingling,
sharp, piercing, electric, tugging, pinching, and overall tolerability). These sensory dimensions
were selected as they were thought to cover a broad range of possible scalp sensations

Brain Stimul. Author manuscript; available in PMC 2009 May 6.
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associated with TMS and sham stimulation. They also used the computer mouse to draw on a
picture of a human face to indicate where the sensation(s) were felt. Lastly, subjects indicated
whether the sensation had a directional quality (i.e., whether it felt like the sensation “moved”
across their skin) and, if so, they indicated the direction that the sensation moved using an on
screen “compass.” The computerized drawings of the facial/scalp sensation locations were
compiled and common areas of activation were determined as the mean number of colored
pixels across subjects within 20 by 20 pixel squares (2-dimensional voxels). Brighter green
voxels on the summary figures indicate that participants colored more pixels on average within
that voxel. Figure 3 shows a screen-shot of the program.

Both real and eSham rTMS were experienced as mildly to moderately painful. Real TMS at
80% of rMT was rated, on average, 19.28 (StdDev=17.52) out of 100 while the eSham system
was rated as 29.22 (StdDev=25.61). Real TMS at 100% of rMT was rated as 37.06
(StdDev=27.60) and sham TMS was rated on average as 34.61 (StdDev=19.86). Real TMS at
120% rMT was rated as 55.28 (StdDev=31.68) while sham TMS at 120% was rated 39.72
(StdDev=27.56).

Means (and 95% confidence intervals) for the all of the sensation ratings are shown in figure
4 for real and eSham TMS conditions. No significant differences were found between real and
eSham TMS for any of the sensation dimensions. Break-down of the sensation ratings by
stimulus intensity (80%, 100%, 120%) did not reveal any differences on any of the sensation
dimensions between real and sham TMS. Figure 5 shows the face and scalp areas that produced
sensations under both real and eSham TMS conditions. The eSham system produced sensations
in the same general facial/scalp areas as real TMS. The left, right, top and bottom edges of the
sensations in each condition were captured via the Face Locator program as well as the center
of the each sensation across both the x and y axes. Independent t-tests were conducted on each
of these dependent measures for real versus eSham TMS, and no statistically significant
differences were emerged with respect to the location of the sensations.

The sensations were not more likely to be perceived as having a directional quality as a function
of the real or eSham system and there were no differences in directionality of the sensations
between conditions.

Discussion

The eSham system appears to produce face and scalp sensations that are comparable to real
TMS. Additionally, the location of the sensations appears to be comparable between the two
conditions (real and sham). The eSham system produced sensations slightly lower on the
forehead, which may be due to the fact that the electrodes employed in this trial (metal
electrodes) were placed immediately anterior to the TMS coil. As briefly mentioned in the
methods section, different electrodes can be used with the eSham system. Thymapad Stimulus
Electrodes appear to work well with the system. These pads have a greater contact area and
are flat allowing for placement directly beneath the TMS coil (which may eliminate the slight
difference in sensation location observed in this pilot).

Repetitive TMS over the left-prefrontal cortex appears to be mildly to moderately painful
(Borckardt et al, 2006b). Typical rTMS clinical and research settings involve repeated
stimulation at 100% or 120% of rMT. The average pain intensity ratings of such stimulation
in this pilot were 37.06 and 55.28 out of 100, respectively. This degree of pain intensity is
substantial enough that it should not be overlooked in future trials of TMS for pain (or for any
other disorders or conditions). If sham TMS systems that produce no physical sensations

Brain Stimul. Author manuscript; available in PMC 2009 May 6.
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continue to be used, it will continue to be difficult to discern whether any observed analgesic
TMS effects are due to cortical stimulation or are just the result of having subjects undergo a
mildly to moderately painful 20-minute procedure.

The sham system employed in this pilot appears to be safe and there were no reports of side
effects. We do not believe that there is any theoretical or empirical evidence to suggest that
the electrical stimulation at the levels used in this study (ranging from 2 mA to 7 mA) delivered
to the scalp would reach the cortex and result in any unintended cortical or subcortical effects.

One unique feature of the present study involves the implementation of a titration procedure
designed to match the sham sensations with real. Titration may be important to conduct from
participant to participant and from TMS-session to TMS-session. Participants will likely differ
with respect to their subjective experiences of TMS-related discomfort, and with respect to
their experiences of the electrical stimuli. Additionally, variability from session to session with
respect to electrode contact (i.e., impedance) and placement may impact subjective experiences
of unpleasantness. Thus, titration should probably be performed before each TMS session. In
controlled rTMS trials employing the eSham system, it is important to attach the eSham system
and titrate it even if participants are scheduled to receive real TMS. This would help to minimize
procedural differences between real and sham TMS conditions.

There are several limitations to the present study that should be addressed in future research.
First, the sample employed is small. It is possible that with larger samples, differences may
emerge between the experience of real versus eSham TMS. Larger trials may permit
identification of subtle differences and then efforts can be made to further improve the eSham
system. Also, participants were not asked to guess whether each train delivered was real or
sham. While we believe that the methods employed permit conclusions regarding the similarity
of real and eSham TMS, future studies should specifically ask participants to guess whether
they had received real or sham TMS. It is unclear whether prior experience with TMS would
influence the experience of eSham TMS. This issue should be addressed in future studies as
well.

The eSham system was built for about $1000 and the components sit on top of the TMS machine
allowing for good portability. The system can be used with any TMS machine that hasa TTL
output port. If additional personnel are used to configure the TMS machine (i.e., change the
TMS coil from real to sham if necessary, set the eSham electrical generator output) outside the
treatment room before rTMS stimulation is started with a research participant, it is possible for
the TMS administrator and the participant to be blinded as to whether real or sham TMS is
being delivered, thus permitting true double-blind, placebo-controlled rTMS studies.
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Figure 1.

Diagram of the eSham system. A constant electrical stimulus (a) is delivered to a specially
designed switch box (b) where it is gated and prevented from continuing-on to the surface
electrodes attached to the participant. Whenever a TTL pulse is (c) is delivered to the switch
box (i.e., when the TMS machine fires), the gate is opened for ~250 ps allowing a very brief
electrical pulse through to the participant’s scalp in sync with the audible TMS sham-coil

pulse..
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Figure 2.
Photo of the eSham system attached to a TMS machine equipped with a sham TMS coil.
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Screen shot of the software used to collect sensation ratings and to assess the areas of the face
and scalp where the sensations were felt.
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Figure 4.
Mean (and 95% CI) visual analogue scale ratings for each of the sensory dimensions assessed
during real and eSham TMS.
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Figure 5.
Mean face and scalp areas of activation during both real and eSham TMS
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