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like plasticity non-invasively in the primary motor cortex (M1) in healthy humans and in patients with
various types of movement disorders. We here provide a comprehensive review of the LTP/LTD-like plas-

Methods: A workgroup of researchers expert in this research field review and discuss critically ten years
of experimental evidence from TBS studies in humans and in animal models. The review also includes
the discussion of studies assessing responses to TBS in patients with movement disorders.

Plasticity Main findings/discussion: We discuss experimental studies applying TBS over the M1 or in other corti-
Animal model cal regions functionally connected to M1 in healthy subjects and in patients with various types of movement
disorders. We also review experimental evidence coming from TBS studies in animals. Finally, we clarify
the status of TBS as a possible new non-invasive therapy aimed at improving symptoms in various neu-

rological disorders.
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Introduction

Until the late 1980s transcranial magnetic stimulation (TMS) ma-
chines could only deliver 1 stimulus every 4 s or so. However a
repetitive stimulator was eventually produced that allowed repeat-
ed stimulation of the brain at high frequencies. Initially, repetitive
TMS (rTMS) was used in “lesion” mode, to interrupt the function
of language areas and thereby determine language dominance, or
in “activation” mode to locate epileptic foci [1,2]. However, it was
not long before groups began to investigate its potential for induc-
ing after-effects that outlasted the period of stimulation, and which
appeared to involve plastic changes in the excitability of cortical syn-
apses. Theta burst stimulation (TBS) is one of many forms of rTMS
that were developed after this pioneering work when more ad-
vanced stimulators were available [3]. Although it was first thought
that TBS produced more powerful and reproducible effects than other
r'TMS methods, a claim that unfortunately has not stood the test of
time, its main attraction is the speed of application. It takes 2-3 min
or less to apply TBS protocols, making them more acceptable to par-
ticipants than longer lasting protocols such as 1 Hz rTMS which can
take 20-30 min; the same advantage means that it can even be used
in unanaesthetized animals. This has led to a large body of litera-
ture, which we have tried to survey below. The review mainly focuses
on experimental studies performed on the primary motor cortex
(M1) or in other cortical regions known to be functionally con-
nected to M1 in healthy subjects and in patients with various types
of movement disorders. We also discuss the experimental evi-
dence coming from TBS studies in animals. Finally, we evaluate the
status of TBS as a possible new non-invasive therapy aimed at im-
proving symptoms in various types of neurological disorders.

TBS in human studies
Neurophysiology of TBS

The original concept of TBS comes from the burst discharge at
4-7 Hz (the theta range in electroencephalography - EEG termi-
nology) recorded from the hippocampus of rats during exploratory
behaviour [4]. Theta burst patterns of stimulation are commonly
used to induce plasticity in animal brain slices [5-7], and it seemed
reasonable to adapt these to the human brain using TMS. The pa-
rameters were adjusted to match the capabilities of rTMS machines
available at the time. Each burst had three pulses at 50 Hz, instead
of the four pulses at 100 Hz typically used for stimulating brain slices.
Bursts were given at 5 Hz, which is identical to that used in the
animal preparation.

The first TBS protocol applied to human subjects was continu-
ous TBS (cTBS) in which TBS was given continuously for 20 s [3]. It
was initially surprising that cTBS reduced the amplitude of the motor
evoked potentials (MEPs) for some 20 min since TBS in animal prepa-
rations typically enhanced synaptic efficacy resulting in long-
term potentiation (LTP) rather than long-term depression (LTD).
However, it has been noted that a longer train of stimulation may
eventually lead to LTD if the stimulation period is long enough [8-10].
The TBS protocol was then adjusted to deliver repeated short trains
mimicking what those commonly used for LTP induction in the
animal studies. Such intermittent TBS (iTBS) successfully facili-
tated MEPs [3]. The most commonly used varieties of cTBS and iTBS
are illustrated in Fig. 1A. iTBS enhances cortical excitability for
20 minutes or so whereas cTBS with either 300 or 600 total pulses
(20 s or 40 s duration) leads to inhibition for 20 or 60 min respec-
tively (Fig. 1B).

A single TMS pulse to the motor cortex evokes activity in cor-
ticospinal fibres that can be recorded directly in conscious humans
through electrodes implanted into the epidural space at the high
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Figure 1. The patterns and effects of TBS. (A) The basic element of TBS is a 3-pulse
burst at 50 Hz given every 200 ms (i.e. 5 Hz). Two major patterns, including iTBS and
cTBS, are commonly used. A short train of 10 bursts lasting for 2 s is given every
10 s for 20 cycles in iTBS, while 100 or 200 continuous bursts are given continu-
ously for 20 or 40 s, respectively, in cTBS. (B) iTBS produces a potentiation effect for
around 20 min. In contrast, after AMT measurement cTBS for 20 and 40 s produces
a depressive effect for 20 min and 60 min, respectively.

cervical level for the relief of pain [11]. Such recordings have shown
that TMS evokes a series of descending waves of corticospinal ac-
tivity [11]. The earliest wave is termed the D-wave because it is
caused by direct activation of the axon of corticospinal neurons in
the subcortical white matter. The later waves are called I-waves
because they are due to synaptic activation of the same corticospi-
nal neurons and they are numbered in order of appearance (11, 12
etc) [11-13] (Fig. 2).

Epidural recordings before and after TBS show that cTBS and iTBS
have differential effects on the I-wave components of the cortico-
spinal volley. The cTBS protocol suppresses the I1 wave, whilst later
I waves and the D-wave are much less affected (Fig. 2) [11,14]. In-
terestingly, the after effects of cTBS differ from those observed with
other stimulation paradigms that suppress MEPs such as low-
frequency (1 Hz) repetitive magnetic stimulation and paired
associative stimulation with an interstimulus interval of 10 ms
(PASyp). These selectively suppress late [ waves with no change in
the amplitude of the I1 wave [11].

In contrast to cTBS, the iTBS protocol enhances late [-waves with
no change in the amplitude of the I1 wave [15]. This suggests that
iTBS affects a different population of neurons whose inputs to the
corticospinal cells produce the late I-waves (Fig. 2). The effect of iTBS
might be due to enhancement of synaptic transmission in the late
I-wave circuit and/or to increased synchronization in the bursting
inputs to corticospinal cells. This second effect is supported by the
findings obtained in a single patient with chronic stroke who had
epidural electrodes implanted in the epidural space of the upper
spinal cord for treatment of pain. The I-waves recorded after iTBS
of lower limb M1 were not only enhanced in amplitude but also
much more synchronized [16] (Fig. 2). The reasons for the differ-
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