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Back in 1985, Barker and colleagues introduced transcranial
magnetic stimulation (TMS) as a non-invasive technique to stimu-
late the human motor cortex [1]. Targeting the cortical motor hand
representation, Barker et al. [1] showed that TMS can evoke amotor
response in contralateral hand muscles. Their seminal report kick-
started thewidespread clinical and scientific use of TMSwhich con-
tinues to increase. However, many questions regarding the bio-
physical and neurophysiological underpinnings of TMS still
remain open. Electrophysiological recordings at the level of the up-
per spinal cord showed that TMS evokes a series of descending vol-
leys in the fast-conducting corticospinal axons of pyramidal cells
originating in the primary motor hand area (M1-HAND) [2]. The la-
tencies of the descending corticospinal volleys indicted that these
pyramidal cells were activated indirectly by TMS via a “trans-syn-
aptic”mechanism [2,3]. Yet, it is still unclear which neuronal struc-
tures in the precentral gyrus are primarily excited by the TMS pulse
and cause trans-synaptic excitation of corticospinal output neurons
in M1-HAND. This lack of knowledge spans from the macro-
anatomical to the cellular level. It remains to be clarified which
part of the precentral gyrus, which neuronal cell types and which
axonal structures (i.e., axon hillock, bends or terminals) are most
readily stimulated by the TMS pulse.

To tackle these questions, Aberra and colleagues [4] developed a
novel biophysically-based multi-scale modelling framework to
simulate the responsiveness of a range of cortical cell types to
single-pulse TMS at the single-neuron level. Their multi-scale
modelling and simulation frameworkmerged state-of-the-art com-
putations of the TMS-induced E-field withmorphologically realistic
models of various types of cortical neurons. The E-field calculations
used finite element models of the human head based on magnetic
resonance imaging (MRI) data of a healthy individual, considering
the geometry of the various tissue compartments [5]. The cell-
type specific neuronal models incorporated existing knowledge
about neural membrane properties and axonal morphology,
leveraging published models from the Blue Brain project [6]. The
latter enabled significant extensions to previous modelling studies
s article under the CC BY-NC-ND li
ely the inclusion of characteristic cell types for most of
ical layers and the thorough consideration of cell

morphology, especially axonal arborization.
Aberra and colleagues [4] applied their integrated approach to

the precentral motor hand knob, which contains the motor repre-
sentations of the hand [9]. They explored how the excitation
threshold of axonal cell structures in the stimulated precentral cor-
tex depends on the TMS pulse waveform and current direction. The
simulations yielded several key results: (i) Direct induction of ac-
tion potentials was largely driven by the E-field magnitude, irre-
spectively of the spatial relationship between the E-field
component and axon orientation relative to the cortical surface.
(ii) For all simulated cell types, the axonal terminals, aligned to
the local E-field direction, were the primary site of activation. As
the induced E-field is strongest in superficial cortical regions which
are closer to the scalp, these results identified the intracortical
axonal terminations in the superficial crown and lip regions of
the precentral hand knob as primary site of neuronal stimulation.
(iii) The sensitivity of intracortical axonal terminals to TMS differed
among cell types. Intracortical axon terminals of layer 2/3 and layer
5 pyramidal cells as well as inhibitory basket cells were excited at
most simulated stimulus intensities, but axonal terminals of layer
5 pyramidal cells showed the lowest thresholds. (iv) Flipping the
induced current direction from posterior-anterior (P-A) to
anterior-posterior (A-P) of monophasic, half-sine, and biphasic
TMS pulses resulted in an anterior shift of the preferential activa-
tion site within the crown of the precentral gyrus. This anterior
shift was attributable to slight preferences for E-fields oriented
into the cortical surface A generalization of this anterior shift to a
biphasic pulse configuration is biophysically plausible, because
the second half of the biphasic pulse dominates the effect on the
neural membranes. Of note, many of the results yielded by simula-
tion reproduced existing experimental data.

The work by Aberra et al. [4] shows that the integration of real-
istic cell-type specific and macro-anatomical features in a multi-
scale model bears great potential for unravelling the primary
neuronal substrate for TMS-induced stimulation of the human cor-
tex. Most of the patterns that characterize the TMS-neuron interac-
tions in the precentral gyrus are possibly generalizable to other
neocortical areas, albeit cytoarchitectural and neurophysiological
differences among cortical areas may impact the regional respon-
siveness of various neuronal cell types to TMS. Future studies will
have to clarify which TMS-neuron interactions are generalizable
and which interactions are region-specific. The multi-scale model-
ling approach by Aberra and co-workers calls for future extensions
which account for relevant physiological properties of human
neocortex that are currently not considered. For instance,
cense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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endogenous neuronal activity at the time of stimulation and intra-
cortical synaptic connectivity may determine how effectively the
local E-field excites the various neuronal cell types. Future exten-
sions should also consider other potential primary target structures
such as terminals of incoming axonal projections from other brain
regions or axonal bends in subcortical white matter.

Aberra et al. [4] show that axonal excitation is mainly driven by
the field magnitude which is largest in superficial parts of the pre-
central gyrus close to hemispheric surface. This finding has sub-
stantial implications for TMS targeting the human M1-HAND. The
M1-HAND covers the caudal wall of the precentral gyrus, while
the caudal part of the dorsal premotor cortex (PMd) occupies the
crown and lip of the precentral gyrus [10]. Therefore, the simula-
tion results reported by Aberra et al. [4] point to the caudal PMd
in the superficial crown and lip regions of the precentral hand
knob as preferential site for TMS-induced axonal excitation. In
some individuals, the very rostral part of M1-HAND may extend
into the posterior lip region. In this instance, axonal terminals in
the very rostral part of M1-HAND may be readily excited by TMS.
However, even in these individuals, the bulk of M1-HAND is still
buried in the anterior bank of the central sulcus [8], and hence,
the caudal PMd in the precentral crown will still being the pre-
dominant primary macroscopic target for direct axonal excitation.
In other words, TMS of the precentral motor hand knob does not
primarily excite axonal structures in M1-HAND, but does stimulate
M1-HAND “by proxy” via the PMd, at least at stimulus intensities
below or slightly above corticomotor threshold. The most likely
scenario is that primary neuronal activation occurs superficially
in the caudal part of PMd and then propagates downstream to
intracortical circuits in M1-HAND via transsynaptic excitation of a
PMd-to-M1-HAND pathway.

The simulations also give a new twist to the mechanistic inter-
pretation of studies in which the TMS-induced current direction
has been reversed to probe different intracortical neuronal popula-
tions. The simulation results not only indicate that the stimulation
threshold of these neuronal populations is lowest in the crown of
precentral gyrus, corresponding to caudal PMd. They also indicate
that the premotor neuronal populations excited by P-A or A-P cur-
rents are spatially segregated: P-A responsive axonal terminals are
located more posterior and A-P responsive axonal terminals are
located more anterior in the crown and lip regions of the precentral
gyrus. Hence, any differential effect of P-A versus A-P stimulation
should not be attributed to different neuronal populations within
M1-HAND. Direction-specific effects rather appear to arise up-
stream from M1-HAND, reflecting an anterior-posterior functional
gradient within PMd. Another important implication is that inter-
individual differences in PMd neuroanatomy are likely to deter-
mine the plasticity-inducing effects of interventional protocols us-
ing repetitive TMS. Neuroanatomical variability within caudal PMd
in the gyral crown of the precentral gyrus, but also variations of its
caudal border or its connectivity to M1-HAND, may constitute an
important source for between-subject variability in response to
TMS.
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