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Functional MRI-Based Strategy of Therapeutic
rTMS Application: A Novel Approach for
Post-Stroke Aphasic Patients

Wataru Kakuda and Masahiro Abo
Department of Rehabilitation Medicine, Jikei University School of Medicine, Tokyo,

Japan

1. Introduction

In this chapter, we first discuss the concept of therapeutic application of repetitive
transcranial magnetic stimulation (rTMS) in post-stroke aphasic patients. Second, we
describe our protocol of functional MRI-based therapeutic rTMS for this patient population
and report the clinical results of the treatment. Finally, we comment on future directions of
therapeutic application of r'TMS in research and clinical practice.

2. Case illustration

A 56-year-old right-handed male patient was referred to our department for further
rehabilitation because of long-standing aphasia after stroke. He was a native Japanese
speaker (born and grown up in Tokyo, Japan) and could not speak any other language. He
was working as a cook at a Japanese restaurant before the onset of stroke. Three years
before the referral, he suffered cerebral infarction in the cortical area of the left middle
cerebral artery territory (including mainly the left frontal cortex), which resulted in
moderate non-fluent aphasia and right hemiparesis. Neurological examination following
referral/admission to our department showed he was alert and able to follow verbal
commands in a short sentence. However, his speech was non-fluent and not easily
understandable. He had some difficulties at the beginning of speaking and was sometimes
unable to find appropriate words easily. He was able to name some nouns frequently
used in daily living, although it was usually impossible for him to repeat aloud a long
sentence consisting of more than five words. He could walk with a T-shaped cane despite
the presence of right hemiparesis.

3. Study questions

e  What is therapeutic rTMS after stroke?

e  What is the concept of therapeutic rTMS application for aphasia?
e  What is functional MRI-based rTMS strategy for aphasic patients?
e  What is the future direction of therapeutic rTMS for aphasia?
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4. Key terms

Repetitive transcranial magnetic stimulation, Functional MRI, Stroke, Compensatory area
for impaired language function, Non-fluent aphasia

Fig. 1. Application of rTMS to the F7 site using a figure-8 coil and MagPro R30 stimulator.
Patients were asked to relax while sitting in the chair during the stimulation.

5. What is therapeutic rTMS after stroke?

Transcranial magnetic stimulation (TMS) is a painless, safe procedure involving non-
invasive brain stimulation (Hallett, 2007). The mechanism of TMS is based on Faraday’s
principle of electromagnetic induction. A pulse of current passing through a coil placed over
the head generates rapidly changing magnetic pulses that penetrate the scalp. After reaching
the brain, the pulses induce an ionic current in the cerebral cortex, which stimulate cortical
neurons. Application of TMS in a repetitive manner, i.e., repetitive TMS (rTMS), can
modulate local cortical neuronal excitability. It has been reported that the effect of rTMS can
range from upregulation (facilitation) to downregulation (suppression) of neuronal activity,
depending on the stimulation parameters (mainly the frequency of stimulation) (Hummel
and Cohen, 2006). High-frequency rTMS i.e., 25 Hz) facilitates local neural activity, whereas
low-frequency rTMS (i.e., <1 Hz) suppresses the activity (Pascual-Leone et al., 1994; Chen et
al., 1997; Maeda et al., 2000a; Maeda et al, 2000b; Wu et al., 2000). Basically, the rTMS is
applied as a therapy for post-stroke impaired neural function to activate the compensatory
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cortical areas for the impaired function. Based on this concept, two therapeutic approaches
for activating the compensatory areas have been suggested; the direct approach and indirect
approach. In the direct approach, excitatory high-frequency rTMS is applied over the
cerebral hemisphere including the compensatory areas, to directly upregulate the neural
excitability of the compensatory areas. On the other hand, in the indirect approach,
inhibitory low-frequency rTMS is applied to the cerebral hemisphere contralateral to the
compensatory areas. In the latter approach, since the neural activity of the hemisphere
stimulated with rTMS is downregulated, interhemispheric inhibition towards the
hemisphere including the compensatory areas is reduced. Consequently, the compensatory
areas are disinhibited from the interhemispheric inhibition, resulting in the upregulation of
neural activity of the compensatory areas. So far, the indirect approach using low-frequency
rTMS seems to be more widely applied as a therapeutic intervention after stroke compared
with the direct approach with high-frequency rTMS, although further research is needed to
determine the best approach with regard to the clinical benefits including functional
recovery. In randomized controlled trials, for example, some groups have already shown
that low-frequency rTMS to the non-lesional hemisphere significantly improved motor
function of the affected upper limb in post-stroke hemiparetic patients, via indirect
activation of the lesional hemisphere (Mansur et al., 2005; Takeuchi et al., 2005; Fregni et al.,
2006).

(1) Application of
low-frequency r'TMS

4

(2) Suppressionof neur

activity of the hemispher

(3) Redvetion of interhemispheric inhibifion
(4)Disinhibition of towards compensatory area
conpensatory area

@ : Compensatory area

Fig. 2. Indirect approach with low-frequency rTMS. Inhibitory low-frequency rTMS reduced
interhemispheric inhibition towards the compensatory areas.
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6. Application of low-frequency rTMS to the right hemisphere for aphasia
after stroke

The first report describing the therapeutic use of rTMS in post-stroke aphasic patients was
published by in 2005 by Naeser et al. from Boston University School of Medicine (Naeser et
al., 2005a; Naeser et al., 2005b). Prior to the publication of that report, some researchers
reported significant activation of the right frontal cortex on functional imaging in non-fluent
aphasic patients, and commented that over-activation in the right hemisphere might impede
the functional reorganization of the left hemispheric language circuits that are necessary for
the recovery of language function (i.e., a maladaptive response) (Belin et al., 1996; Rosen et
al., 2000). Therefore, Naeser et al. hypothesized that neural suppression of the over-activated
right hemisphere by inhibitory low-frequency rTMS can lead to language functional
recovery, by reducing interhemispheric inhibition from the right hemisphere towards the
left hemisphere. Their pilot study included four right-handed patients with a 5-11 year
history of stroke (left hemispheric stroke) and non-fluent aphasia (Naeser et al., 2005b). They
applied slow 1 Hz rTMS to the right pars triangularis (anterior portion of the homologous
area of the left Broca area) for 20 minutes per day (1,200 pulses per day) at 90% of motor
threshold, five days a week for two weeks (10 sessions in total). The clinical influence of this
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Fig. 3. Determination of the site of rTMS application based on functional MRI. Low-
frequency rTMS was applied to the F8 site and the F7 site in patients with left and right
hemispheric activation, respectively.
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intervention was evaluated using the Boston Diagnostic Aphasia Exam (BDAE) within 1-2
weeks before the first application of rTMS, and at two and eight months after the
intervention. After the intervention, the studied patients named significantly more pictures
and their reaction time to naming these pictures was significantly reduced compared to the
baseline (before the intervention). These beneficial effects were also found at eight months
after the intervention. Following the publication of their report, some randomized
controlled trials were conducted by other groups to confirm the beneficial effect of low-
frequency rTMS to the right hemisphere in post-stroke aphasic patients. Barwood et al.
(2011) compared language outcome in six post-stroke aphasic patients treated with low-
frequency rTMS to the right hemisphere for 10 days with that of six sham-stimulated
patients. The results showed better improvement in certain language functions, such as
naming, at two months after the intervention, compared with sham-treated patients. In the
report of Weiduschat et al. (2011), language functional improvement was noted in post-
stroke aphasic patients after a two-week intervention treatment with low-frequency rTMS
applied to the right hemisphere, compared with the control group. Furthermore, they also
demonstrated a significant activation of the left hemisphere on positron emission
tomography in rTMS-treated patients.

7. Are the compensatory areas for impaired language function uniform in
aphasic patients?

The therapeutic strategy of Naeser’s approach is based on the concept that the left
hemisphere plays an important role in language functional recovery after left hemispheric
stroke and that over-activation of the right hemisphere on functional MRI is a maladaptive
response. In fact, many researchers have published clinical papers in support of the
important role of left hemisphere (especially the peri-lesional area of the hemisphere) in the
process of language functional recovery (Heiss et al., 1999; Warburton et al., 1999; Fernandez
et al, 2004). On the other hand, however, other reports have also emphasized the
involvement of the right hemisphere in some language functional recovery in a subgroup of
post-stroke patients. For example, in the PET study by Ohyama et al. (1996), language
functional recovery correlated significantly with the activation of the right hemisphere in
non-fluent aphasic post-stroke patients. Using functional MRI with language tasks, Abo et
al. (2004) showed that complete recovery of aphasic symptoms was associated with
significant activation of the right hemisphere. Furthermore, Richter et al. (2008) identified a
stronger neural activation in the right hemisphere on functional MRI during language tasks
in aphasic patients compared to normal subjects. Taking into consideration the results of
these reports, one can conclude that the compensatory areas for impaired language function
vary among aphasic patients with left hemispheric stroke. In other words, over-activation of
the right hemisphere on functional MRI in post-stroke aphasic patients does not necessarily
represent maladaptive response and that some patients show right hemispheric
compensation for the impairment.

8. MRI-based therapeutic rTMS for post-stroke aphasic patients
8.1 Our concept of therapeutic rTMS for post-stroke aphasic patients

With regard to the variability in the location of the compensatory areas for impaired
language function among aphasic patients with left hemispheric lesions, we consider that it
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is important to determine the exact brain areas that compensate for the impaired language
function before any application of rTMS can be made. For example, if low-frequency rTMS
is applied to the right hemisphere of aphasic patients in whom the right hemisphere plays
the dominant role in recovery, it could result in deterioration of language function.
Unfortunately, there are no specific clinical features that can help localize the compensatory
areas for impaired language function. In addition, conventional neuroimaging does not
seem helpful for this purpose. In this regard, functional MRI with a language task seems to
be useful for evaluation of functional reorganization in aphasic patients (Cherney and Small,
2006; Crinion and Leff, 2007; Vitali P, et al., 2007). As mentioned above, a number of centers
have used functional MRI with language tasks to localize activated areas in aphasic post-
stroke patients, based on the principle that such areas represent the compensatory areas for
impaired language function. Thus, it seems that functional MRI is useful for identifying the
compensatory areas prior to therapeutic rTMS application, so that low-frequency rTMS can
be applied to the hemisphere contralateral to the activated areas, with the expectation that
the rTMS would reduce interhemispheric inhibition towards the compensatory areas and
facilitate neural activity of the areas. In a recent report, Naeser et al. (2010) also commented
on the clinical significance of functional MRI findings in the therapeutic application of rTMS
in aphasic patients. They used functional MRI during overt naming to identify the activated
areas, then applied 1 Hz low-frequency rTMS to the right frontal cortex in two right handed
non-fluent aphasic patients with left hemispheric stroke. Subsequently, they assessed the
relationship between the language functional recovery and the findings of functional MRI
during overt naming between the patients. Patient 1 showed activation of the bilateral
supplementary motor area (SMA), bilateral sensorimotor cortex and right inferior frontal
gyrus at baseline. Treatment with rTMS significantly increased the activation in the left
SMA, with a shift in activation from the right hemisphere to the left hemisphere. These
results correlated with the significant improvement in naming (good responder). On the
other hand, Patient 2 who was labeled a poor responder based on the poor functional
improvement, showed significant activation in the right inferior frontal gyrus (IFG) with no
activation in the left hemisphere on functional MRI at baseline. After rTMS application, no
newly activated area was found in the left hemisphere and the significant activation in the
right IFG was no longer seen. These results suggested that functional MRI conducted at
baseline can help identify aphasic patients who can successfully respond to their therapeutic
protocol and that low-frequency rTMS applied to the right hemisphere does not seem to be
an appropriate therapeutic intervention for aphasic patients with right hemisphere
activation. The results of their study add support to our concept of the need to perform
functional MRI prior to the application of rTMS to determine the compensatory areas for
impaired language function.

8.2 Functional MRI with language tasks

Four weeks prior to the application of rTMS, functional MRI was performed with repetition
tasks to determine the site of the compensatory areas for impaired language function.
Functional MRI was conducted using a 1.5 T scanner capable of echo planar imaging (EPI)
(Turner, 1994). All functional MRIs were obtained with an EPI gradient echo sequence
(parameters for functional MRI: 6 mm slice thickness, field of view 240 mm, TR 5000 ms, TE
90.5 ms, 80 degree flip angle, and matrix 128%128 and oriented identical to the anatomical
images). With regard to the repetition task, patients were asked to repeat aloud a series of
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words (common nouns frequently used in daily usual conversation) that were delivered
every three seconds through earphones, after confirmation that the patient was able to
repeat correctly more than half of the words of the tasks (Abo et al., 2004). Axial and coronal
images of conventional T1-weighted scans were also taken to anatomically coregister with
images of functional MRI and accurately localize the activated areas (parameters for T1-
weighted images: 2 mm slice thickness, field of view 240 mm, TR 26 ms, TE 2.4 ms, and
matrix 256x%256). Functional MRI was analyzed using the SPM2 implemented in the
MATLAB and the analyzed slices were overlaid on the axial and coronal images of T1-
weighted scans. The areas with threshold p values for activation of less than 0.01 were
marked on functional MRI as activated areas, and the T values of each activated area were
computed automatically. Using this technique, we determined the most activated site (site
with the highest T value) on functional MRI, and identified the cerebral hemisphere
containing the most activated sites, which plays a more important role in the compensatory
mechanisms compared with the other hemisphere.

Case 1 Case 2

Fig. 4. Axial images of functional MRI with repetition tasks prior to rTMS. Activation on
functional MRI was found in the peri-lesional area of the left hemisphere in Case 1 and in
the right frontal cortex in Case 2.

8.3 Criteria used for selection of patients appropriate for rTMS

The criteria used in our department for selection of patients for treatment with rTMS were
as follow: (1) mild-to-moderate non-fluent aphasia diagnosed clinically (ability, at least, to
speak short sentences comprising of 2-4 Japanese words, to repeat aloud nouns frequently
used in daily living settings, to understand and follow simple verbal commands). (2) Age at
application of treatment between 18 and 80 years. (3) The latency between the onset of
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stroke and application of treatment is more than 12 months. (4) History of a single stroke
only (no bilateral cerebrovascular lesion). (5) No apparent cognitive impairment other than
aphasia. (6) Clinical confirmation of the plateau state of language functional recovery,
diagnosed by physicians from our department (no apparent changes in language function
over at least three months). (7) No active physical or mental illness requiring medical
management. (8) No pathological conditions known to be contraindications for rTMS in the
guidelines suggested by Wassermann (e.g., cardiac pacemaker, intracranial metals) (1998).
(99 No recent history of seizure, documented epileptic discharge on recent
electroencephalography or current use of antiepileptic medications for the prevention of
seizure. These criteria were arbitrarily selected based on experience in the field rather being
based on rigorous scientific analysis of previous cases treated with the protocol (Kakuda et
al., 2010).

8.4 Application of low-frequency rTMS

According to the current safety recommendation, focal 1 Hz rTMS was delivered with a 70-
mm figure-8 coil and MagPro R30 stimulator (MagVenture Company, Farum, Denmark).
Each rTMS session consisted of 1,200 pulses, lasting for 20 minutes. In a series of studies, we
determined and verified the target area for rTMS in aphasic patients using functional MRI
with repetition tasks combined with repeated conventional T1-weighted images (Kakuda et
al., 2010). Based on the functional MRI images, a tentative target area was selected that
corresponded to the most activated site. The anatomic site was marked by placing a small
liquid-filled capsule on the scalp. We also confirmed the appropriateness of the selected
target area by depicting the position of capsule on repeated conventional T-weighted
images. However, this method was complicated and seemed difficult and troublesome to
duplicate in real clinical settings. Therefore, for therapeutic application of rTMS in non-
fluent aphasic patients, we currently consider the inferior frontal gyrus (IFG) as an
appropriate target area for therapeutic rTMS. Accordingly, we determine the target area for
application of rTMS based on the location of scalp markers placed according to the
International 10-20 System for the electroencephalographic recording, after selecting the
most important cerebral hemisphere in the compensatory process by functional MRI with
language tasks. Using brain CT or MRI, two groups separately studied the relationship
between cranial landmarks and cerebral structures (Homan et al., 1987; Okamoto et al.,
2004). Both groups found that F7/8 in the International 10-20 System correlated with the
location of IFG. Therefore, the F8 and F7 of the system were chosen as the stimulation sites
in patients with left and right hemispheric activation on functional MRI, respectively. After
confirmation of the site, the target area is marked with a small circular sticker (diameter 5
mm) for accurate placement of the stimulator across the sessions. To determine the intensity
of stimulation, the motor threshold of the right hemisphere (the lowest intensity that elicits a
visible twitch in the non-paretic left thenar muscles) is determined. The intensity of rTMS is
then set at 90% of the motor threshold. The position of the stimulating coil, which is placed
on the sticker tangential to the scalp, was frequently checked to ensure it remained stable
throughout each rTMS session.

8.5 Therapeutic in-patient protocol

The treatment was provided during 15 day admission to the hospital. Two sessions of 20-min
low-frequency rTMS (1,200 pulses per session) were provided every day excluding the days of
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admission and discharge, and Sundays. Following each rTMS session, 60-min “intensive”
speech therapy (ST) was provided as one-to-one therapy (120 minutes per day). The ST
program was tailored according to the severity of aphasic symptoms in the individual patient.
In principal, the program included three tasks designed to improve expressive modality. First,
patients were asked to describe verbally and answer some questions about photos showing
typical situation in daily life and a short cartoon. Second, patients were asked to repeat aloud
target words and short sentences spoken by the therapists. The third task was writing down
words or sentences spoken by the therapists. The problems associated with achieving the tasks
were aggressively approached in the following session. We evaluated patients’ language
function four weeks before the admission and on the day of discharge using the Standard
Language Test of Aphasia (SLTA), supplementary test of SLTA (SLTA-ST) and the Japanese
version of the Western Aphasia Battery (WAB). SLTA is a standard test battery of language
function for individuals whose mother language is Japanese (Kawanishi et al., 2002). SLTA can
evaluate seven categories of language functions including speech, naming, repetition, writing,
auditory comprehension. The SLTA-ST consists of more complex tasks than those of the SLTA.
The structure of tasks tested by the Japanese version of WAB is similar to the original version
in English (Bakheit et al., 2005). For this study, four categories (speech, naming, repetition,
writing) of SLTA, naming category of SLTA-ST and repetition category of WAB were serially
applied. With regard to safety issues, the development of adverse effects such as seizures and
headache, or deterioration of language function were continuously monitored by the physician
and speech therapist.

8.6 Clinical results

Since 2009, we have applied this therapeutic protocol in 12 post-stroke aphasic patients. Table
1 lists the clinical characteristics of these patients. All patients were right-handed and had left
hemispheric (unilateral) cerebrovascular lesions. Their first language was Japanese and none
could speak other foreign language fluently to communicate verbally with others. The mean
age at the start of treatment was 55£7 years (+SD) and the latency between onset of stroke and
the intervention was 38+27 months. Based on the neurological findings before study entry, the
type of aphasia was classified as non-fluent type in all the patients. Functional MRI identified
brain activated areas in all patients. The most activated area was found in the left hemisphere
in 9 patients and in the right hemisphere in 3 patients. Therefore, low-frequency rTMS was
applied to the F8 site in 9 patients and to the F7 site in 3 patients. All studied patients
completed the protocol and none showed any adverse effects. Language function did not
deteriorate in any patient. Table 2 lists changes in the correct answer rates in the applied
language test battery after completion of the treatment. Significant increases in the correct
answer rates were found in the speech category and naming category of SLTA (p<0.05, each),
naming category of SLTA-ST (p<0.05) and repetition category of WAB (p<0.01). Thus, the
results indicate that the applied protocol is safe and significantly improved certain expressive
modalities of language functions. Based on these results, we speculate that rTMS successfully
activated the compensatory areas for impaired language function without suppressing such
areas, although follow-up functional MRI was not performed to further confirm the findings. It
is possible that the “intensive” ST facilitated language functional recovery after rTMS pre-
conditioned the brain to be more responsive to the rehabilitative program. To confirm the
beneficial effects of the rTMS combined with ST, randomized controlled trials with a larger
number of patients are needed.
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ICH: Intracerebral hemorrhage, CI: Cerebral infarction, MCA: Middle cerebral artery, Rt: Right, Lt: Left

Table 1. Clinical characteristics of studied patients.
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Category of language | Pre-intervention | Post-intervention P value by paired
function (%) (%) Student’s t-test
SLTA Speech 59.7+24.4 66.1+23.6 <0.05

Naming 77.5+18.3 84.6+15.3 <0.05
Repetition | 75.1£17.9 78.4+15.0 0.082
Writing 70.4+34.6 73.3£30.1 0.22
SLTA- Naming 74.9+21.4 79.5£21.5 <0.05
ST
WAB Repetition | 68.7+27.0 75.7£25.9 <0.01

Values are mean * SD. SLTA: Standard Language Test of Aphasia, SLTA-ST: Supplementary test of
SLTA,

WAB: Japanese version of Western Aphasia Battery

Table 2. Changes in correct answer rates of the language test.

Future directions of rTMS for treatment of aphasia in research and clinical practice

We propose a few new ideas that can be introduced clinically. First, a more potent modality
of inhibitory TMS to modulate neural excitability should be attempted, instead of the
current protocol of low-frequency rITMS. This recommendation is based on some recent
studies that demonstrated more potent suppression of local neural activity with longer after-
effects with 6-Hz primed low-frequency rTMS and continuous theta burst stimulation,
compared with low-frequency rTMS (Iyer et al., 2003; Huang et al., 2005). We have also
started to use 6-Hz primed low-frequency rTMS in post-stroke non-fluent aphasic patients
(Kakuda et al., 2011). In one session of rTMS, intermittent 6-Hz rTMS of 5-sec trains with 25-
sec intervals between trains for 10 minutes were applied to the hemisphere contralateral to
the most activated area on pre-treatment functional MRI, immediately followed by
continuous low-frequency pulses of 1-Hz for 20 minutes. The studied patients were
scheduled to receive 18 sessions of rTMS (two sessions per day) over 11 days. The study
results showed that application of 6-Hz primed low-frequency rTMS for aphasic patients
was safe and seemed potentially more potent neurorehabilitative approach for such
patients. Second, it may be worthy applying excitatory rTMS in some aphasic patients.
Szaflarski et al. (2011) reported significant beneficial effect of excitatory intermittent theta
burst stimulation applied to the left Broca’s area in aphasic patients after left hemispheric
stroke. In patients with right hemispheric activation at baseline, it may be also beneficial for
language recovery to apply excitatory rTMS to the right frontal cortex as an alternative
approach, instead of applying low-frequency rTMS to the left hemisphere. Third, certain
pharmacological treatments could be introduced to enhance cortical neuronal plasticity. The
beneficial effects of levodopa, amantadine, donepezil and fluvoxamine, which act on
dopamine and other transmitter systems, have already been described in some clinical trials
of post-stroke patients (Bakheit, 2004; de Boissezon et al., 2007; Lieport, 2008). These agents
could be introduced concomitantly with rTMS application, with the hope that they increase
the responsiveness of the brain to rTMS treatment.

9. Discussion of the “case-based problem”

The functional MRI with repetition tasks at baseline of the patient showed significant
activation in the peri-lesional area in the left hemisphere. Therefore, the patient was treated
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in 22 sessions with 20-min 1 Hz low-frequency rTMS applied to the F8 site of the
International 10-20 System combined with 60-min speech therapy (two sessions per day,
excluding the days of admission and discharge, and Sundays) over 15 days. The treatment
had no adverse effects, but increased the rate of correct answers in the repetition category
(from 53 to 67 %) and the writing category (from 21 to 28%) of SLTA. Improvement of
language function was still noted at four weeks after the completion of treatment.

10. Conclusions

The initial results from our laboratories have demonstrated that low-frequency rTMS
applied to the frontal cortex contralateral to the most activated area detected by functional
MRI, combined with ST, is feasible, safe and resulted in significant improvement of
language function in post-stroke non-fluent aphasic patients. We emphasize that the
outcome of rTMS therapy depends on accurate localization of the compensatory areas for
impaired language function. Our functional MRI-based low-frequency rTMS for post-stroke
patients with aphasia is a potentially promising neurorehabilitative program with low-risk,
although the usefulness of this strategy should still be confirmed further in a large number
of patients.
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