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Abstract
Stroke is the leading cause of long-term disability. Understanding how people recover from stroke
and other brain lesions remain one of the biggest conundrums in neuroscience. As a result,
concerted efforts in recent years have focused on investigating the neurophysiological changes
that occur in the brain after stroke, and in developing novel strategies to enhance motor recovery.
In particular, transcranial magnetic stimulation (TMS) is a non-invasive tool that has been used to
investigate the brain plasticity changes resulting from stroke and as a therapeutic modality to
safely improve motor function. In this review, we discuss the contributions of TMS to understand
how different motor areas, such as the ipsilesional hemisphere, secondary motor areas, and
contralesional hemisphere are involved in motor recovery. We also consider recent studies using
repetitive TMS (rTMS) in stroke patients to enhance upper extremity function. Although further
studies are needed, these investigations provide an important starting point to understand the
stimulation parameters and patient characteristics that may influence the optimal response to non-
invasive brain stimulation. Future directions of rTMS are discussed in the context of post-stroke
motor recovery.
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1. Introduction
Stroke is the third leading cause of death in the United States and is the leading cause of
long-term disability. Current estimates suggest that 795,000 new or recurrent cases of stroke
occur each year (Lloyd-Jones et al., 2009) and stroke related disability is predicted to
increase in the future as our elderly population expands (Kavanagh et al., 1999). Major
progress over the past decades has been made in acute stroke management to reduce the
number of deaths, leading to more people requiring rehabilitation services (Barker and
Mullooly, 1997; Lloyd-Jones et al., 2009). Previously it was believed that the brain
undergoes significant changes during development, but that after adulthood the CNS retains
a relatively static organization. By this account, central nervous system damage would be
irreversible, given that there would be no mechanism to replace or restore the lost neurons.
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Clinical observation has shown that after stroke most people with motor deficits recover a
varying degree of motor function. Unfortunately, our limited understanding of this recovery
process, combined with the time and financial constraints imposed in the rehabilitation
setting, has shifted the focus of therapies in neurorehabiltation towards compensatory
techniques to attain functional goals. This focus on compensatory approaches has limited the
attention paid to reducing neurologic impairment, which in turn may promote learned non-
use of affected limbs, with consequent persistence of functional limitations. Indeed, recent
estimates suggest that nearly 80% of stroke patients continue to have impairments despite
the use of traditional therapy approaches (Mayo et al., 1999). Fortunately, in recent years
novel interventions in neurorehabilitation have been evolving. One of these is the
application of transcranial magnetic stimulation (TMS), a non-invasive technique to
investigate brain functionality in healthy subjects and in patients after stroke. Based on
Faradays’ law of electromagnetic induction, TMS can be used to create magnetic field
pulses, which in turn can induce electrical activity in focal brain areas. TMS of the primary
motor cortex (M1) activates corticospinal neurons transsynaptically, eliciting volleys of
neuronal output in the form of motor evoked potentials (MEP). It can also be used to study
mixed populations of inhibitory and excitatory interneurons of various motor and nonmotor
cortical regions within and across cerebral hemispheres (Reis et al., 2008). These
physiological measurements have enabled researchers to characterize reorganizational
changes in motor networks after stroke. As a therapeutic tool, TMS has also been used to
safely enhance motor performance in stroke patients as well as study the way that adjuvant
rehabilitation interventions may facilitate adaptive brain plasticity. In collaboration with
behavioral and neuro-imaging studies, these applications of TMS have helped develop
models of functional connectivity between different brain regions and test theories of neural
mechanisms that underlie stroke recovery. Given the promising perspective of TMS in the
field of neurorehabilitation, understanding its application in stroke patients may also aid in
the development of future interventions to improve motor function.

2. Post-stroke reorganization
An integrated approach using the combination of animal, neuroimaging and physiological
studies using TMS has enhanced our understanding of the different mechanisms that may
contribute to functional recovery after stroke. Early recovery after the first few days post-
stroke is likely due to resolution of edema and necrotic tissue as well as reperfusion of the
ischemic penumbra through collateral circulation (Furlan et al., 1996). After this early
period much of the recovery is likely due to neuronal mechanisms such as the recruitment of
functionally homologous pathways, disinhibition of redundant neuronal connections,
resolution of diaschisis and the formation of new neural networks to take over function of
the damaged areas (Rossini et al., 2007). Patterns of plasticity in the motor system appear to
correlate with the degree of damage to the corticospinal tracts and are presumed to optimize
control of the remaining motor output (Hamzei et al., 2006; Stinear et al., 2007).

2.1. Local reorganization
One strategy for recovery may be for the surrounding surviving cortex to regain control over
the function of the damaged motor area through somatotopic reorganization, a phenomenon
called vicariation (Donoghue et al., 1990; Merzenich et al., 1984; Sanes et al., 1990). Studies
in animals suggest that preservation of the periinfarct penumbra may provide a substrate for
recovery after cortical lesions by unmasking redundant motor representations adjacent to the
site of injury (Nudo and Milliken, 1996; Nudo et al., 1996). This form of periregional
reorganization has also been demonstrated in healthy human subjects (Brasil-Neto et al.,
1993) and in chronic stroke patients (Cramer et al., 1997; Cramer et al., 2000). In particular,
the primary motor cortex may be capable of vicarious function after a limited ischemic
lesion to this area (Jaillard et al., 2005).
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2.2. Reorganization of secondary motor areas
When more extensive neuronal damage has occurred, there may not be enough surviving
cortical neurons for somatotopic reorganization in the perilesional area. Another strategy
may be for a functionally similar area that is not anatomically in immediate proximity to
take over function of the damaged region. Well-recovered stroke patients continue to have
reduced ipsilesional corticospinal excitability, evidenced by reduced MEP amplitudes
(Byrnes et al., 2001), suggesting that alternative mechanisms such as cortical reorganization
and increased activity of secondary motor areas may have contributed to their motor
recovery. In particular, the premotor cortex (PM) and the supplementary motor area (SMA)
may play a new and functionally relevant role in accessing alternative motor output
pathways and creating alternative networks in patients with corticospinal system disruption
(McNeal et al., 2010; Swayne et al., 2008;Ward et al., 2006). This is likely due to the similar
somatotopic organization properties and efferent tracts that descend in parallel with those
originating in the ipsilesional primary sensorimotor cortex (Chainay et al., 2004; Dum and
Strick, 1991; Fries et al., 1993; He et al., 1993). Indeed, studies in non-human primate
models of stroke have shown premotor reorganizational changes and formation of novel
connections following discrete cortical lesions in M1 (Dancause et al., 2006; Frost et al.,
2003). Similarly, a study in well-recovered stroke patients highlighted the role of PM areas
in motor recovery by showing that single-pulse TMS of the ipsilesional dorsal PM cortex
disrupted performance of the paretic hand (Fridman et al., 2004).

With respect to activity in the SMA proper, a study in stroke patients showed that lack of
functional MRI (fMRI) activation was predictive of slow or poor recovery, whereas higher
activation was associated with faster and better motor recovery (Loubinoux et al., 2003). In
healthy subjects, the SMA is associated with execution of more complex tasks (Tanji, 1994),
which suggests that recovering stroke patients appear to need additional resources for basic
motor control (Aizawa et al., 1991). The SMA also seems to be important in accessing
additional neural resources from the contralesional hemisphere in organizing movement of
the impaired limb (Riecker et al., 2010).

2.3. Bihemispheric reorganization
Early imaging studies have shown that in some stroke patients motor network activity
appears to expand to bilateral sensorimotor representations, in comparison to healthy
individuals (Chollet et al., 1991; Weiller et al., 1992). Although activity in both hemispheres
reflects some aspect of reorganization, it is unclear how these areas contribute to motor
recovery. Customarily it is thought that activation of the ipsilesional hemisphere is
associated with better motor recovery (Cao et al., 1998; Fridman et al., 2004), and those
patients with poorer recovery have more bilateral activation (Ward and Cohen, 2004). For
example, in a key press motor task in well-recovered stroke patients, a suprathreshold TMS
stimulation to the ipsilesional M1 disrupted contralateral paretic hand movements, but
contralesional stimulation did not (Werhahn et al., 2003). These findings can be explained
by an anatomical model in which that hemispheric control is based primarily on contralateral
spinal cord projections from cortical motor areas (Darian-Smith et al., 1999; Dum and
Strick, 1996). In comparison, the role of the contralesional hemisphere in motor recovery
continues to be debated.

There is significant evidence suggesting that continued activation of the contralesional side
might not be entirely beneficial for motor recovery after stroke. For example, imaging
studies have indicated an evolution in activation changes associated with concurrent
recovery, originating in the contralesional side and transferring to the ipsilesional side
(Calautti et al., 2001; Tombari et al., 2004). In this progression, poorly recovered stroke
patients appear to show continued activation of the contralesional hemisphere (Calautti et
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al., 2007; Loubinoux et al., 2003). However, these investigations using imaging techniques
cannot determine causality. For instance, is the bilateral activation the consequence of the
poor performance (an epiphenomena) or is bilateral activation causing an imbalance of brain
activity and therefore interfering with performance?

Neurophysiological studies using TMS have attempted to discern this. Several studies have
suggested that persistence of contralesional motor evoked responses to TMS over M1 are
associated with a poor clinical outcome (Feydy et al., 2002; Netz et al., 1997; Turton et al.,
1996). In addition, TMS applied to contralesional motor areas while poorly recovered
patients perform a motor task disrupted behavior (Johansen-Berg et al., 2002).

In contrast, there is also other evidence suggesting that activation of the contralesional
hemisphere during paretic limb movement may play an important role in post-stroke
recovery. From a clinical perspective, some case reports have been shown that well-
recovered stroke patients who have a second stroke in the healthy hemisphere, not only
develop new contralateral hemiparesis but also an impairment of the recovered limb (Ago et
al., 2003). Stroke patients may also show mild motor deficits in the hand ipsilateral to the
stroke (Jones et al., 1989). This is further supported by findings in well-recovered patients
with chronic striatocapsular motor strokes who show significant activity in contralesional
motor areas (Weiller et al., 1992) and the presence of ipsilateral MEPs (Wassermann et al.,
1994). These studies suggested that uncrossed corticospinal tracts possibly play a role given
that approximately 10% of the corticospinal tract fibers stay on the ipsilateral side (Brus-
Ramer et al., 2009; Davidoff, 1990). Alternatively, activation of the contralesional
hemisphere for limb use may also represent recruitment of additional neural resources in
response to the increased demands on a damaged motor system (Riecker et al., 2010). In line
with this,Lotze et al. (2006) showed that repetitive TMS to contralesional motor areas in
well-recovered stroke patients induced timing and accuracy deficits during the production of
a complex sequential motor task.

In summary, these findings highlight the complexity of defining a clear role for the
contralesional hemisphere with respect to motor recovery and performance after stroke.
Although ongoing investigations are addressing this question, current evidence suggests that
the importance and role of contralesional neural activity is probably determined by variables
such as the time since stroke (i.e., acute vs. chronic), the degree of damage to the motor
system, and the complexity of the motor task (Fig. 1).

2.4. Mechanisms of reorganization
In addition to the ability to measure changes in cortical excitability in different brain regions
after stroke, TMS has also been used as a powerful tool to understand the underlying
neurophysiologic mechanisms in brain plasticity. One important contribution has been the
study of connectivity between intrahemispheric and interhemispheric motor areas (Reis et
al., 2008). For example, recruitment of the contralesional hemisphere is presumably
accomplished through unmasking of formerly silent polysynaptic cortical pathways, given
that these changes can be observed within 15 minutes after contralateral cortical disruption
with TMS (O’shea et al., 2007). The underlying mechanism of this process is likely down
regulation of GABA-A mediated inhibitory networks (Buchkremer-Ratzmann et al., 1996;
Buchkremer-Ratzmann and Witte, 1997), which can be studied directly using a paired pulse
technique (Chen et al., 1998; Di Lazzaro et al., 2000). This method consists of a
suprathreshold test pulse preceded by a subthreshhold conditioning stimulus (CS) at
interstimulus intervals between 1 and 5ms (Kujirai et al., 1993).

Several studies have shown that at rest, stroke patients have decreased intracortical
inhibition (ICI) in both the injured and healthy hemispheres (Butefisch et al., 2003;
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Butefisch et al., 2008; Liepert et al., 2000a; Liepert et al., 2000b) suggesting that modulation
of intracortical disinhibition may be a strategy for motor recovery by facilitating the
continued use of additional motor areas (Swayne et al., 2008). On the other hand, in the
context of movement, even those stroke patients with better recovery seem to exhibit
abnormal inhibitory activity within the motor network (Blicher et al., 2009; Hummel et al.,
2009). Future longitudinal studies will need to assess the association between intracortical
excitability and recovery after stroke. This will be fundamental to determine whether
abnormalities in ICI are a consequence of brain lesions or a mechanism by which the brain
attempts to compensate for and diminish motor impairment.

In evaluating interhemispheric changes, earlier studies in stroke patients examined the
excitability of bilateral motor cortices reflected by differences inMEP sizes and cortical
areas producing MEPs in the contralateral hand muscles (Cicinelli et al., 1997; Traversa et
al., 1998). These investigations found relative hyperexcitability of the contralesional side in
comparison to the ipsilesional side that normalized with time after stroke. This
interhemispheric balance is thought to be partly mediated by inhibitory transcallosal
glutamatergic connections acting on local inhibitory interneurons in the contralateral motor
cortex (Daskalakis et al., 2002). Using a double pulse TMS protocol (Ferbert et al., 1992),
these interhemispheric inhibitory interactions (IHI) have been directly studied while
individuals performed a unimanual task (Duque et al., 2007; Murase et al., 2004).
Indeed,Murase et al. (2004) showed that chronic stroke subjects had abnormally increased
transcallosal inhibition from the healthy hemisphere onto the injured side relative to healthy
subjects. This IHI imbalance was correlated with 2 simple measures of motor performance
where the patients with more motor impairment had larger inhibition. These findings support
the hypothesis that activation of the contralesional hemisphere may have a maladaptive
negative modulatory effect on the ipsilesional side resulting in impaired function of the
affected side. Therefore, strategies to enhance motor recovery may attempt to re-establish a
normalized interhemispheric balance between the lesioned and healthy hemispheres. This
general model of interhemispheric rivalry has served as the foundation for a number of
neurorehabilitation interventions.

3. Enhancing motor recovery with repetitive transcranial magnetic
stimulation

Recovery from hemiparesis likely involves motor learning processes (Krakauer, 2006). At
the cellular and molecular level, learning motor skills is associated with neural plasticity
mediated in part by long- term potentiation (LTP) and long-term depression (LTD)
(Buonomano and Merzenich, 1998). LTP is defined as long lasting synaptic enhancement,
whereas LTD by the decrease of synaptic activity, both mediated by AMPA and/or NMDA
receptors (seeHuerta et al. (2009) for review). LTP and LTD like changes can be induced in
healthy and stroke patients using various TMS protocols. For example, application of low
frequency trains of repetitive transcranial magnetic stimulation (rTMS) can lead to a
significant decrease in cortical excitability that lasts beyond the time of stimulation (Chen et
al., 1997). In comparison, high frequency stimulation of rTMS can lead to significant
facilitation of cortical excitability (Maeda et al., 2000). Theta Burst Stimulation (TBS) is
another novel form of rTMS that employs very high frequency but low stimulation intensity
(i.e., trains of 50 Hz with 80% of active motor threshold intensity) resulting in modulation of
motor cortical excitability possibly through LTP and LTD like mechanisms (Huang et al.,
2005). Interestingly, rTMS may also exert long-lasting effects through gene induction linked
to neuroplastic changes (Brunoni et al., 2008). Thus, in the context of post-stroke
reorganization, modulation of motor networks with TMS may serve a complementary role to
traditional therapies in enhancing motor recovery post-stroke. In this section we consider
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recent rTMS trials in stroke patients assessing upper extremity function, and the various
factors that may influence treatment outcomes.

3.1. Which hemisphere should we stimulate?
As we previously described some studies suggest that using rTMS to normalize
interhemispheric imbalances in stroke patients may be an effective strategy to improve
motor function. Thus, the alternative strategies include inhibiting the healthy hemisphere or
enhancing excitability in the ipsilesional side (seeNowak et al. (2009) for review).

In healthy subjects, inhibitory 1-Hz rTMS over the non-performing M1 has been shown to
improve performance of a motor task of the ipsilateral hand (Kobayashi et al., 2004). This
suggests that inhibitory rTMS may improve motor performance of a hand by indirectly
enhancing cortical excitability of the contralateral M1, possibly via decreased
interhemispheric inhibition from the stimulated hemisphere towards the contralateral side
(Grefkes et al., 2010). Indeed, inhibitory 1-Hz rTMS over the right M1 results in an increase
of regional cerebral blood flow in left M1 during right hand movement, as detected by
positron emission tomography (PET) (Conchou et al., 2009). Since chronic stroke patients
appear to have increase inhibitory tone during movement preparation from the healthy side
to the ipsilesional hemisphere (Duque et al., 2005), one proposed therapeutic strategy has
been to reduce the excitability of the healthy hemisphere using inhibitory rTMS. The first
sham stimulation-controlled, double-blind study applied inhibitory Hz rTMS to the
unaffected hemisphere in 8 mild to moderate patients within 1 year of their stroke and found
a modest improvement in motor function (Mansur et al., 2005). These behavioral findings
are in line with other controlled studies which found that inhibitory contralesional rTMS
caused improvement in motor function in the paretic hand without significant side effects
(see Table 1).

In addition to 1Hz rTMS, other stimulation parameters can be used to cause long lasting
inhibition to the contralesional hemisphere such as continuous TBS (cTBS) (Ackerley et al.,
2010; Di Lazzaro et al., 2008; Talelli et al., 2007) or priming 1Hz rTMS with intermittent 6-
Hz rTMS (Carey et al., 2008; Carey et al., 2010). One important element to keep in mind in
these studies, relative to other forms of non-invasive brain stimulation (Vines et al., 2008), is
that inhibitory rTMS does not appear to deteriorate motor performance in the non-affected
hand contralateral to the stimulated hemisphere (Fregni et al., 2006; Liepert et al., 2007).
This is of great relevance to rehabilitation given that disrupting the healthy hand would be
detrimental if the goal is to enhance motor learning in the context of bimanual tasks
(McCombe Waller and Whitall, 2008).

An alternative approach, is to enhance activity of the ipsilesional hemisphere given that (1)
this may help augment the normal activity going on in the area stimulated, (2) vicarious
changes may have occurred in the affected side and (3) this may help to counterbalance
excessive interhemispheric inhibition from the unaffected hemisphere (Ameli et al., 2009;
Kim et al., 2006; Talelli et al., 2007). For instance, in healthy subjects, high frequency rTMS
to the motor cortex has been shown to improve finger sequence performance in the
contralateral hand (Kim et al., 2004). In stroke patients, the first controlled study performed
byKhedr et al. (2005) showed that excitatory 3-Hz rTMS over ipsilesional M1 for 10 days
could improve motor function in acute stroke patients. Interestingly, the behavioral effect at
10 days post-stroke was comparable to the effects observed after thrombolytic therapy
(Alonso-Alonso et al., 2007). Subsequent rTMS studies in patients have used different
stimulation parameters to enhance motor function via facilitation of the ipsilesional motor
cortex (i.e., 3 Hz, 10z, 20 Hz, and intermittent trains of TBS (iTBS); see Table 1).
Importantly, the results of these studies also suggest that ipsilesional rTMS can be applied
safely (Yozbatiran et al., 2009).
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Altogether, these studies in stroke patients suggest that using rTMS may be an effective
strategy to improve motor functional outcomes. However, it remains unclear which
hemisphere is the optimal target for stimulation, or whether a combination of both
stimulation sites should be considered. Results from recent studies have begun to address
this question.Khedr et al. (2009) compared 1Hz rTMS over the unaffected hemisphere, 3Hz
rTMS over the affected hemisphere, and sham stimulation in 36 acute stroke patients. They
found that patients receiving contralesional 1Hz rTMS showed more improvement relative
to the other interventions on simple motor tasks (keyboard tapping and nine hole pegboard
task), stroke impairment and disability. Similarly,Takeuchi et al. (2009) compared three
different forms of rTMS in combination with motor training on thirty chronic stroke
patients. The authors applied inhibitory 1Hz rTMS contralesionally, excitatory 10 Hz rTMS
ipsilesionally, and a combination of bilateral rTMS to both hemispheres. They found that
only contralesional inhibitory rTMS, and bilateral rTMS produced a significant
improvement in motor training that lasted one week. Finally,Emara et al. (2010) recently
compared 5Hz ipsilesional stimulation with 1Hz contralesional stimulation over ten days
and found that both groups had improvement in motor function and disability scales that
lasted up to 12 weeks post-intervention. Together, these studies suggest that inhibitory
rTMS over the contralesional hemisphere may be a more effective method of enhancing
paretic limb function (Matz and Brainin, 2009), although ipsilesional stimulation is still
beneficial.

In summary, in recent years trials in small patient groups started to provide important initial
hints to determine the best stimulation site to apply rTMS to improve motor function.
However, significant limitations remain. For instance, most investigations have been done in
chronic stroke patients making it difficult to extrapolate the findings to the acute setting.
Also, it is difficult to determine the consistency of stimulation when applied over the
ipsilesional side given that the shape of brain lesions may affect the distribution of electrical
current induced by TMS (Wagner et al., 2006). Moreover, the majority of the studies have
only assessed the effects of rTMS on simple motor tasks performance. Therefore, further
investigation with larger sample sizes, more global motor tasks and at different stages of the
recovery process (i.e., acute, subacute or chronic) are needed to make more definitive
conclusions.

3.2. What are the plastic changes induced by TMS?
To better understand the mechanisms by which TMS affects behavior in stroke patients
many investigations have examined the physiological and or fMRI activation changes
resulting from the interventions. For instance, excitatory rTMS and intermittent TBS over
the ipsilesional hemisphere, an important neural substrate for motor recovery (Stinear et al.,
2007; Ward et al., 2006), appear to produce lasting changes in excitability (Di Lazzaro et al.,
2008; Fregni et al., 2006; Khedr et al., 2010; Kim et al., 2006; Talelli et al., 2007). Similarly,
contralesional inhibitory stimulation also appears to increase ipsilesional excitability in
stroke patients (Fregni et al., 2006; Khedr et al., 2009; Nowak et al., 2008), while decreasing
cortical excitability in the unaffected hemisphere (Khedr et al., 2009; Nowak et al., 2008)
and decreasing interhemispheric inhibition towards the ipsilesional side (Takeuchi et al.,
2005). Similarly, a study using fMRI described that 1-Hz rTMS to the contralesional M1
decreased activity in this region and enhanced activation in the ipsilesional motor areas.
These changes were associated with better movement kinematics of the affected hand
(Nowak et al., 2008). These findings argue in favor of the interhemispheric competition
theory as a relevant process responsible, at least in part, in the recovery of motor function
following stroke. However, it is important to be cautious before settling on one theory given
that there is not always a consistent relationship between physiological and clinical
outcomes. For instance,Khedr et al. (2005) found no correlation between clinical recovery
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after stroke and MEP changes after ipsilesional rTMS, whereasKim et al. (2006) found a
significant correlation between MEP amplitude changes and accuracy of paretic arm
movements.

3.3. What is the contribution of motor training?
Motor learning and task-specific practice appear to be essential for neural and functional
changes to occur (Lotze et al., 2003; Plautz et al., 2000). One of the reasons why changes in
cortical excitability in response to rTMS may not result in behavioral benefits may be the
lack of coupling between the stimulation and task-specific training. For example, several
studies that applied rTMS alone with no other exercises did not find behavioral
improvements when assessing pinch force or grip strength (Khedr et al., 2009; Liepert et al.,
2007; Takeuchi et al., 2005; Talelli et al., 2007). On the other hand, delivery of TMS at the
appropriate time during movement execution enhances the use-dependent plasticity resulting
from the training (Butefisch et al., 2004), and improves pinch force (Takeuchi et al., 2008;
Takeuchi et al., 2009). The benefit of coupling brain stimulation with physical practice may
rely on Hebbian principles of synaptic plasticity (Buonomano and Merzenich, 1998), which
capitalize on the temporal relationship of the interventions facilitating the formation of
durable synaptic connections. Importantly though, some studies found that rTMS did not
provide additive benefits to motor training (Fregni et al., 2006; Malcolm et al., 2007). These
negative results may be due to ceiling effects of the behavioral outcome measures, the
complexity of the task being modulated (Fregni et al., 2006; Gerloff et al., 1998) or neural
homeostatic properties of the stimulated region (Ziemann and Siebner, 2008). Taken
together, the data suggest that if the goal is to modulate behavior, the brain stimulation must
be coupled with some form of training. However, further research is required to determine
the optimal manner to deliver TMS to modulate the effects of motor training.

3.4. What is the dose of rTMS?
In order for rTMS to be considered as an adjunct to other neurorehabilitation practices it is
crucial to understand the relationship between dose and therapeutic effect (seeHiscock et al.
(2008) for review). To date it remains unclear what the optimal dose of magnetic stimulation
is to affect behavior (i.e., what is the best intensity, frequency, total amount of stimulation,
and or number of stimulation sessions?). So far, most studies have used TMS parameters
known to induce corticomotor excitability changes with the hope they translate to behavioral
modifications. For instance, many rTMS studies targeting the contralesional hemisphere
used intensities near or at resting motor threshold at 1Hz frequency because these
parameters lead to reductions in cortical excitability (Chen et al., 1997). In comparison, a
variety of stimulation frequencies have been used over the ipsilesional hemisphere, although
most of the studies applied sub-threshold intensities due to concerns of increased seizure risk
(see Table 1 for a summary). Very few studies to date have compared different stimulation
parameters. For example, Kedhr et al. compared 3Hz and 10 Hz rTMS in different groups of
stroke patients undergoing rehabilitation and found that the 3Hz group had a trend toward
better response relative to the 10 Hz group. This difference may be accounted for by the fact
that the 3Hz group was stimulated at an intensity of 130% resting motor threshold (RMT),
whereas the 10 Hz group was stimulated at 100% RMT due to safety concerns.

Another aspect of discrepancy has been the number of stimulation pulses applied per session
or the duration of the TMS trains. This is important given that these differences may lead to
different durations of cortical excitability changes (Gershon et al., 2003). For example, in
healthy subjects, extending stimulation of 5Hz rTMS from 900 to 1800 pulses resulted in an
increase of cortical excitability from a few minutes to 30–40 minutes (Peinemann et al.,
2004). This dosing effect may explain why some studies found enhanced ipsilesional
excitability after 600 pulses of cTBS to the contralesional hemisphere (Di Lazzaro et al.,
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2008), but others did not observe that change when using 300 pulses of cTBS (Talelli et al.,
2007). This difference may be due to the fact that cTBS-600 has been shown to induce
depression of corticospinal excitability more significantly than cTBS-300 (Stefan et al.,
2008). Nonetheless, we must emphasize again that caution should be used in inferring a
direct effect between physiological responses and behavioral measures. For example, in a
study byTakeuchi et al. (2009) one week after bilateral rTMS subjects continued to have
improvement in motor function, while physiological measures of interhemispheric
interactions had already returned to baseline.

Lastly, recent studies in stroke patients have begun exploring the advantages of multiple
sessions of rTMS. This strategy may provide additional benefits over a single session
through cumulative effects resulting in increased facilitation to subsequent stimulations
(Baumer et al., 2003; Valero-Cabre et al., 2008). Studies in acute stroke patients indicate
that multiple sessions of ipsilesional excitatory rTMS can lead to improvements in motor
function that last 3 months and even up to a year post-intervention (Chang et al., 2010;
Khedr et al., 2010). However, these enduring effects may have been due to the normal
process of recovery, which could have been “jump started” by the application of rTMS.
These findings speak to the potential for long-lasting benefits of rTMS in the context of
neurorehabilitation.

3.5. Which patients benefit more?
An understanding of how different patient characteristics affect response to rTMS would be
helpful to match the patient to the particular treatment intervention. Currently, it remains
largely unknown what characteristics (i.e., stroke location, size, chronicity) determines the
individual response to rTMS. This may be in part due to most studies focusing in subcortical
strokes (Dafotakis et al., 2008; Di Lazzaro et al., 2008; Liepert et al., 2007; Nowak et al.,
2008; Takeuchi et al., 2008; Takeuchi et al., 2009). A recent study byAmeli et al. (2009)
compared ipsilesional 10 Hz rTMS in patients with subcortical lesions with patients with
both subcortical and cortical damage. They found that subcortical patients had improvement
in movement kinematics whereas the cortical patients showed either no change or in some
cases worsening in movement kinematics. The authors conjectured that this difference may
be due to the effects of cortical damage and decreased GABA-ergic cortical inhibition
causing an enhancement of glutamatergic activity, resulting in a pathological propagatation
of motor network excitability. This is supported by findings of decreased interhemispheric
inhibition in cortical strokes relative to subcortical strokes (Boroojerdi et al., 1996).
However, the lack of effects could also be due simply to stroke size decreasing the amount
of healthy tissue available to sustain changes that impact behavior in a meaningful manner.
For example, one study showed that patients with the largest lesions failed to show any
benefit to 3Hz ipsilesional rTMS for 10 consecutive days (Khedr et al., 2005). In
comparison, inhibitory contralesional rTMS was shown to be superior over sham stimulation
in restoring partial hand motor function in a severely affected chronic stroke patient with no
prior movement in the affected hand (Boggio et al., 2006). This suggests that even highly
dysfunctional cortical activity can sustain benefits from brain stimulation.

Another important clinical variable that may affect patients’ response to rTMS may be the
chronicity of the stroke. Early modulation of cortical excitability with rTMS may be most
beneficial by preventing the development of maladaptive reorganization (Nowak et al.,
2008) resulting in greater motor improvement (Khedr et al., 2009). However, only few
studies have so far applied rTMS in the acute period. Most of the investigations, showing
improvement of motor performance, have targeted chronic (>6 months) stroke patients,
suggesting that behavioral changes can be facilitated by rTMS even after maximal potential
motor recovery.
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Lastly, patient age may be another factor that can affect response to rTMS protocols in
stroke patients. Studies in healthy subjects suggest that younger subjects have greater
potential to undergo plastic changes resulting from training and TMS protocols (Rogasch et
al., 2009; Sawaki et al., 2003; Todd et al., 2010; Celnik et al., 2006). Importantly, two
studies in stroke patients also found that younger age was a strong predictor of response to
rTMS (Khedr et al., 2010; Yozbatiran et al., 2009). In contrast,Fregni et al. (2006) found no
correlation between motor function improvement and the age of the stroke subjects.

In summary, the previous described studies suggest that rTMS can still be considered in all
patients with stroke related motor impairments. However, more research is needed to
understand whether specific stroke sub-populations benefit more than others when receiving
brain stimulation.

3.6. Future directions for rTMS studies
Together these studies represent important first steps in understanding how rTMS can be
used to modulate the reorganization of motor areas of stroke patients. However, much work
is still required to optimize the way rTMS is utilized to affect motor recovery, performance
and learning in stroke patients. These investigations will also need to address many different
aspects from patient characteristics to rTMS dosing. For example, strategies to normalize
interhemispheric imbalances have been shown to be beneficial, yet the optimal site of
stimulation is not settled. It is very possible that patients will need to be assessed prior to
application of brain stimulation to understand how their brain is allowing them to perform
motor tasks and or dealing with the injury. In this manner, the stimulation strategy will be
customized to the particular mechanism the patient is using at the time of the intervention.
Importantly, given most investigations have primarily focused on stimulating M1, future
applications of rTMS should also examine the effects of its application to other regions
involved in motor control processes. For instance, motor imagery studies have revealed an
altered organization of connectivity between primary motor and regions upstream, such as
the prefrontal cortex (Sharma et al., 2009). This suggests that in addition to strategies which
focus on balancing the interhemispheric relationships between contralateral M1’s, other
cortical regions should also be considered as potential entry ways to enhancing motor
recovery (Celnik and Hillis, 2009; Grefkes et al., 2010). Another benefit deriving from the
use of TMS in stroke patients is a better understanding of the mechanisms underlying motor
recovery. Indeed, based on proposed models of recovery (Ward and Cohen, 2004), other
adjuvant strategies have been investigated to facilitate motor function in stroke patients. For
example, transcranial direct current stimulation (tDCS), another method to modulate brain
excitability in humans non-invasively, has been shown to enhance performance in stroke
patients (Fregni et al., 2005; Hummel et al., 2005; Lindenberg et al., 2010). Similarly,
somatosensory stimulation, in the form of peripheral nerve stimulation (PNS), has also been
used to enhance motor cortical excitability (Celnik et al., 2007; Kaelin-Lang et al., 2002)
resulting in improved motor performance in stroke patients (Celnik et al., 2007; Conforto et
al., 2002). Perhaps more interesting, we have recently shown that combining strategies, in
this case tDCS with PNS to the paretic hand, enhanced the effects of motor training beyond
levels reached by either intervention alone (Celnik et al., 2009). This suggests that
combining other adjuvant interventions with rTMS may represent a better approach than
using rTMS alone to modulate motor behavior in neurorehabilitation.

4. Conclusions
The use of transcranial magnetic stimulation has helped improve our understanding of the
mechanisms underlying recovery of motor function after stroke. This in turn has opened the
opportunity to test repetitive TMS, as well as other interventions, to affect motor behavior.
At this point, it is clear that it is possible to modulate motor function in stroke patients.
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However, more studies are needed to continue advancing our knowledge of the recovery
processes after brain lesions, to determine optimal stimulation parameters and to understand
how different patient characteristics influence response to non-invasive brain stimulation.
Undoubtedly, TMS has become an invaluable tool to understand neurophysiological
processes in healthy individuals and patients with brain lesions. Likely in the near future
TMS will also become a therapeutic strategy, either alone or combined with other
interventions, to enhance functional recovery.
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Fig. 1.
Schematic representation of brain activation areas during motor performance. A) Activation
of primary motor areas in a healthy subject performing a simple motor task. B) Secondary
motor areas in the ipsilesional hemisphere are activated in a well-recovered stroke patient
performing a simple motor task. C) Activation in the contralesional hemisphere motor areas.
The possible roles of this activation include the facilitation of: 1) Motor performance in a
severely affected stroke patient in the acute or chronic phase, 2) Performance of a complex
task, 3) Performance of a simple task in the acute phase.
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Table 1

Summary of dosage parameters of previous studies investigating rTMS over the primary motor cortex to
enhance upper extremity motor function after stroke

Study reference Intensity Freq (Hz) Quantity of pulses No. of
stimulation

sessions

Contralesional stimulation

   Mansur et al. (2005) 100% rMT 1 Hz Continuous train of 600 pulses 1

   Takeuchi et al. (2005) 90% rMT 1 Hz Continuous train of 25 min duration (1500 pulses) 1

   Boggio et al. (2006) 100% rMT 1 Hz Continuous train of 1200 pulses 1

   Fregni et al. (2006) 100% rMT 1 Hz Continuous train of 1200 pulses 5

   Liepert et al. (2007) 90% rMT 1 Hz Continuous train of 1200 pulses 1

   Talelli et al. (2007) 80% aMT 50 Hz Continuous train of 3 pulses at 50 Hz given at a freq of
5 Hz, 300 total pulses.

1

   Dafotakis et al. (2008) 100% rMT 1 Hz Continuous train of 10 min duration (600 pulses) 1

   Nowak et al. (2008) 100% rMT 1 Hz Continuous train of 10 min duration (600 pulses) 1

   Takeuchi et al. (2008) 90% rMT 1 Hz Continuous train of 25 min duration (1500 pulses) 1

   Khedr et al. (2009) 100% rMT 1 Hz Continuous train of 900 pulses 5

   Ackerley et al. (2010) 90% aMT 50 Hz 40 second continuous train consisting of 3 pulses at 50
Hz given at a freq of 5 Hz, repeated every 10 seconds,
a total of 600 pulses

1

   Emara et al. (2010) 110–120% rMT 1 Hz Continuous train of 150 pulses 10

   Kakuda et al. (2010) 90% rMT 1 Hz Continuous train of 1200 pulses 22

Ipsilesional stimulation

   Khedr et al. (2005) 120% rMT 3 Hz 10 trains of 30 pulses, 50 seconds between trains, a
total of 300 pulses

10

   Kim et al. (2006) 80% rMT 10 Hz 8 trains of 20 pulses, 58 second intertrain interval,
interspersed by finger movement task, a total of 160
pulses

1

   Malcolm et al. (2007) 90% rMT 20 Hz 50 trains of 40 pulses, intertrain interval of 28 seconds,
a total of 2000 pulses

10

   Pomeroy et al. (2007) 120% rMT 1 Hz 5 trains of 40 pulses, 3 minute intertrain intervals, a
total of 200 pulses

1

   Talelli et al. (2007) 80% aMT 50 Hz 20 trains consisting of 3 pulses at 50 Hz given at a freq
of 5 Hz, intertrain interval of 8 seconds, a total of 600
pulses

1

   Ameli et al. (2009) 80% rMT 10 Hz 20 trains of 50 pulses, intertrain interval of 25 seconds,
a total of 1000 pulses

1

   Khedr et al. (2009) 130% rMT 3 Hz 30 trains of 30 pulses, intertrain interval of 2 seconds, a
total of 900 pulses

5

   Yozbatiran et al. (2009) 90% rMT 20 Hz 40 trains of 40 pulses, intertrain interval of 28 seconds,
a total of 1600 pulses

1

   Ackerley et al. (2010) 90% aMT 50 Hz 2 second trains consisting of 3 pulses at 50 Hz given at
a freq of 5 Hz , repeated every 10 seconds, a total of
600 pulses

1

   Chang et al. (2010) 90% rMT 10 Hz 50 trains of 50 pulses, intertrain interval of 55 seconds,
a total of 1000 pulses

10

   Emara et al. (2010) 80–90% rMT 5 Hz Continuous train of 750 pulses 10

   Khedr et al. (2010) 3 Hz: 130% rMT;
10 Hz: 100% rMT

3 Hz vs. 10
Hz

3 Hz: 50 trains of 15 pulses, a total of 750 pulses 10
Hz: 37 trains, 20 pulses, a total of 750 pulses

5
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