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Theta-burst stimulation of the left

hemisphere accelerates recovery of

hemispatial neglect
o a

ABSTRACT

Objective: Cortico-cortical circuits originating from the posterior parietal cortex (PPC) of the in-
tact left hemisphere (LH) may become hyperexcitable in patients with hemispatial neglect due to a
right hemispheric (RH) stroke.

Methods: In the current randomized, double-blind, sham-controlled study, we investigated safety
and efficacy of continuous theta-burst stimulation (cTBS) in 10 sessions over 2 weeks applied
over the intact PPC of the LH in subacute ischemic stroke patients. Severity of neglect was
assessed through the standardized Behavioral Inattention Test (BIT). We also measured, by
means of bifocal transcranial magnetic stimulation (TMS), how cTBS modified the excitability of
the parieto-frontal functional connections in the intact LH.

Results: We found that 2 weeks of cTBS, but not sham cTBS, were effective in improving neglect
symptoms as measured by BIT score. BIT scores improved by 16.3% after 2 weeks of cTBS and
22.6% at 1 month follow-up. We also found that hyperexcitability of LH parieto-frontal circuits
was reduced following treatment with real but not sham cTBS.

Conclusion: These findings suggest that a 2-week course of cTBS over the LH PPC may be a
potential effective strategy in accelerating recovery from visuospatial neglect in subacute stroke
patients, possibly counteracting the hyperexcitability of LH parieto-frontal circuits.

Classification of evidence: This study provides Class Il evidence that left posterior pari-
etal cortex theta-burst stimulation improves hemispatial neglect for up to 2 weeks after
treatment. Neurology® 2012;78:24-30

GLOSSARY

AG = angular gyrus; AMT = active motor threshold; ANOVA = analysis of variance; BIT = Behavioral Inattention Test;
BIT-B = behavioral scale of the Behavioral Inattention Test; BIT-C = conventional scale of the Behavioral Inattention Test;
CS = conditioning stimulus; ¢TBS = continuous theta-burst stimulation; FDI = first dorsal interosseous; IPL = inferior pari-
etal lobule; IPS = intraparietal sulcus; ISI = interstimulus interval; LH = left hemisphere; M1 = primary motor cortex; MEP =
motor evoked potential; MNI = Montreal Neurological Institute; PPC = posterior parietal cortex; RH = right hemispheric;
RMT = resting motor threshold; TMS = transcranial magnetic stimulation; TS = test stimulus.

Hemispatial neglect is a common and disabling syndrome following unilateral stroke,
particularly to the right hemisphere (RH).!?* Although recovery from neglect is an impor-
tant aim in stroke rehabilitation, it is generally agreed that the current cognitive rehabili-
tation is unsatisfactory.*

One influential proposal about the mechanisms contributing to neglect has invoked inter-
hemispheric rivalry or competition.”” From this perspective, the RH lesions that typically
induce left hemispatial neglect may lead to pathologic overexcitability of LH circuits, due to
release from inhibitory rivalry.”® Moreover, recent anatomic and functional neuroimaging
studies have potentially implicated altered patterns of cortico-cortical connectivity at the basis
of neglect.”!® According to this background, we recently demonstrated that the excitability of
parieto-frontal cortical circuits of the LH is higher in neglect patients than in other stroke
patients.' Moreover, we showed that a single session of rTMS applied over the left PPC is able
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to transiently normalize this overexcitability
and to improve neglect,!’ providing further
implications for possible treatment.'!-4

Here, we aimed to investigate whether this
approach may be useful in promoting clinical
recovery from neglect. We used a TBS proto-
col, which has proven to be effective in induc-
ing powerful long-lasting changes in the
excitability of the stimulated cortex.’” A re-
cent study showed that left PPC ¢TBS may
increase the number of perceived left visual
targets in patients with neglect for several
hours.'¢ Therefore, here we tested the poten-
tial “therapeutic” effect of this intervention
when applied repeatedly for 2 weeks in pa-
tients with poststroke neglect. To evaluate
changes in clinical scores associated with ne-
glect we used the BIT,'” a comprehensive bat-
tery that consists of both conventional (e.g.,
cancellation, bisection, and drawing tests) and
behavioral (e.g., picture scanning, telephone
dialing, menu, and article reading) tests. We
choose the BIT battery measure as the pri-
mary outcome of the treatment. We also
aimed to verify whether a 2-week course of
PPC cTBS was effective in normalizing the
overexcitability of left parieto-frontal connec-
tions previously described in these patients.!!

METHODS Subjects. Twenty consecutive patients with RH
subacute ischemic stroke and affected by hemispatial neglect, as
confirmed by radiologic (CT or MRI) and clinical examination,
were enrolled in the study since January 2008 until June 2010
(table e-1 on the Neuro/agy® Web site at www.neurology.org).
All subjects were right-handed, according to the Edinburgh in-
ventory.'® All had had an ischemic stroke and were admitted to
the neurorehabilitation unit of the Santa Lucia Foundation for a
period of standard physical and cognitive therapy following an
ischemic stroke. They all underwent a standard clinical neuro-
logic and neuropsychological examination to assess any sensory
or motor deficits, language disorders, or cognitive impairment,
and critically the presence or absence of left neglect. Patients
were randomly assigned to real or sham left PPC ¢TBS: 10 were
assigned to real ¢cTBS, and the remaining 10 to sham ¢TBS. Two
patients (1 of each group) were not able to perform all the TBS
sessions and were discarded from the study. The 2 groups did
not differ in gender, mean age (p = 0.09), duration of illness
(p = 0.27), or baseline BIT scores (p = 0.84), and had similar
stroke location (table e-1). Patients were unaware of their group
assignment; all were only told that they had been enrolled in
rehabilitation treatment for their spatial attention deficits (figure
1). Therapists were also blinded in respect to the type of inter-
vention. The 4-week rehabilitation program consisted of 20 ses-
sions of 45 minutes cach, held 5 days per week, performed at the
same time for each patient in the afternoon. The conventional

therapy was based on computerized visuospatial scanning train-

ing that included both saccadic (the patient is required to seek a
stimulus presented at randomly selected points on the screen)
and attention and concentration training (detection and identifi-
cation of stimuli presented on the right side of the screen, then
seeking for their counterparts on the left side among a variety of
distracting stimuli). Additionally, some paper-and-pencil tasks
aimed at improving visual scanning in the course of reading and
writing were used. The patients were also treated with standard
programs for motor rehabilitation when necessary. To provide
an overview of brain lesions in the patients treated with TBS, the
damage evident in CT or MRI (as available clinically) was recon-
structed for each patient and plotted using MRlcro software
(www.sph.sc.edu/comd/rorden/mricro.html) and a graphics tab-
let (WACOM Intuos A6), by a neurologist who was blind to the
TMS results and the clinical scores when plotting the lesions. A
T1-weighted template comprising 12 axial slices was used to de-

marcate lesions for every patient (figure e-1).

Standard protocol approval, registration, and patient
consent. All patients gave informed consent for participation in
the study. Experimental procedures were approved by the local
ethics committee and conducted in accordance with the Declara-
tion of Helsinki.

cTBS. A MagStim Super Rapid magnetic stimulator (Magstim
Company, Whitland, Wales, UK), connected with a figure-of-
eight coil with a diameter of 70 mm, was used to deliver ¢cT'BS.
In every session, 3-pulse bursts at 50 Hz repeated every 200 msec
for 40 s were delivered at 80% of the active motor threshold
(AMT) over the left PPC (600 pulses).! Every day 2 sessions of
left PPC ¢TBS were applied with an interval of 15 minutes.'®!
Stimulation lasted for 10 days (5 days per week, Monday to
Friday), and was applied daily at the same hour every morning
(11 AM) to all patients. We used a neuronavigation system (Soft-
axic, E.ML.S., Bologna, Italy) to precisely position the coil over
the left PPC, using individual anatomic MRI; this technique has
been described in detail previously.*** The individual coordi-
nates of each stimulation site were normalized a posteriori into
the Montreal Neurological Institute (MNI) coordinate system
and averaged. To target the left PPC, the coil was positioned in
the angular gyrus (AG) in the posterior portion of the inferior
parietal lobule (IPL), close to a posterior part of the adjoining
intraparietal sulcus (cIPS).22 The center of the coil was posi-
tioned tangentially to the skull with the handle pointing down-
ward and slightly posteriorly.?*?? Sham stimulation was delivered
with the coil angled at 90°, with only the edge of the coil resting
on the scalp. Stimulus intensity, expressed as a percentage of the
maximum stimulator output, was set at 80% AMT for the FDI,

inducing the same acoustic sensation as for real TBS.

Clinical assessment of visuospatial neglect. Hemispatial
neglect was assessed with the BIT, a battery of tests for evalua-
tion of spatial deficits which includes both conventional (BIT-C)
and behavioral scales (BIT-B). The conventional tests are line
crossing, letter cancellation, star cancellation, figure and shape
copying, line bisection, and representational drawing. The be-
havioral tests reflect aspects of daily life activities, and are picture
scanning, telephone dialing, menu reading, article reading, tell-
ing and setting the time, coin sorting, address and sentence copy-
ing, map navigation, and card sorting. The cutoff scores for the
conventional and behavioral tests are 129 (0—146, maximum
score 146) and 67 (0—81, maximum score 81), respectively. Pa-
tients were classified as having neglect when their score was be-
low the cutoff score in either or both the BIT-C and BIT-B.
Evaluation of BIT was performed by blinded raters 1 hour before
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[ Figure 1 CONSORT 2001 flow diagram
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cTBS = continuous theta-burst stimulation; PPC = posterior parietal cortex.

starting the first session of stimulation (precTBS), the Monday
following the 2 weeks of stimulation (postcTBS), and again 4
weeks after the beginning of the stimulation period. Testing ses-

sions required approximately 2 hours per patient.

PPC-M1 functional connectivity in the intact left
hemisphere. In the same patients, we also assessed changes of
the functional connections between the left PPC and ipsilateral
primary motor cortex (M1) before, after 2 weeks of ¢TBS, and
after 4 weeks from the beginning of the treatment. We used a
paired-pulse TMS technique with 2 high-power Magstim 200
machines (Magstim Co., Whitland, Dyfed, UK)!"**?2 connected
to the stimulating coil. A first test stimulus (T'S) was applied over
the hand motor area of the intact LH and was defined as the site
where stimulation elicited the largest motor evoked potentials
(MEPs) from the contralateral right first dorsal interosseous
(FDI) muscle. The intensity of the TS was adjusted to evoke an
MEP of approximately 1 mV peak-to-peak amplitude in the re-
laxed FDI muscle. To best activate the ipsilateral PPC-M1 con-
nection, a conditioning stimulus (CS) was applied over the left
PPC at an intensity of 90% of the ipsilateral resting motor
threshold (RMT).2* The interstimulus interval (ISI) between
the CS and TS was set at 4 msec. In each block 2 conditions were

randomly intermingled: TS alone (MEP) and CS + TS (condi-

Neurology 78 January 3,2012

tioned MEP). Twenty responses were collected for the test stim-
ulus alone and 20 responses for conditioned MEPs (total
number of trials: 40). Measurements were made on each individ-
ual trial and the mean peak-to peak amplitude of the condi-
tioned MEP was expressed as a percentage of the mean peak-to-
peak amplitude of the unconditioned test pulse. We used a
neuronavigation system (Softaxic, E.M.S., Bologna, Italy) to
precisely position the coil over the PPC site, using individual
MRI volumes as anatomic reference; this technique has been

previously described in detail 202

Data analysis. A repeated-measures analysis of variance
(ANOVA) was performed between the values of total BIT scores,
with group (cTBS vs sham) as between-subject main factor and
time (pre cTBS vs post cTBS vs 2 weeks post cTBS) as within-
subject main factor. Additional ANOVA analyses were per-
formed on each subtest of the BIT, with the same group (cTBS
vs sham) as between-subject main factor and time (pre cTBS vs
post cT'BS vs 2 weeks post cTBS) as within-subject main factor.
If a significant effect was observed, single comparisons were per-
formed by ¢ tests for post hoc analysis. Separate ANOVAs with
group (cTBS vs sham) as between-subject main factor and time
(pre cTBS vs post cTBS) as within-subject main factor were also

performed on the left PPC-M1 functional connections. The ef-
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fects of paired stimulation of PPC on the size of MEPs recorded
from the contralateral FDI in response to M1 TMS were ana-
lyzed as the percentage of the mean peak-to-peak amplitude of
the unconditioned test M1 pulse. The same analyses were per-
formed on RMT and 1 mV MEP thresholds. For all statistical

analyses, a p value < 0.05 was considered to be significant.

RESULTS BIT scores. No significant adverse effect
was reported. We found that ¢cT'BS over the left PPC
induced an improvement in visuospatial neglect
measured by total BIT scores in comparison to sham
cTBS, as revealed by ANOVA analysis showing an
effect of time main factor (F, 5, = 14,54; p < 0.001)
as well a group x time interaction (#, 5, = 6,78; p <
0.05). Post hoc analyses showed that improvements
of the total BIT scores were evident for the cTBS
group immediately after the end of the 2 weeks treat-
ment and at follow-up 2 weeks later (all p < 0.05)
(figure 2A). The individual values for the total BIT
scores in the different conditions are reported for
completeness in figure 2, B and C. The same analyses
performed on each subtest of the BIT revealed that
among the BIT-C scales, cTBS induced an improve-
ment of the letter cancellation task (time main factor:
F, 5, =16,22; p < 0.001; group X time interaction:
F, 5, = 8,12; p < 0.001), and of the drawing task
(time main factor: F,;, = 13,86; p < 0.001;
group X time interaction: F, 5, = 7,46; p < 0.05)
(table 1). Among the BIT-B scales, there were im-
provements of the picture scanning task (time main
factor: F, 5, = 15,225 p < 0.001; group X time in-
teraction: F, 5, = 6,97; p < 0.05) and of the menu
reading task (time main factor: F, 5, = 12,68; p <
0.001; group X time interaction: £, 5, = 9,225 p <
0.001) (table 2).

Functional connectivity. At baseline RMT for left M1
did not differ between the cTBS group and the sham
group (36.8 = 8.1% vs 38.2 = 6.1% maximal stim-
ulator output). The intensity of TS over the left M1
needed to produce a 1 mV MEP was 52.2 * 12.1%
of maximal stimulator output. The corresponding
values for the sham group were 53.3 £ 8.3%. Fol-
lowing real or sham cTBS there were no significant
changes for both RMT and 1 mV MEP thresholds
(figure 3, A and B).

Real but not sham ¢TBS was effective in reducing
the excitability of the parieto-frontal functional con-
nections in the intact LH!! as shown by the ANOVA
analyses (time main factor: F, 5, = 6,29; p < 0.05;
group X time interaction: F, 5, = 3,68; p < 0.05).
Post hoc analysis showed that the excitability of
PPC-M1 functional connection was reduced follow-
ing real but not sham c¢TBS, as measured after the
end of the cTBS treatment and at follow-up 2 weeks

later (all p < 0.05) (figure 3C).

Figure 2 Behavioral Inattention Test
(BIT) scores
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(A) BIT scores obtained in the 2 groups of neglect patients
before, at the end of the 2 weeks treatment period (Post 1),
and 2 weeks later (Post 2). Individual total BIT scores mea-
sured for each patient in the theta-burst stimulation (TBS)
group (B) and in the sham group (C) before and after the 2
weeks of stimulation. Asterisks indicate p values < 0.05.

DISCUSSION In previous proof of principle stud-
ies, noninvasive brain stimulation methods have
been shown to improve unilateral spatial attention by
modulation of cortical excitability.*?> A few studies
consistently demonstrated that single or repeated ses-
sions of low frequency inhibitory rTMS or transcra-
nial direct current stimulation applied over the left
PPC of the intact hemisphere were able to reduce
visuospatial neglect.'"'>?>=?” Crucially, in these stud-
ies the evaluation of neglect improvement was based
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Scores of the conventional BIT-C subtests

[ Table 1

Letter Star Figure and Line Representational
Line crossing cancellation cancellation shape copying bisection drawing
TBS pre 32.67 +5.15 30.00 + 6.96 41.78 +14.75 222 +1.64 5.89 + 2.39 211 +0.64
TBS post 1 3544 +1.13 31.56 + 7.06 4222 +11.50 2.89+1.76 6.44 = 1.67 2.67 = 0.50?
TBS post 2 3544 +1.01 3478+7.05% 46.89+7.96 2.78 +1.86 722+199 233x0.71
Sham pre 35.25 + 0.96 28.75 + 9.60 41.25 +13.67 2.25 + 0.50 7.50 = 2.38 2.00 =0.82
Shampostl 3495+088 29.00+821 41.50+1330 250=*1.29 7.75+0.50 250+1.00
Shampost2 3545+0.65 29.50+8.35 48.00 +5.72 2.75+1.50 6.50+252 275=0.50

Abbreviations: BIT-C = conventional scale of the Behavioral Inattention Test; TBS = theta-burst stimulation.
2 Significant differences at post hoc t tests (p < 0.01) in comparison with pre treatment scores.

on heterogeneous and isolated tests such as the line

bisection task,'>!4

the clock drawing task,'® chimeri-
cal objects task,!'" and line cancellation tasks.'* Here,
for the first time we assessed the effects of the novel
cTBS protocol to verify the global impact of this pro-
cedure by measuring standardized conventional and
behavioral assessments. Apart from an overall global
improvement in the total BIT scores, we found im-
provements for some subtests of both the BIT-C and
BIT-B scales. While standard cognitive therapies for
neglect lead to some clinically significant improve-
ment after 20—40 sessions?®*3° over a duration of
4-12 weeks, we were able to accelerate clinical recov-
ery after just 2 weeks of treatment. Indeed, we dem-
onstrated that cIBS may be effective in improving
not only standard tests, but may also extend to more
general behavioral aspects of the syndrome, that are
usually not directly addressed by standard cognitive
therapy. However, the overall improvement obtained
in the total BIT score was 16.3% after 2 weeks of
cTBS and 22.6% at 1 month follow-up. Therefore,
such partial improvement of neglect could not likely
boost independence of the activities of daily living
remarkably. At this regard, it is important to notice
that in our group of patients treated with TBS, a
stronger improvement was observed in those patients
who were more severely affected at baseline. There-
fore, it is possible that TBS could induce a more

pronounced and clinically relevant effect if applied to
selected population of more affected patients. Yet, we
did not observe any significant side effect and there-
fore the overall risk-benefit ratio of this procedure
could be favorable in terms of clinical improvement
even in milder patients. Increasing the number of
daily sessions of TBS over the contralesional PPC
may be a further effective strategy to improve neglect
by means of rTMS. A recent study demonstrated
that while 2 trains of ¢TBS increase the number of
perceived stimuli in the left hemifield for up to 8
hours, 4 sessions result in a much longer-lasting ef-
fect, with an improvement of visual neglect that may
last up to 36 hours.'® Therefore, other studies are
needed to evaluate whether such multiday session ap-
proach may be even more effective in inducing a
global improvement of visuospatial neglect, when
treatment has a duration of at least 2 weeks. In-
deed, the current TBS approach could also be used
in association with other rehabilitative methods
such as prism adaptation®'* or optokinetic
stimulation??%3¢ to further increase the relative ben-
efit of the different therapies. Notably, in the current
study all patients were getting standard cognitive re-
habilitation, and therefore, as designed, the study
cannot distinguish between the effects of TBS alone
and the effects of TBS plus rehabilitation. Further-
more, it remains to be established whether TBS

[ Table 2
\

TBS pre
TBS post 1
TBS post 2
Sham pre
Sham post 1

Sham post 2

Scores of the behavioral BIT-B subtests

Picture
scanning

3.00 =262
478 +2.70°
5.22 = 2.352
3.75+2.63
5.75+0.88
6.00 =2.71

Telling and
Telephone Menu Article setting the
dialing reading reading time
722+244 575+349 456 +425 7.78+155
8.89+0.31 833+1.892 6.78 +3.68 878=x0.42
878 +0.63 833 +1.33? 6.78 +3.68 9.00 = 0.00
725+096 7.50+3.00 875+0.50 4.50+5.20
875+821 850+1330 6.00+1.29 6.25=*0.50
8.75+0.50 8.50=1.00 6.50+3.00 6.50*4.36

Address and ‘

sentence Map Card

Coin sorting copying navigation sorting

6.00+275 6.78+259 744 +259 522 +266
700+189 711+331 822+272 6.00x1.41
744 +183 7.22=*294 856 +245 7.56+201
475+403 7.75+250 6.75+287 6.75+1.50
525+1.00 6.75=0.50 8.50+0.50 6.00+0.50
475+403 6.75+4.50 9.00 +0.00 6.75+1.50

Abbreviations: BIT-B = behavioral scale of the Behavioral Inattention Test; TBS = theta-burst stimulation.
2 Significant differences at post hoc t tests (p < 0.01) in comparison with pre treatment scores.
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Effects of 2 weeks treatment
with theta-burst stimulation (TBS)
or sham stimulation on the
excitability of the primary motor
cortex (M1) of the left

intact hemisphere

Figure 3
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(A) Data obtained for the resting motor thresholds. (B) Data
obtained for the 1 mV motor evoked potential amplitude
thresholds. (C) Effects of 2 weeks treatment with TBS or
sham stimulation on the posterior parietal cortex-M1 func-
tional connection of the left intact hemisphere. Asterisks
indicate p < 0.05.

could be more effective if applied immediately be-
fore or during the different sessions of cognitive
rehabilitation. Another limitation of the current study
is that we did not assess the impact of cIBS on global
scales of functioning such as the FIM and on other cog-
nitive functions through detailed neuropsychological
testing.

The clinical improvement observed with BIT scores
was paralleled by a long-lasting decrease in the excitabil-
ity of the LH parieto-frontal functional connections,
providing further evidence that visuospatial attention
can be improved by the rebalancing of hemispheric ac-
tivity through noninvasive TMS.11242537 [n the current
study, we studied parieto-frontal functional connectiv-
ity with a recently developed bifocal TMS approach®**!
and found that the previously described hyperexcitabil-
ity of the LH parieto-frontal circuits'' can be signifi-
cantly counteracted by 2 weeks of TBS over the LH.
Importantly, the reduction of the hyperexcitability was
evident even at the follow-up measures, 2 weeks after
the end of the “therapeutic” sessions, demonstrating
that TBS can be a potentially effective approach able to
induce long-lasting changes in the excitability of the LH
parieto-frontal circuits. Our data provide direct evi-
dence that by counteracting the disinhibition of circuits
involving the left PPC we may effectively improve some
aspects of visuospatial neglect. We hypothesized that le-
sions in the RH may induce changes in the cortico-
cortical excitability of corresponding specific areas and
circuits in the nonlesioned hemisphere, through a
mechanism of locally reduced transcallosal inhibi-
tion.!"*® However, it is known that neglect may origi-
nate from several cortical and subcortical sites apart
from the right PPC, such as the prefrontal and temporal
lobes.®** Therefore it remains to be investigated
whether the current approach could be similarly effec-
tive when neglect occurs following lesions of cortical or
subcortical regions that do not directly involve the right
PPC.* Finally, it has to be considered that our interpre-
tation based on unbalanced transcallosal inhibition
could account only for some aspects of visuospatial ne-
glect, given that the complexity of neglect signs likely
involves the concomitant dysfunction of other cortical
circuits within the RH.%
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