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Abstract

Recent studies have reported that biofeedback of real-time functional magnetic resonance imaging data can en-
able people to gain control of activity in specific parts of their brain and can alter functional connectivity between
brain areas. Here we describe a study using biofeedback of real-time functional magnetic resonance imaging data
to train healthy subjects to control activity in their supplementary motor area (SMA), a region of interest in Tour-
ette syndrome (TS). Although a significant increase in control over the SMA during biofeedback was not found,
subjects were able to exert significant control over the SMA in later biofeedback sessions despite not having con-
trol in the first biofeedback session. Further, changes were found in their resting state functional connectivity. Spe-
cifically, when comparing functional connectivity to the SMA before and after biofeedback, the strength of
functional connectivity with subcortical regions was reduced after the biofeedback. This suggests that biofeed-
back may allow subjects to develop greater conscious control over activity in their SMA by reducing the influence
of corticostriatothalamocortical loops on the region. This possibility is promising for TS, where aberrant dynamics
in corticostriatothalamocortical loops have long been suspected to give rise to tic symptoms. Further studies in TS
patients are needed.
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Introduction search with a wide range of potential applications. For
example, one study reported that subjects were able to
REAL-TIME PROCESSING OF FUNCTIONAL magnetic reso- learn to modulate the activity in their rostral anterior cingu-
nance imaging data (rt-fMRI) is a novel technique that of-  late cortex, and that modulation of this activity level was cor-
fers a promising new form of biofeedback. Conventional related with a decrease in pain perception, both in healthy
biofeedback provides subjects with information about their  controls and in patients with chronic pain (deCharms et al.,
general arousal level, or poorly localized measures of their 2005). Biofeedback via rt-fMRI has potential clinical utility
brain function. However, biofeedback of rt-fMRI data can for a wide range of neuropsychiatric disorders whose patho-
provide subjects with information about activity in specific ~ physiology is characterized either by regional hypo- or hyper-
regions of their brain (Cox et al., 1995; Posse et al., 2003).  activation, or by distinct spatial patterns of activity of a more
Recent studies have established that such feedback can enable  distributed nature.
individuals to modulate brain activity in a regionally specific We are interested in the potential of biofeedback of rt-fMRI
manner (Caria et al., 2007; deCharms et al., 2004, 2005; Haller ~ data from the supplementary motor area (SMA) as a clinical
et al., 2010; Hamilton et al., 2011; McCaig et al., 2011; Rota  treatment for Tourette syndrome (TS). There is growing evi-
et al., 2009; Weiskopf et al., 2003; Yoo and Jolesz, 2002; Yoo  dence that the SMA is an important component in the neural
et al,, 2006), and thus to control specific aspects of their network giving rise to chronic tics in TS. First, stimulation of
brain function. The potential to train patients to modulate the SMA is known to produce both movements and urges to
brain activity so as to reduce clinical symptoms makes bio- move reminiscent of the premonitory urges TS patients expe-
feedback of fMRI data an exciting area of translational re- rience preceding their tics (Fried et al., 1991). The nature of the
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movements (or corresponding urges) range from simple
motor acts to complex movements, paralleling the range of
simple to complex tics experienced in TS (Fried et al., 1991).
Second, imaging studies have repeatedly implicated this re-
gion in chronic tics (Biswal et al., 1998; Braun et al., 1993).
The SMA has been shown to be more active during periods
in which patients experienced more tics (Stern et al., 2000).
A study that investigated brain activity patterns immediately
before and during tics reported that the SMA was active be-
fore tics (Bohlhalter et al., 2006). Although the SMA is also ac-
tive before normal movement, the SMA activity before tics is
even more pronounced than SMA activity before intentional
movements (Hampson et al., 2009). Finally, although repeti-
tive transcranial magnetic stimulation (rTMS) studies that
have stimulated primary motor, premotor, or prefrontal
areas have reported little or no symptom improvement in pa-
tients with tics (Chae et al., 2004; Miinchau et al., 2002; Orth
et al., 2005), two suppressive rTMS studies targeting the
SMA have reported marked improvement in tic symptoms
(Mantovani et al., 2006, 2007). Thus, the SMA appears to be
an important region in the neural circuitry giving rise to tics
and a promising locus for intervention in this disorder.

As a first step to evaluating the clinical potential of rt-fMRI
biofeedback of SMA activity in TS, we conducted a study in
healthy controls. The aims were to investigate whether
healthy subjects can gain control over activity in their SMA
when provided with biofeedback via rt-fMRI and to examine
how that biofeedback affects intrinsic brain dynamics. Specif-
ically, patterns of resting state functional connectivity to the
SMA were compared before and after the biofeedback. The
expectation was that subjects would learn to use prefrontal
cortical areas to consciously control the SMA, and to reduce
the influence of subcortical regions on the SMA. Thus, the hy-
pothesis was that there would be an increase in functional
connectivity between the SMA and prefrontal regions, and
a decrease in connectivity between the SMA and subcortical
regions.

To date, there is limited work examining the effects of rt-
fMRI biofeedback on interregional brain dynamics. One re-
cent study reported alterations in functional and effective
connectivity to the right inferior frontal gyrus during a bio-
feedback intervention targeting that brain area (Rota et al.,
2011) and another reported decreased functional connectivity
between the subgenual anterior cingulate cortex and the pos-
terior cingulate cortex during biofeedback of subgenual cin-
gulate activity (Hamilton et al., 2011). In contrast, the focus
in this study is on changes in intrinsic brain dynamics that ex-
tend beyond the time frame of the intervention itself. There-
fore, we examined how resting state functional connectivity
to the target region (SMA) was altered by the biofeedback
paradigm.

There are a variety of approaches available for evaluating
changes in functional connectivity. A recent study using a
model to simulate neural activity patterns and the resulting
fMRI data reported that psycho-physiological interaction
analysis was better than a correlation-based analysis at iden-
tifying changes in connectivity during different task condi-
tions (Kim and Horwitz, 2008). That study, however, was
based upon block design data from different tasks and its rel-
evance to resting state connectivity analyses is unclear. Fur-
ther work is needed to determine the optimal approach for
evaluating changes in resting state connectivity. For this
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study, we adopted a simple and commonly used approach:
seed region correlations. The SMA was used as the seed re-
gion, and correlations to this region were compared before
and after the biofeedback.

Materials and Methods
Subject recruitment

Eight healthy subjects (four men, four women, ages 19-46)
were recruited by word of mouth and by flyers posted in the
New Haven area. The study was performed in accordance
with a protocol approved by the Human Research Protection
Program of Yale University, and in accordance with the Hel-
sinki Declaration.

Experimental paradigm

Before participation, we discussed with each subject a vari-
ety of initial strategies they could try for controlling SMA ac-
tivity level. To activate the region, it was suggested they
could try thinking about the complex movements they per-
form during sports or fine-motor skill activities, performing
cognitively demanding tasks, such as mental arithmetic,
and imagining the rotation of three-dimensional objects. To
decrease activity in the SMA, it was suggested that they
clear their minds, relax, and refrain from any attention de-
manding, focused cognitive thought. Subjects participated
in four biofeedback scanning sessions, each of which in-
volved the collection of eight full runs of functional data:
one resting state run, six biofeedback runs, and a final resting
state run. During biofeedback runs, subjects viewed a visual
stimulus depicting a line graph that was updated every 2 sec
to indicate the activity of their SMA. They were instructed to
try to minimize the activity level in their SMA (to try to get
the line to go down), when the line color was blue and to
try to increase the activity level in their SMA (to try to get
the line to move up) when the line color was red. To avoid
any possible confusion, when the line color was blue, the
word “Decrease” appeared in blue above the line graph,
and when the line color was red, the word “Increase”
appeared in red above the line graph. They were told to ex-
pect a 6-8sec delay between changes in their mental state,
and changes in the line graph, due to delays inherent in the
hemodynamic response as well as processing delays. The vi-
sual display viewed by subjects is shown in Figure 1. For the
resting runs, subjects were instructed just to lie still with their
eyes open and rest. The four scanning sessions were sched-
uled on separate days about half a week apart, so that the en-
tire study took approximately 2 weeks to complete for each
subject. After completion of the study, the subjects were ques-
tioned regarding which strategies they found most effective
for increasing and decreasing activity in the region.

Imaging protocol

Subjects were scanned in a Siemens 1.5 T Sonata scanner.
Each session began with a localizer scan. In the first session,
this was followed by a high-resolution sagittal scan, collected
using a magnetization prepared rapid gradient echo
(MPRAGE) sequence, which was used to register data to
the “Colin” brain (Holmes et al., 1998). The Colin brain was
used to define the overall reference coordinate system. In
the later sessions, the localizer scan was followed by a shorter,
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FIG.1. Screen shot of the visual display viewed during bio-
feedback, taken at the end of a run. Note that after accounting
for a 6sec delay, SMA activity was greater during red than
blue periods, reflecting the success of this subject in control-
ling the region. The graph covers the time frame from the mo-
ment the first volume is processed (approximately 3 sec after
the start of the run) until the time the 160th volume is pro-
cessed (approximately 321 sec after the start of the run). The
y-axis indicates percent signal change from the running
mean in the SMA minus the percent signal change from the
running mean in the white matter control region of interest
(in this run, amplitudes ranged between 0.34 and —0.47).
SMA, supplementary motor area.

lower-resolution T1-weighted sagittal scan. The sagittal scan
was used to identify the line running from the superior part of
the anterior commissure to the center of the posterior com-
missure (the AC-PC line), and then a T1-weighted anatomical
scan was collected with 23 contiguous, 4.5-mm-thick AC-PC
aligned axial-oblique slices with coverage extending one slice
above the top of the brain (to ensure coverage of the SMA
after motion correction). After these structural images, acqui-
sition of functional data began in the same slice locations as
the axial-oblique T1-weighted data. Functional images were
acquired using a T2*-sensitive gradient-recalled single shot
echo-planar pulse sequence (repetition time=2000ms, echo
time=40ms, flip angle=90, Bandwidth=1446Hz/pixel,
64 x 64 matrix, field of view: 220 mm x 220 mm, interleaved
acquisition). Functional data collection began with a short
functional run of only three volumes (first two discarded),
which was used as the functional reference volume. The col-
lection of the full functional runs then commenced, and eight
runs, each involving the acquisition of 164 volumes (first 2
discarded), were collected. The last two volumes in the bio-
feedback runs were also discarded.

Image processing before biofeedback scans

Two regions of interest (ROIs) were defined based on anat-
omy on the Colin brain: the SMA, and a white matter control
region covering much of the white matter in the brain. In each
scanning session, after the anatomical images were collected,
these ROIs were transformed from the coordinate space of the
Colin brain to the space of the individual subject’s functional
reference scan via a concatenation of three transformations: (i)
a nonlinear registration of the Colin brain to that subject’s
MPRAGE image, (ii) a linear rigid transformation to the
space of their axial-oblique anatomical data, and (iii) a linear
rigid transformation to the space of the functional reference

image. All transformations were performed using appropri-
ate modules of the Yale Biolmage Suite software package
(www .bioimagesuite.org) and were visually inspected to en-
sure accuracy. The SMA region and its transformation into
the space of the functional scan of an individual subject are
shown in Figure 2. In this manner, in the biofeedback scan-
ning session, before the beginning of the biofeedback scans,
the SMA ROI and the control, white matter ROI were trans-
lated into the functional space of the biofeedback scans.

Real-time fMRI

The rt-fMRI protocol was implemented by modifying the
image reconstruction pipeline of Siemens’ Image Calculation
Environment. More specifically, we modified the online func-
tion by inserting a new local “functor” in the online process-
ing chain, immediately before the ImageSendFunctor that
sends the image to the system database. After each slice of
the image is acquired and reconstructed, this functor writes
the slice image as a file in a directory accessible to a separate
image processing computer connected by local area network.
During biofeedback scans, the image analysis program (a
new module of Biolmage Suite: www .bioimagesuite.org) on
the image processing computer read in the slices as they
appeared. When half the slices in the volume had arrived
(the data were collected interleaved, so at this point every
other slice in the volume had been collected), the program
computed a linear rigid registration between that data and
the functional reference volume. Once the complete volume
had arrived, the computed registration was applied to trans-
form that volume into the space of the functional reference
volume, in order to adjust for motion. The average signal lev-
els in the two ROIs (the SMA, and the control, white matter
ROI) were then computed for the volume and output via se-
rial port to the stimulus/feedback computer. A Matlab
(www.mathworks.com) program running on the stimulus/
feedback computer then computed an estimate of ROI activ-
ity normalized to adjust for drift and whole brain fluctuations
using the computation described in deCharms et al. (2005).
Specifically, at each time point (i.e., for each volume of data
collected), percent signal change from the running mean
was computed for both the SMA and white matter ROISs,
and the difference in those two measures was plotted as a
line graph over time.

Offline data analyses

Imaging data were motion-corrected using SPM5 (www
fil.ion.ucl.ac.uk/spm/software/spm5/) and subsequent
analyses were conducted in Biolmage Suite (www
Jbioimagesuite.org).

Evaluation of control over the target region. “Increase”
blocks were defined as a regressor in a general linear
model, after convolving with a standard hemodynamic re-
sponse, and a beta map representing activation during
“Increase” blocks was computed for each run. The average
beta value in the SMA was computed for each biofeedback
run of each subject and averaged across runs in each session
to yield estimates of the control the subject had over their
SMA in each of the four sessions. For each of the four sessions,
a single sample t-test was used to determine if subjects had
significant control over the brain area in that session (i.e., if
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FIG. 2. Example registration of the SMA region into the space of the functional scan. Panel (A) shows the SMA region as
defined on the Colin brain. Panel (B) shows this region transformed (via a nonlinear registration) to the space of the subject’s
high-resolution magnetization prepared rapid gradient echo data, and overlayed on that data. Panel (C) shows the region
transformed to the space of the subject’s axial-oblique anatomical data. Panel (D) shows the region transformed to the
space of the subject’s functional reference scan. Slices are displayed using radiological convention (i.e. left is on the right).

the control estimates from that session for the eight subjects
were significantly greater than zero). In addition, we tested
for a significant increase in control across sessions using
three paired f-tests, which compared (1) control in the second
session to control in the first session, (2) control in the third
session to control in the first session, and (3) control in the
fourth session to control in the first session.

Evaluation of functional connectivity to the SMA in the rest-
ing runs.  The time-course of activity in the SMA was corre-
lated with the time-course of each pixel in the brain, removing
the effects of the time-course of the slice in which that pixel
was located via partial correlation. This is similar to global re-
gression, but better at removing global transients that occur
during a brief portion of the volume collection (such as
cardiac pulses). The correlations were then transformed to

z-values using Fisher’s transform to yield a map of functional
connectivity to the SMA for each resting state scan of each
subject. These maps were transformed to the coordinate
space of the Colin brain via a concatenation of three registra-
tions: (i) a linear rigid transformation of the functional data to
the axial-oblique anatomical data collected in the same scan-
ning session, (ii) a linear rigid transformation of the axial-
oblique anatomical data to that subject’s MPRAGE image,
and (iii) a nonlinear registration of that subject’'s MPRAGE
image to the Colin brain. All registrations were inspected vi-
sually to ensure accuracy. A group map comparing functional
connectivity in the resting run preceding the first biofeedback
session to functional connectivity in the resting run after the
last biofeedback session was computed in the space of the
Colin brain using pixel-wise two-tailed paired t-tests. To cor-
rect for multiple comparisons, the resulting map was cluster
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corrected (p<0.05 whole-brain correction) using a Monte
Carlo simulation within the AFNI (http://afninimh.nih
.gov/afni) program AlphaSim.

Results
Control over the SMA

Based on activation during “Increase” blocks in the bio-
feedback runs, subjects did not exhibit significant control
over their SMA in their first biofeedback session, and did
not show a significant increase in control across sessions
(i.e., the paired t-tests comparing control in the second,
third, and fourth sessions to control in the first session did
not yield significant findings). However, subjects did exhibit
significant control over their SMA in the second, third,
and fourth biofeedback sessions. These results are shown in
Figure 3.

Our estimates of the control that subjects had over their
SMA were based on whether they successfully increased ac-
tivity in the region during “Increase” relative to “Decrease”
periods during the biofeedback scans. Although this is a com-
mon method of assessment used in rt-fMRI biofeedback stud-
ies, it has the problem that when subjects experiment with
novel strategies, which are perhaps not as effective as a strat-
egy they know works, the assessment underestimates their
true level of control. Because subjects were encouraged to ex-
periment with new strategies throughout the study, they
often received low ratings of control even after they had dis-
covered an approach that worked well for them, because they
were testing out other strategies. This method of assessment
likely limited our power and contributed to the fact that we
did not find a significant increase in control across sessions
in our study.

The most effective strategies for controlling the region var-
ied somewhat across individuals. However, all subjects
reported that they could increase activity in the SMA by
thinking about executing familiar, skilled motor acts (such
as sports they regularly played, or fine motor skills they reg-

0.08 * % *
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FIG. 3. Estimated control over the SMA across sessions.
Subjects showed significant control over the region in the
later sessions, but not in the first, as indicated by the asterisks.

ularly used) and could decrease activity in the region by
avoiding focused cognitive thought.

Resting state functional connectivity to the SMA

The group map showing changes in functional connectiv-
ity to the SMA after versus before the biofeedback at a
p<0.05 whole-brain cluster corrected threshold is shown in
Figure 4. There are no regions showing significant increases
in connectivity to the SMA. However, significantly decreased
connectivity is apparent between the SMA and subcortical re-
gions, including the left striatum and right thalamus.

Discussion

We failed to find evidence of a significant increase in con-
trol over the SMA in this study. As noted in the Results sec-
tion, this may be due in part to the fact that we were
assessing control during the biofeedback runs. In future bio-
feedback studies, we recommend including separate runs to
assess control over the target region in which subjects do
not receive biofeedback but are simply instructed to increase/
decrease activity in their target region at specific times, using
whatever strategy they believe to be most effective. This will
increase power for detecting improved control in two ways.
First, it will allow subjects to concentrate solely on the task
of controlling their brain region without simultaneously mon-
itoring a feedback signal when their control is being evalu-
ated, thus providing a more sensitive measure of their
control. Second, and more critically, it will ensure that sub-
jects are not experimenting with novel strategies when their
control over the brain area is being assessed.

Another factor limiting power in our study was the ana-
tomical definition of our target region. The use of functional
localizers to identify a very focal, functionally specific area
in subjects can yield greater power, essentially by reducing
noise in the time-course related to fluctuations in irrelevant
areas. However, we were interested in the possibility that,
by obtaining control over the SMA, TS patients could reduce
their tic symptoms. It would be possible to identify precisely
that part of the SMA involved in each patient’s most frequent
or troublesome tic, and try to train subjects to control that re-
gion. However, the tics of TS patients are known to migrate,
that is, to move from one body part to another. Therefore,
training subjects just to control one part of the SMA would
likely have little clinical utility. For this reason, we used the
entire SMA as a control region, rather than functionally local-
izing one part of it. However, for rt-fMRI biofeedback studies
of different phenomena, functionally localizing the target re-
gion may be a preferable approach. Alternatively, approaches
that do not focus on a specific target region, but that train sub-
jects to achieve (or to avoid) certain whole-brain patterns of
activity may be useful (LaConte et al., 2007).

One final factor that may have influenced our power in this
study is the continuous form of biofeedback provided. A re-
cent report comparing intermittent and continuous feedback
paradigms found that subjects exhibited greater control over
activity in their left premotor cortex during intermittent feed-
back than during continuous feedback (McCaig et al., 2011).
This is likely due to the additional effort required for monitor-
ing the feedback signal in the continuous feedback condition.
However, because control over the brain area was assessed
during the biofeedback runs in that study, it was not clear
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FIG. 4. Group map comparing resting state connectivity to the SMA after biofeedback with resting state connectivity to the
SMA before biofeedback, shown at a p <0.05 whole-brain cluster-corrected threshold. Slices are displayed using radiological
convention (i.e. left is on the right). Decreases can be seen in subcortical regions.

whether the decrease in control for the continuous feedback
condition reflected decreased learning in that condition, or
decreased ability to apply that learning to the task of control-
ling the region due to the greater attentional demands of con-
tinuously monitoring the timecourse during the time period
in which control was being assessed. Once again, studies in
which control is assessed in separate scans before and after
the feedback may be helpful.

We were encouraged to find that subjects were able to con-
trol their SMA in the later biofeedback sessions, despite lack-
ing control in the first session. One question of interest is
whether this form of biofeedback can change brain dynamics
in a manner that extends beyond the time frame of the bio-
feedback itself. A few studies have addressed this issue by ex-
amining whether activation patterns were altered after the
biofeedback. Although one study reported that changes in
brain activity patterns during feedback did not generalize
to a post-training scan immediately after biofeedback (Ham-
ilton et al., 2011), another reported changes in activity pat-
terns were still present at a 2-week follow-up in a paradigm
involving daily practice after the feedback session (Yoo
et al., 2007). In this study, we investigated whether the bio-
feedback induced changes in the intrinsic functional architec-
ture of the brain as assessed with resting state functional
connectivity measures immediately after the biofeedback.

Our hypothesis was that resting connectivity to the SMA
would increase in prefrontal regions and decrease in subcor-
tical regions as a result of the biofeedback. We did not see any
significant increases in connectivity to the SMA in prefrontal
regions at a whole-brain corrected level. We did, however, see
significant decreases in the subcortical regions as hypothe-
sized. There is growing evidence of altered structure and cel-
lular composition in the basal ganglia of TS patients
(Kalanithi et al., 2005; Kataoka et al., 2010; Peterson et al.,
2003), consistent with the view that the tics of TS patients
are caused by aberrant circuitry in the motor corticostriato-
thalamocortical (CSTC) loop (Leckman, 2002; Leckman
et al., 1997). Thus, the subcortical regions are likely influenc-
ing the SMA in an unhealthy manner in TS, and possibly driv-
ing hyperactivity in the SMA. If a biofeedback paradigm can
successfully reduce that influence in patients, it may disrupt
the unhealthy CSTC dynamics and lead to an amelioration
of tic symptoms. Thus, this finding is exciting from a clinical
perspective.

A new safe and effective treatment for TS is greatly needed.
TS is a disorder that is relatively common in childhood, with
prevalence rates estimated close to 2% in 13-14-year-old chil-
dren (Hornsey et al., 2001). Although many individuals re-
cover, some continue to suffer throughout their lives.
Chronic tics are the defining symptom of the disorder.
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These repetitive, undesired movements can be exhausting,
dangerous, self-injurious, and socially damaging to the pa-
tient. Although a variety of drugs are available for reducing
tics, there are many individuals for whom these drugs are in-
effective, and even when they are effective, the side effects are
often problematic. Alternative treatments are currently being
developed for cases of severe TS, including deep brain stimu-
lation, and rTMS (Bajwa et al., 2007; Chae et al., 2004; Manto-
vani et al., 2006, 2007; Miinchau et al., 2002; Orth et al., 2005;
Visser-Vandewalle et al., 2003). These approaches use direct
stimulation of focal brain areas (in a biologically unnatural
manner) to disrupt the network involved in producing tics.
However, the disruptive and risky nature of these approaches
is a serious drawback. Biofeedback may provide a safer ap-
proach to controlling tics, by enabling patients to develop
control over brain activity in the neural network that gives
rise to tics.

However, this study did not include a control or sham
group. Thus, it is possible that the act of practicing strategies
for controlling the SMA, in itself, altered subjects’ intrinsic
brain dynamics, and that the biofeedback was not a critical
contributor. This would be interesting in a different sense,
in that it would suggest novel behavioral therapies for future
study, but would have very different implications. Further
biofeedback studies involving control groups who participate
in the same strategies without receiving the feedback (or
while receiving sham biofeedback) are needed to determine
the degree to which the induced alterations in resting state
functional connectivity depend upon biofeedback.

Conclusion

A decrease in resting state connectivity between the SMA
and subcortical regions was found after biofeedback of
SMA activity level. This suggests that a similar biofeedback
paradigm may yield clinical improvement in TS patients.
Controlled studies in the patient group are needed to deter-
mine the efficacy of this novel treatment approach for TS.
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