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Transcranial Magnetic Stimulation (TMS) induces electrical currents in the brain to stim-
ulate neural tissue. This article reviews our present understanding of TMS methodology,
focusing on its biophysical foundations. We concentrate on how the laws of electromag-
netic induction apply to TMS; addressing issues such as the location, area (i.e., focality),
depth, and mechanism of TMS. We also present a review of the present limitations and
future potential of the technique.

© 2008 Elsevier Srl. All rights reserved.

1. Introduction

The use of electricity to alter neural function was first used
almost 2000 years ago (Largus, 1529). Today, based on
advancements in both electrophysiology and electromagnetic
theory, numerous techniques have been developed that
generate currents within the human nervous system to
influence neural activity, cognition, and behavior (including
Transcranial Magnetic Stimulation (TMS), Transcranial Direct
Current Stimulation (tDCS), Deep Brain Stimulation (DBS), and
others) (Wagner et al., 2007). TMS in particular has become
a standard stimulation technique for the noninvasive explo-
ration of cognitive function (Pascual-Leone et al.,, 2000),

whereby neural tissue is stimulated by using the principles of
electromagnetic induction to generate electrical currents in
the brain (Barker et al., 1985). When TMS currents are applied
with the appropriate pulse frequency, duration (number of
pulses/bursts and inter-pulse/burst interval), and amplitude,
a neuromodulatory effect is induced by which neural function
and behavior are altered during (online) and beyond (offline)
the stimulation period. Despite the widespread use of
magnetic stimulation, we are only just beginning to grasp the
fundamental biophysical and electrophysiological founda-
tions of the technique (Wagner et al., 2004; Allen et al., 2007;
Ridding and Rothwell, 2007; Thickbroom, 2007; Bestmann,
2008). However, just as a physician benefits from an
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understanding of the chemical reactions and subsequent
physiological cascades initiated with pharmaceutical treat-
ments, a neuroscientist must be aware of the fundamentals of
how the electromagnetic fields interact with the nervous
system in order to appropriately apply TMS. With such an
understanding, one can accurately target parietal regions
during studies of visual attention (Chambers et al., 2004), one
can determine if limits in focality result in competing nodal
effects during motor studies (Thielscher and Kammer, 2002),
or one can address how the depth of stimulation determines
whether one directly or indirectly stimulates emotional
circuits during affective neuroscience studies (Zangen et al.,
2005). Conversely, such technical considerations are often
ignored during the design and interpretation of cognitive TMS
studies, considerably reducing the conclusory power and
relevance of these studies. Thus, this article reviews our
current understanding of TMS methodology, with the goal of
highlighting such technical considerations. Overall, we
present an abbreviated description of the fundamentals of
TMS directed towards cognitive scientists and a focus on areas
of future research for the TMS community.

2. Laws of induction and shaping the fields
for stimulation

Magnetic stimulation is based on Faraday’s law of electro-
magnetic induction (d’Arsonval, 1896; Faraday, 1914). When
a material is exposed to a time changing magnetic field an
electric field is induced, which in turn drives currents in the
material; see Fig. 1A.

In the case of TMS, the stimulation coil serves as an elec-
tromagnet and generates a time changing magnetic field, the
distribution of which is determined by both the current
driving the electromagnet (magnitude and time course) and
the physical properties of the stimulating coil (geometry and
material properties). (For a detailed TMS device technology/
electronics review see Hsu et al., 2003 and Davey and Riehl,
2005.) When the coil is placed on the human scalp and the
magnetic field is focused on the brain, an electrical field is
induced in the underlying neural and non-neural tissues. This
electrical field drives currents in the tissues, the characteris-
tics of which are determined by their electrical conductivity
and permittivity. Thus, the cortical current densities of TMS
are determined by the stimulus waveform, the stimulating
coil, and the relative coil-to-tissue distribution which is
unique to each subject being stimulated.

The electromagnetic field distributions that arise during
TMS are fundamental to understand the resultant neural
effects and have been studied to predict the cellular mecha-
nism of activation (Roth and Basser, 1990; Nagarajan et al.,
1993), location (De Lucia et al.,, 2007; Wagner et al., 2007),
focality (Ueno et al., 1988; Cohen and Cuffin, 1991; Toschietal.,
2008), depth of penetration (Heller and Hulsteyn, 1992; Zangen
et al., 2005), and degree of stimulation (Bohning et al., 1997;
Wagner et al., 2007); see Fig. 1B and 1C. The field distributions
can be also used for the quantitative analysis of the safety
parameters (McCreery and Agnew, 1990; McCreery et al., 1990;
Wagner et al.,, 2007) and the technological potential of TMS
(Davey and Riehl, 2006; Kim et al., 2006).

3. Mechanism of activation and location of
stimulation

Magnetic stimulation is thought to actively initiate action
potentials in neurons and/or alter the level of neural excit-
ability during (online) and after (offline) stimulation. In addi-
tion to actively initiating action potentials, TMS may also
manifest its effects through the induced modification of
membrane resting potentials and thresholds, channel prop-
erties with subsequent alterations in spontaneous activity,
synaptic connectivity, timing dynamics of cellular gating
components, and/or other similar mechanisms. Generally, it
is thought that online supra-threshold TMS effects actively
initiate action potentials of stimulated cells, such as for
generating phosphenes during perception studies (Ramos-
Estebanez et al., 2007), and that both online supra- and sub-
threshold TMS effects can alter integrated network activity,
such as by using TMS to alter performance during working
memory tasks (Luber et al., 2008). Offline TMS effects are
thought to result from an alteration of the long-term excit-
ability of neural cells and networks following stimulation
(Thickbroom, 2007). Yet, there is still significant debate as to
what field mechanism drives active stimulation, whether it is
the current’s movement and polarization of charge relative to
neural structures, the electrical field’s interaction with the
neuron channels at axonal boundaries, or other mechanisms
(Ranck, 1975; Roth and Basser, 1990; Maccabee et al., 1993;
Nagarajan et al., 1993; Lu et al., 2008; Rotem and Moses, 2008).
Even less agreement exists about the cellular-field interac-
tions responsible for differentiating between sub-threshold
versus supra-threshold mechanisms, and between online and
offline effects. However, all of the electromagnetic field
parameters have an interconnected effect on the neural tissue
and cells, and cortical TMS is most likely to be maximally
initiated in the brain region where the currents are maximum,
and specifically at axonal boundaries (such as axonal-soma
and axonal-bouton boundaries) or fiber bends of individual
cells that represent geometrical discontinuities at which the
stimulating currents have their maximum impact (Tranchina
and Nicholoson, 1986; Maccabee et al., 1993; Nagarajan et al.,
1993); see Fig. 2. Thus, even though the dynamics of offline
cellular and network after-effects are influenced by the
hodological (i.e., connectivity-based) features of the stimu-
lated and neighboring brain regions, the initial stimulation
targeting is guided by focusing the maximum of the stimu-
lating currents at a single cortical target node associated with
a predicted function (Valero-Cabre et al., 2005, 2007); see
Fig. 1B.

The location of the cortical current density maxima and
associated fields has been predicted via phantom studies (Tay
et al., 1989; Yunokuchi et al., 1998), depth electrode recordings
in humans and animals (Tay et al., 1989; Lisanby, 1998; Wag-
ner et al., 2007), imaging studies (Bohning et al., 1997; Valero-
Cabre et al., 2005, 2007), and via electromagnetic modeling
(Wagner et al., 2007); see Fig. 3. Due to limitations in the other
methods (Wagner et al., 2007), the latter is the primary
method for predicting the maximum current density loca-
tions, whereby field maxima are determined by solving Max-
well’s equations in systems that model the anatomical
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Fig. 1 - Foundations of stimulation. (A) Electromagnetic induction. A magnetic field (~1-4 T pulsed over 0.125-1 ms,
dependent on device parameters) induces an electric field that drives currents in the brain (of a magnitude of approximately
5.13 x 10~8 A/m? in the cortex per 1 A/s steady state source, dependent on the tissue properties). Currents are carried by free
charges and ions (called ohmic or resistive currents) or through the polarization of dipoles imbedded in the tissues or
distributed in ionic layers surrounding the cells (called displacement or capacitive currents) (see Wagner et al., 2004). These
currents are at the foundation of stimulation. (B) Location, focality, orientations. The biophysical foundations can be used to
determine the predicted maximum location of stimulation (*), the area of stimulation (usually ranging from ~100 to
200+ mm? with a classic figure-of-eight coil with two 3.5 cm radius windings (herein defined as area from 90 to 100% of
current maximum) dependent on relative head to coil placement), and the current density orientations relative to the neural
tissue to be stimulated (see below). Note, circular and figure-of-eight coils are most common. Figure-of-eight coils make use
of the superposition of the individual fields generated by two coupled circular-coils, resulting in a more intense central-
point and with circular-coils, the greatest intensity is expected to be maximum along the coil’s edge proximal to its face
(Jalinous, 1991). Of the two, the figure-of-eight coil is generally considered more focal (Ueno et al., 1988); however, the
relative coil (size and position) to tissue distribution always needs to be considered, as there are conditions where circular-
coils provide more focal stimulation (e.g. using small tilted circular-coils in animals (or children) with smaller heads;
Wagner et al., 2007). (C) Depth of stimulation. The biophysical foundations can also be used to determine the depth of
stimulation. Herein, we demonstrate the current density magnitude evaluated along an evaluation line in a healthy head,
where the line is normal to the coil face and transecting all of the head tissues (note that the current density magnitude
varies with the conductivity (and permittivity) of the tissues, and herein as CSF is the best conductor in the system, it
demonstrates the highest current density). Generally with traditional coils, penetration is limited as the inductive magnetic
fields are negligible less than a few centimeters from the scalp (for example see Jalinous, 1991); and although one could
increase the depth of stimulation with amplified source intensity, focality will conversely decrease as larger regions of
tissue are exposed to increased current densities. Groups, such as Zangen'’s and Davey'’s, are actively pursuing
improvements on these limitations (Zangen et al., 2005; Davey and Riehl, 2006).
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Potential Interactions and Neural Effects of TMS

In the cortex, TMS currents are thought to drive
neural activity where the current amplitudes are
maximum, with interactions driven at cellular
locations that represent “geometric discontinui-
ties”; such as at: points where fibers bend

or change in diameter, axonal-

somal boundaries, or
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Fig. 2 - Potential cortical interactions and effects of TMS. This figure demonstrates locations of TMS induced current-cell

interactions which can drive both immediate and long-term effects in the cellular activity and integrated network behavior.
Many of these concepts still need to be experimentally verified, and this represents one of the expanding frontiers of TMS
research (including further areas such as potential astrocyte signaling roles in stimulation, subcortical neural stimulation

mechanisms, state dependency effects, etc).

geometry and tissue properties of the human head relative to
the stimulating coil. Early models were based on simplified
geometries representing the human brain, such as infinite
planes or spheres, which modeled the tissues as simple
homogenous conductors. With improved computational
resources, models now include more realistic geometries
(Nadeem et al., 2003; Lu et al., 2008; Toschi et al., 2008), tissue
anisotropies (Miranda et al., 2003; De Lucia et al., 2007), and
frequency dependent conductivity and permittivity (Wagner
et al., 2004). Tissue anisotropies can have a significant effect
on the induced current-to-neural orientations (see below), and
the individual tissue anatomies and electromagnetic param-
eters have proven necessary in predicting the maximum
current density locations. These parameters are especially
important in regions of cortical inhomogeneity, such as
boundaries between sulci and gyri, as they can often lead to
the perturbation of the predicted location (and magnitude) of
current density maxima when compared to homogenous
brain regions (Miranda et al., 2003; Wagner et al., 2004). To
date, maximum current density location predictions are made
via MRI guided neurotracking systems, the basis and limita-
tions of which are discussed below. Future work in this area
will integrate our knowledge of the cellular basis of stimula-
tion with our understanding of the electromagnetic field-
tissue interactions to more effectively guide TMS targeting.

4. Focality and depth of stimulation

In addition to the location of stimulation, the penetration
depth and focality of stimulation are key to understanding the
TMS methodology. With TMS, current densities will always be

maximum on the cortical surface, as the fields that comprise
the TMS pulses (frequencies < 10 kHz) have corresponding
wavelengths that are much larger than the dimensions of the
human head, and thus preclude the superposition of multiple
beams that could superpose for maxima below the cortical
surface (Heller and Hulsteyn, 1992). Therefore, even though
coils and shielding mechanisms are being developed that
attenuate the rate of the field decay from the scalp surface,
allowing deeper structures to be stimulated (Carbunaru and
Durand, 2001; Zangen et al., 2005; Davey and Riehl, 2006), such
paradigms will always maximally affect the overlaying
cortical surface. Thus, TMS focality is often estimated from
a calculation of the cortical surface area where the current
density magnitude (or electric field) produced by stimulation
exceeds a certain threshold relative to their overall maxima or
a preset value correlated to the neural stimulation threshold;
see Fig. 1B. This area is usually determined through model-
based calculations (Cohen and Cuffin, 1991; Toschi et al., 2008)
or from direct and indirect metabolic, electrophysiological, or
behavioral measurements of the cortical effect (Ueno et al.,
1990; Valero-Cabre et al., 2005). Early methods over-estimated
the focality of TMS based on simplified models and metrics,
predicting regions of even less than 25 mm? with standard
figure-of-eight coils, but recent studies have shown that
although a small cortical region might be in the peak of the
field, much broader regions of cortex are affected, easily
exceeding 100-200 mm? (dependent on the coil (size, type, and
relative position), tissue distribution, and application para-
digm); see Fig. 4A. Additionally, while a single node might be
maximally stimulated by TMS, current spread could poten-
tially generate competing nodal effects in surrounding regions
holding reciprocal inhibitory/facilitory connections in
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Fig. 3 - Multiple methods exist to evaluate the stimulating fields, including (A) Phantom model recordings have been made
with probes that are placed within containers of various geometries containing saline or other materials used to model the
human head. (B) Depth electrode recordings have been made of the current densities or induced voltage gradients in human
and animal subjects. (C) Imagining studies have been used to provide field information (adapted from Nobel, 2003). (D)
Electromagnetic models are the primary method used to predict the stimulating field distributions.

numerous and complex permutations (Fitzgerald et al., 2006;
Thickbroom, 2007); see Fig. 4B. To address these limitations,
researchers are developing innovative coils and shielding
devices to improve TMS focality (Carbunaru and Durand, 2001;
Davey and Riehl, 2006). However, because heating and
internal repulsive forces become the limiting factor for
conventional coils smaller than approximately 2.5cm in
diameter (Cohen and Cuffin, 1991), TMS efficiency diminishes
rapidly with decreasing coil size. Thus, advancements in coil
design and materials, heat dissipation techniques, and
shielding mechanisms, are essential for improving the effec-
tiveness and focality of TMS.

5. Orientation and waveform effects

For TMS, the degree of stimulation is usually correlated with
the predicted magnitude of the induced field strengths in the
cortex, where it is assumed that more intense fields stimulate
more cells. However, this view point does not account for the
relative induced current-to-neuron orientations or the

temporal dynamics of the stimulating waveforms and their
impact on stimulation (or further complicated cellular
dynamics, Ranck, 1975). The orientation of individual neurons
within the magnetic and induced current fields affects the
efficacy of stimulation; thus, the degree to which the neuronal
populations and areas are stimulated will vary depending on
the morphology of the constituent neurons as well as the
alignment of sulci and gyri relative to the coil placement
(location, angle, and tilt). As a result, the optimal orientation
of the current to the neural axonal axis will vary according to
individual variability in neural architecture and current
density orientations induced in individual brains; see Fig. 5A.
Overall, these orientation effects impact the stimulation
threshold, the timing of neural response latencies, differences
in evoked waveforms, and the summed network effect (Arai
et al., 2005; Takahashi et al., 2005; Sommer et al., 2006; Balslev
et al., 2007; Zafar et al., 2008). While there is presently no way
to directly control these effects in individual patients, Diffu-
sion Spectrum Imaging (DSI) might provide a potential solu-
tion to this problem in the future (Wagner et al., 2006; Wedeen
et al., 2008), particularly if the imaging resolution of the gray

Please cite this article in press as: Wagner T et al., Biophysical foundations underlying TMS: Setting the stage for an effective use
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Fig. 4 - TMS focality. (A) 2DG recordings and current density model. Recordings using 2-deoxyglucose (2DG) metabolic
labeling demonstrating a focal area of online effect of ~176 mm? in a feline model (see Valero-Cabre et al., 2005). Note,
smaller coils used in cats, which typically cannot be used with humans, can lead to greater focality; but coils used in the
clinic are thought to maximally stimulate regions exceeding ~100 to 200 mm? (demonstrated on right with a field-model).
Other studies have demonstrated that effective tissue stimulation can take place in smaller regions under certain
stimulation conditions (Toschi et al., 2008). (Note, as technologies improve focality should be expressed in terms of volume.)
(B) Competing nodes. Even though small areas might be maximally stimulated during TMS, it is possible that nodes far from
the maxima location are also affected (which might have an attenuating (or amplifying) effect on stimulation). Herein, we
demonstrate the effects of a typical figure-of-eight coil with a predicted maximum effect at the coil’s center (but with
competing effects at the coil boundaries) compared to a theoretical coil with greater focality (i.e., attenuated current spread)
along a theoretical surface plane. Additionally when stimulation intensity is increased, unintended effects due to increased
current spread can potentially be induced through the coactivation of additional nodes with confounding function, which
may be completely absent at lower stimulation intensities. Overall, one needs to consider all possible effects derived from
a lack of focality (both those that might artificially boost or attenuate the magnitude the predicted behavioral effects).
Fundamentally greater control in focality and depth will lead to more efficacious stimulation.
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Fig. 5 - Orientation specificity. (A) Ideal stimulating current-to-neural axis orientation. An ideal axis will exist for every
individual neural architecture, dependent on the individual cellular geometries (where herein the inhibitory/facilitory axis
is idealized for graphical representation). (B) DSI solution. Future devices could be possible where neural architecture
information would be provided from DSI and integrated with a field-solver/neurotracking system to provide stimulation
guidance (part B adapted from Wagner et al., 2006). DSI information could be used as one of the building blocks of an
electromagnetic model (providing information such as the relative neural architecture and anistropic tissue information)
and integrated with both the subject anatomical data and measured electromagnetic tissue properties to more accurately
solve for the TMS induced current densities. In turn, these current densities could then be projected back onto the initial DSI
scans to serve as a neural architecture based predictor of stimulation.

matter architecture is increased and the technique is inte-
grated with a neurotracking/field-solver system as discussed
below; see Fig. 5B.

Another factor to consider is the shape (time course) of the
stimulating waveform. Today, pulse forms used for TMS
include monophasic, half sine, and biphasic waveforms (other
waveforms, such as near-rectangular waves are being
explored, but not currently commercially available, Peterchev
etal., 2008). Each waveform shape evokes different stimulatory
effects (including variations in stimulation thresholds, laten-
cies, evoked waveform shape, etc) (Arai et al., 2005; Sommer
etal., 2006; Zafar et al., 2008). The source of these differences is
currently debated, but likely to be a function of the induced
current distributions and a function of the individual channel

response dynamics (tissues effectively filter the stimulating
currents and ultimately the neural channels respond in
a frequency/time dependent manner to varied stimulating
waveforms (based on Hodgkin and Huxley dynamics)). Finally,
by integrating an understanding of the waveform characteris-
tics and the biophysical filtering effects of neural tissues, TMS
researchers and clinicians may be able to tune stimulus
waveforms to achieve optimal stimulatory efficiency. Ulti-
mately, these waveform and orientation effects result from the
physical foundations of stimulation discussed at the onset of
this review, where the electromagnetic foundations of TMS
provide information that needs to be integrated with the
cellular electrophysiology, the connectivity-based brain
features, and the cognitive outcomes of stimulation.
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6. Biophysical and technological based
safety considerations

The safety and dosing protocols of TMS have been established
for some time, primarily related to preventing seizure induc-
tion (Wassermann, 1998; Machii et al., 2006) (note the safety
standards are currently being readdressed by Simone Rossi
et al. to be published in Clinical Neurophysiology). However,
many topics of biophysical origin should be further consid-
ered as TMS technologies evolve. For example, as TMS depths
increase, it remains to be seen what effects will result from
such overlying surface stimulation. Furthermore, as different
waveforms are adapted for stimulation, the mechanisms by
which charges are carried in tissues will need to be further
explored in terms of TMS neurohistotoxicity (McCreery and
Agnew, 1990; McCreery et al.,, 1990; Wagner et al., 2004).
Another safety related area to consider during TMS studies is
the use of non-translatable metrics, such as machine output
power (alone or as a relative MEP threshold), to quantify
stimulation efficiency. As made clear from the preceding
discussion, it is difficult to apply such metrics across different
patients, TMS devices, or brain regions in individual patients
to describe variations in the biophysical or electrophysiolog-
ical stimulatory effect. Until we have an objective measure
that integrates the neural architecture, gauged cellular excit-
ability, and induced current density distributions to be used
with all studies, these metrics should be used cautiously. In
the meantime while such predictive measures are unavail-
able, relative machine output values should at least be
replaced with objective measures, such as pick-up probe
captured field dynamics measured at the coil interface (to
account for device variability), and correlated with simplified
field calculations based on relative coil to patient variables, to
account for variability between individual patients and sepa-
rate stimulation sessions.

Presently, many of these concerns are addressed in part
with TMS guided MRI neurotracking systems, which predict
the location of stimulation by localizing the relative projection
of the stimulating coil to the underlying brain anatomy (these
systems can be further integrated with field-solver systems to
make generalized predictions of the induced current magni-
tude, focality, and penetration depth). However, the majority
of commercially available MRI based neurotracking devices
are based on simplified models which ignore subject specific
electromagnetic field-tissue interactions (or implement over-
simplified approximations of the cortical current densities)
(Wagner et al., 2007). Thus, these technologies provide little if
any patient specific information, no information about the
predicted neural effect, and can in fact produce inaccurate
predictions in regions of cortical inhomogeneity. This serves
as an important area for future development, especially as
technologies push the boundaries of what is possible with
noninvasive stimulation.

7. Conclusions and future directions

TMS s a technique with considerable power for investigating and
altering brain function. Nevertheless, many limitations need to

be considered when designing and interpreting the outcomes of
TMS studies. Biophysical limitations exist in TMS focality, depth
of penetration, and targeting control. Furthermore, significant
uncertainty still abounds related to the electrophysiological and
biophysical basis of stimulation. However, as we improve our
understanding of the TMS methodology and its supporting
technologies, these limitations will be overcome, leading to
improved TMS technologies or possibly entirely new noninvasive
methodologies which can selectively provide controlled cortical
and/or deep brain stimulation.
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