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Here, we review the effects of non-invasive brain stimulation such as transcranial magnetic
stimulation (TMS) or transcranial direct current stimulation (tDCS) in the rehabilitation of
neglect. We found 12 studies including 172 patients (10 TMS studies and 2 tDCS stud-
ies) fulfilling our search criteria. Activity of daily living measures such as the Barthel Index
or, more specifically for neglect, the Catherine Bergego Scale were the outcome mea-
sure in three studies. Five studies were randomized controlled trials with a follow-up time
after intervention of up to 6 weeks. One TMS study fulfilled criteria for Class | and one for
Class Il evidence. The studies are heterogeneous concerning their methodology, outcome
measures, and stimulation parameters making firm comparisons and conclusions difficult.
Overall, there are however promising results for theta-burst stimulation, suggesting that
TMS is a powerful add-on therapy in the rehabilitation of neglect patients.
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INTRODUCTION

Hemispatial neglect is a common neurological syndrome that
may be particularly disabling after stroke. It is defined as the
failure to detect, respond, or orient to the stimuli located
in the portion of space contralateral to the lesion (Heilman
et al.,, 1993). Neglect is common, occurring in up to 43% of
patients suffering from an acute right-hemispheric stroke (Ring-
man et al., 2004). Depending on the assessment, the reported
incidence may widely vary between 10 and 82% following
right-hemispheric damage and between 15 and 65% follow-
ing left-hemispheric damage (Plummer et al., 2003). Neglect
patients show slower functional progress during rehabilitation
and need longer hospitalization (Cherney et al., 2001; Gillen
et al., 2005). Furthermore, neglect is an independent predictor
of poor outcome, in terms of more limited functional indepen-
dence (Stone et al., 1992; Di Monaco et al., 2011) and lower
likelihood of being discharged home (Wee and Hopman, 2005,
2008).

Different therapeutic strategies to treat neglect have been
evaluated, such as visual scanning, prism adaptation, sensory
stimulation, neck muscle vibration, optokinetic stimulation, or
pharmacologic treatments (see for a review Bowen et al., 2002;
Kerkhoft and Schenk, 2012). Although these treatments atten-
uate the severity of neglect, they are often difficult to apply in
rehabilitation — particularly during the acute or subacute phase
of stroke — due to short duration of effects, patient discom-
fort, or the difficulty for patients to cooperate (Fierro et al,
2006).

THE CONCEPT OF INTERHEMISPHERIC RIVALRY IN NEGLECT

The concept of interhemispheric rivalry, based on the model
by Kinsbourne (1987, 1993), is so far the most common basis
for the application of non-invasive brain stimulation (NIBS) to
modulate neglect [newer promising approaches are however also
thinkable, such as, e.g., rhythmic transcranial magnetic stimu-
lation (TMS) (see Thut et al., 2011) or network modulations
(see van der Werf et al., 2010)]. According to this concept, both
parietal cortices exert reciprocal interhemispheric inhibition. A
damage of the right parietal cortex causes disinhibition of the
intact, left hemisphere, and thus a pathological over-activation of
the latter. This over-activation in the left, intact hemisphere fur-
ther depresses the neural activity by an increased inhibition on
the damaged hemisphere, aggravating the rightward, ipsilesional
attentional bias.

Evidence supporting this concept comes from several exper-
imental approaches. First, seminal works in animal models
(Sprague, 1966) and a large body of subsequent studies (see,
e.g., Payne and Rushmore, 2004; Rushmore et al., 2006; Valero-
Cabré et al., 2006) showed that: (a) unilateral interventions (such
as lesion, cooling, or TMS) generally introduce an imbalance in
the physiological activity between the networks controlling visu-
ospatial attention in the two hemispheres, favoring the intact
hemisphere and leading to neglect; and (b) the experimental can-
celation of this imbalance (and of neglect) is achievable through
the reduction of the hyperexcitability (by lesion or cooling) of
specific cortical or subcortical regions in the intact hemisphere.
Second, fMRI studies showed a relative hyperactivity of the left,
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undamaged hemisphere in neglect patients, which correlated with
neglect severity as measured by behavioral tasks (Corbetta et al.,
2005). Moreover, the recovery of neglect correlated with the
restoration and rebalancing of activity between both hemispheres,
particularly in the dorsal parietal cortex (Corbetta et al., 2005; He
etal.,2007). Third, clinical observations also indicate the relevance
of the rebalancing of the activity between the two hemispheres as
a functional mechanism accompanying neglect recovery. Vuilleu-
mier et al. (1996) described the case of a patient who suffered
from two sequential strokes. The first, right-hemispheric stroke,
involving the parietal cortex, induced severe neglect, which com-
pletely recovered after a second, left-hemispheric stroke involv-
ing the frontal eye field. Fourth and finally, the pathological
hyperactivity of intact, contralesional areas in neglect patients
has also been directly demonstrated by means of a twin-coil
TMS approach, allowing to assess the cortical excitability within
parieto-motor circuits of the left hemisphere (Koch et al., 2008,
2012). Results showed a significantly higher excitability in neglect
patients as compared to healthy controls and to patients with right-
hemispheric lesions but no neglect. The degree of overexcitability
was significantly correlated with neglect severity as measured by
paper—pencil tests. Moreover, the application of inhibitory repet-
itive TMS (rTMS) over the left, contralesional posterior parietal
cortex (PPC) could significantly reduce its overexcitability and
triggered a significant amelioration in the behavioral measures of
neglect.

The results illustrated above thus support the idea that the rein-
statement of interhemispheric inhibitory balance is an important
mechanism in neglect recovery.

NON-INVASIVE BRAIN STIMULATION

Non-invasive brain stimulation, i.e., TMS or transcranial direct
current stimulation (tDCS), has been increasingly used to inter-
fere with brain activity in healthy subjects and patients with brain
lesions. Depending on the stimulation parameters, it is possible to
facilitate or to suppress brain activity with measurable behavioral
effects.

Transcranial magnetic stimulation is based on the appli-
cation of very short-lasting, strong electric currents delivered
through a coil generating a rapidly changing, high-intensity mag-
netic field. This magnetic field induces on its part perpendic-
ular currents in the brain, which are strong enough to directly
depolarize neurons and influence cortical excitability. rTMS can
either enhance (5-20 Hz, so-called high-frequency stimulation)
or suppress (<1Hz, low-frequency stimulation) cortical activ-
ity and modulate excitability beyond the duration of the applied
stimulation (see for a review Hallett, 2007).

More recently, the so-called “theta-burst stimulation” (TBS)
has been introduced as a new protocol. Originally, such protocols
were used to induce long-term potentiation (LTP) or long-term
depression (LTD) in brain slices (Larson et al., 1986; Abraham,
2003). The protocol consists of three short trains of repetitive high-
frequency TMS (30-100 Hz) in theta-frequency range (4-7 Hz).
The stimulation pattern can have either excitatory (intermittent
theta-burst, iTBS) or inhibitory (continuous theta-burst, cTBS)
effects on brain activity (Huang et al., 2005). TMS can be used
in a variety of ways to induce plastic changes in the brain. An

effective way to modulate synaptic efficacy is to activate a cell with
two or more inputs at brief intervals, such as in the bursts of
the theta-burst protocol. A steady increase in synaptic strength
is called LTP, a decrease LTD. In analogy, Huang et al. (2005)
developed a modified TBS protocol with a pattern consisting of
bursts of three pulses at 50 Hz, repeated every 200 ms intervals
(i.e., at 5Hz). The stimulation intensity was 80% of the activated
motor threshold and the total number of pulses was 600. They
found that a short and intermittent application of TBS (iTBS)
facilitated motor-evoked potentials, i.e., increased their ampli-
tude, whereas a continuous application of TBS (cTBS) suppressed
motor-evoked potentials for up to 1 h. Nyffeler et al. (2006a, 2009)
showed that such LTD-like effects could be disproportionately pro-
longed by repeated TBS application both in healthy subjects and
in patients with neglect. They used a further modified theta-burst
protocol with a burst frequency of 30 Hz, repeated with an inter-
burst interval of 100 ms. The stimulation intensity was 80% of
the resting motor threshold, and the total number of pulses was
801. The behavioral outcome was measured in healthy subjects
with an oculomotor paradigm. The modified ¢cTBS protocol has
been shown to yield conspicuously longer inhibitory effects on
the oculomotor cortex [i.e., the frontal eye field, in a head-to-head
comparison with the commonly applied 1-Hz stimulation pro-
tocol (Nyffeler et al., 2006b)]. Moreover, Nyffeler et al. (2006a,
2009) showed that the behavioral effect of ¢cTBS could be dispro-
portionally prolonged: the behavioral effect after one, two, or four
cTBS trains lasted on average up to 30 min, 3 h, or 11h, respec-
tively (Nyffeler et al., 2006a). Similar prolonged behavioral effects
after repeated cTBS application were also found in patients with
neglect. In a visual perception task, two cTBS trains significantly
increased the number of perceived left visual targets for up to 8 h,
whereas the application of four cTBS trains significantly increased
the number of perceived left targets up to 32h. No significant
improvement was found after sham stimulation (Nyffeler et al.,
2009).

While rTMS can generate strong currents capable to depolarize
neurons, tDCS changes cortical activity by means of small elec-
tric currents. Suggested as a purely neuromodulatory approach,
tDCS seems to alter brain activity by influencing the resting mem-
brane potential, and does not evoke action potentials (Fregni and
Pascual-Leone, 2007; Nitsche et al., 2008; Paulus, 2011). During
tDCS, small currents (1-2 mA) are delivered to the brain transcra-
nially via two large electrodes. The duration of the stimulation,
its strength, and its polarity determine the excitability changes.
Anodal tDCS leads to excitation of the brain, whereas cathodal
tDCS results in brain inhibition (Nitsche and Paulus, 2000). tDCS
effects seem to be mainly mediated by changes in the excitability
of inhibitory or facilitatory interneuronal circuits that can out-
last stimulation duration. tDCS has the advantage that the device
is inexpensive, portable, and easy to use, in particular simultane-
ously with treatment sessions in the rehabilitation setting. Finally,
the tingling sensation on the scalp at the beginning of the stimu-
lation fades away shortly after. This is an advantage for a reliable
sham condition (i.e., the device can be set to turn off a few sec-
onds after the stimulation beginning, without the subject or the
experimenter noticing it), and is also an important element for
double-blind, controlled clinical trials.
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The aim of the present study is to review the literature con-
cerning the effectiveness of NIBS in the treatment of neglect
patients.

METHODS

We searched the following databases for studies published in
English: PubMed, PsychINFO, and Science Direct. Following
search terms were used: neglect, visual neglect, unilateral neglect,
rehabilitation, TMS, tDCS. Studies were included in the review if
they satisfied following criteria: use of an offline TMS protocol, or
use of an online or offline tDCS protocol; treatment of neglect or
evaluation of the duration of NIBS effects on neglect as a goal of
the study.

RESULTS

The characteristics of the included studies are presented in Tables 1
and 2. We found 10 studies that used TMS for neglect rehabilita-
tion, and only 2 studies that used tDCS. In these studies, a total
of 172 patients were involved, 147 patients in TMS studies and 25
patients in tDCS studies. The number of included patients varied
considerably between studies, from 2 (Shindo et al., 2006) to 27
patients (Kim et al., 2013).

The methodological differences in the rTMS protocols between
the studies were also considerable. Five studies used low-frequency
rTMS (Brighina et al., 2003; Shindo et al., 2006; Koch et al., 2008;
Song et al.,, 2009; Lim et al., 2010), with frequencies of 0.5, 0.9,
or 1 Hz. Three studies used cTBS (Nyffeler et al., 2009; Cazzoli
et al., 2012; Koch et al., 2012) with either 30 or 50 Hz bursts.
Finally, two studies (Kim et al., 2010, 2013) compared the effects
of low-frequency (1 Hz) stimulation over the contralesional, intact
hemisphere with those of high-frequency rTMS (20 Hz) over the
ipsilesional hemisphere.

Further differences included the number of applied pulses, the
duration of the intervention and of the observation period after
the intervention, the type of coil used, and the procedure used to
determine the stimulation location. The number of TMS pulses
varied between 450 (Song et al., 2009) and 1200 pulses per ses-
sion (Kim et al., 2010, 2013), the cumulative number was between
600 (Koch et al., 2008) and 12,600 pulses (Song et al., 2009). The
intervention duration varied between a single session (Koch et al.,
2008; Nyffeler et al., 2009; Kim et al., 2010) and 14 sessions (Song
et al., 2009).

All studies used a focal, figure-of-eight coil, with the exception
of Nyffeler etal. (2009) and Cazzoli et al. (2012), who used a round
coil.

Concerning the location of the stimulation site, only one study
used a neuronavigation system (Koch et al., 2012). They targeted
the left PPC, using individual anatomic MRI and positioning the
coil over the angular gyrus close to the posterior part of the adjoin-
ing intraparietal sulcus. All other studies used the international
10-20 EEG System. Two studies stimulated over P5 (Brighina et al.,
2003; Shindo et al., 2006), all other studies over P3 (or, respectively,
P4 for the two studies that entailed ipsilesional stimulation; Kim
etal., 2010, 2013).

Five studies were sham-controlled (Nyffeler et al., 2009; Kim
etal.,2010,2013; Cazzolietal.,2012; Koch et al., 2012), the remain-
ing studies had no sham control group. A control group of patients
without neglect was included in three studies (Koch et al., 2008;

Song et al., 2009; Lim et al., 2010). One study (Koch et al., 2012)
fulfilled the criteria for Class III evidence, one study (Cazzoli et al.,
2012) the criteria for Class I evidence.

In only one study (Brighina et al., 2003) patients had no rehabil-
itation therapy during the observation. The patients in Lim’s study
(Lim et al., 2010) received behavioral therapy, and the patients in
Koch’s study (Koch et al., 2012) received 20 sessions of 45 min ther-
apy. In the remaining four studies (Shindo et al., 2006; Song et al.,
2009; Cazzoli et al., 2012; Kim et al., 2013), the patients received a
full neurorehabilitation program, including occupational therapy,
physiotherapy, and neuropsychology.

The time between brain damage and inclusion varied also con-
siderably between studies. Patients in the acute/subacute stage
(first 3 months after brain damage) were included in the studies by
Songetal. (2009), Koch et al. (2012), Cazzoli et al. (2012), and Kim
et al. (2013). Patients with chronic neglect (more than 3 months
after brain damage) were included in the studies by Brighina et al.
(2003), Shindo et al. (2006), and Kim et al. (2010). The remaining
studies included both patients in the subacute or in the chronic
stage.

The follow-up time of the observation of the stimulation effects
ranged from 3 days (Nyffeler et al., 2009), 2 weeks (Brighina et al.,
2003; Song et al., 2009; Koch et al., 2012), 3 weeks (Cazzoli et al.,
2012) to 6 weeks (Shindo et al., 2006). In all studies, no infor-
mation is provided about a potential fade-out of the stimulation
effects over time.

DISCUSSION

Our database search resulted in 12 studies fulfilling the inclusion
criteria. The studies are heterogeneous concerning methodology,
evaluation, patients, and post-stroke inclusion time, making firm
conclusions about the efficacy of NIBS difficult. In the last few
years, at least five reviews (Fierro et al., 2006; Cazzoli et al., 2010;
Hesse et al., 2011; Oliveri, 2011; Mylius et al., 2012) specifically
addressed the application of TMS or tDCS for the treatment of
neglect, and at least another 11 more general reviews (Dobkin,
2004; Rossi and Rossini, 2004; Miniussi et al., 2008; Schlaug and
Renga, 2008; Marshall, 2009; Bashir et al., 2010; Langhorne et al.,
2011; Miniussi and Rossini, 2011; Stuss, 201 1; Vallar and Bolognini,
2011; Schulz et al., 2013) included the topic of brain stimulation
in neglect. The number of reviews emphasizes the great interest
in the development and establishment of new and current NIBS
approaches for the treatment of neglect in particular, and for cog-
nitive rehabilitation in general. However, the mismatch between
the number of reviews and the number of original studies repre-
sents a compelling call for further systematic investigations in this
field.

We found 10 studies using rTMS, and only 2 studies using tDCS.
All rTMS studies used inhibitory protocols (low-frequency stimu-
lation or ¢TBS) and stimulated the contralesional parietal cortex.
Two studies (Kim et al., 2010, 2013) also included a condition in
which the ipsilesional parietal cortex was stimulated using a high-
frequency, excitatory protocol. Nine studies showed a significant
improvement after inhibitory stimulation of the contralesional
parietal cortex, one study (Kim et al., 2013) found a significant
improvement only after ipsilesional excitatory stimulation. The
number of patients included in the studies varied between 2 and
27 patients. Four studies evaluated only immediate effects after
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16 RH, 8

Cazzoli et al.
(2012)

improvement in the

in all outcome

shape cancelation
test, two part
picture test,

(four cTBS
trains per d)

cTBS at 30Hz,

d

RH control
group

spontaneous everyday

measures only after

repeated every

100 ms,

(SEM
4.5d)

behavior as measured by the

CBS

real stimulation, at

least for 3w

reading texts

100%MT

On average: -36.9% rightward

Sign. improvement

Motor-free visual

1200 pulses, 10 sessions Pre/post

Mean Yes Contra P3

156d

27 RH

Kim et al
(2013)

deviation in the line bisection

in the line bisection

perception test,
line bisection

test, star

over 2w (5d

1Hz, 90% MT

or 1000

and ipsi P4

test after high-frequency

test after

per w)

stimulation (sham = —-8.3%);

high-frequency rTMS
and in the K-MBI
after high and low

rTMS

pulses, 20Hz,
90% MT

4276 pts after low-frequency
rTMS and +30.6 pts after

cancelation test,
CBS, K-MBI

high-frequency rTMS in the

K-MBI scores (sham

pts)

=+156.1

stimulation, without any follow-up measurements. The remaining
six studies performed follow-up examinations up to 6 weeks. Five
studies were not sham-controlled and, in three studies, activities
of daily living (ADL) were evaluated in addition to neuropsycho-
logical testing. One study (Cazzoli et al., 2010) fulfilled Class I
evidence, and one study (Koch et al., 2012) Class III evidence.
In both studies, cTBS of the contralesional parietal cortex was
applied.

To the best of our knowledge, no study so far directly com-
pared the different forms of NIBS (e.g., TMS, tDCS) in order
to demonstrate the superiority of one method. Both techniques
present advantages and disadvantages, and the preference for the
application of one technique or the other may also largely depend
on the experimental questions and design (see Priori et al., 2009).
Moreover, the application of TMS and tDCS should not be seen as
mutually exclusive. The combination of the two techniques has in
fact been shown to yield promising results, e.g., applying precondi-
tioning by means of tDCS followed by rTMS application (Siebner
et al., 2004).

In summary, notwithstanding the limited number of studies,
the current state of the evidence looks more promising concerning
the studies using cTBS. In the following, we will discuss method-
ological key points for the future development of treatment
concepts of neglect by NIBS.

DIFFERENT EFFECTS OF NIBS ON OUTCOME VARIABLES
In all studies, a battery of different neuropsychological tests, or test
batteries specifically developed for neglect assessment (such as the
behavioral inattention test, BIT) were used. Effects of stimulation
were often strikingly different across outcome variables, suggesting
possible dissociations. One explanation may be methodological: 8
out of the 10 rTMS studies used a focal figure-of-eight coil. Since
neglect is associated with multiple lesion sites (e.g., Verdon et al.,
2010; Corbetta and Shulman, 2011), a focal stimulation may not
be sufficient to improve all aspects tapped by the different neu-
ropsychological tests. It is noteworthy that Cazzoli et al. (2012),
who used a non-focal round coil, found significant improvements
in all tests. Thus, high focal precision may not be a primary goal
for therapeutic rTMS application. However, further studies are
needed to evaluate whether focal or non-focal rTMS stimulation
of the network involved in neglect has a better clinical outcome.
Three studies also evaluated the effect of TMS on the ADL using
the Barthel Index or the Catherine Bergego Scale. Shindo et al.
(2006) used the Barthel Index and found a significant improve-
ment after stimulation. Cazzoli et al. (2012) used the Catherine
Bergego Scale and also found a significant improvement after real
stimulation, but not after sham stimulation. Finally, Kim et al.
(2013) used both the Barthel Index and the Catherine Bergego
Scale and found a significant improvement only in the Barthel
Index.

STIMULATION PROTOCOLS

Generally, inhibitory stimulation protocols are predominantly
applied. Low-frequency (0.5-1 Hz) repetitive stimulation was used
in seven studies. The total number of pulses and daily applica-
tion varied considerably between studies. The stimulation strength
more consistently used was 90% of the motor threshold. Three
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studies used continuous inhibitory cTBS, one study (Koch et al.,
2012) used the standard protocol described by Huang et al. (2005),
two studies (Nyffeler et al., 2009; Cazzoli et al., 2012) the modified
protocol described by Nyffeler et al. (2006a). The two protocols
differ in the frequency of the bursts (50 versus 30 Hz), in the total
number of pulses (600 versus 801 pulses), and in the definition of
the stimulation strength (80% active motor threshold versus 100%
resting motor threshold).

These two protocols were recently compared by Goldsworthy
et al. (2012). They stimulated the human primary motor cortex
in healthy subjects and recorded motor evoked-potentials (MEP)
from the right first dorsal interosseous muscle before and at 0, 5,
10, 20, and 30 min after stimulation. The results showed that the
standard protocol with 50 Hz induced a neuroplastic response that
was short-lived and highly variable, whereas the modified protocol
with 30 Hz induced a lasting change in MEP amplitude that was
consistent between subjects. Such a lasting and consistent effect of
cTBS may be an advantage for the therapeutic stimulation appli-
cation. Furthermore, the fact that the repeated cTBS application at
the same day can disproportionately prolong its effects (Nyffeler
etal., 2009) is a further advantage.

TBS — THE WAY TO AN “IDEAL" STIMULATION PROTOCOL?

From a clinical and practical point of view, future stimula-
tion protocols for therapeutical interventions should have the
following properties: (1) the application should be easy to
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