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Abstract: According to recent neuroimaging studies, swallowing is processed within multiple regions
of the human brain. In contrast to this, little is known about the cortical contribution and compensatory
mechanisms produced by impaired swallowing. In the present study, we therefore investigated the
cortical topography of volitional swallowing in patients with X-linked bulbospinal neuronopathy (Ken-
nedy disease, KD). Eight dysphagic patients with genetically proven KD and an age-matched healthy
control group were studied by means of whole-head magnetoencephalography using a previously
established swallowing paradigm. Analysis of data was carried out with synthetic aperture magnetom-
etry (SAM). The group analysis of individual SAM results was performed using a permutation test.
KD patients showed significantly larger swallow-related activation of the bilateral primary sensorimo-
tor cortex than healthy controls. In contrast to the control group, in KD patients the maximum activity
was located in the right sensorimotor cortex. Furthermore, while in nondysphagic subjects a previously
described time-dependent shift from the left to the right hemisphere was found during the one second
of most pronounced swallow-related muscle activity, KD patients showed a strong right hemispheric
activation in each time segment analyzed. Since the right hemisphere has an established role in the
coordination of the pharyngeal phase of swallowing, the stronger right hemispheric activation observed
in KD patients indicates cortical compensation of pharyngeal phase dysphagia. Hum Brain Mapp
30:1352-1360, 2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

Although the brainstem has been the target of research
related to the physiology of swallowing for decades [Jean,
2001], the cortical contribution to the coordination of this
complex sensorimotor task is evolving only of late. By
applying different methods such as functional magnetic
resonance imaging (fMRI) [Hamdy et al., 1999a; Kern
et al.,, 2001; Martin et al.,, 2001, 2004; Mosier et al., 1999;
Mosier and Bereznaya, 2001], positron emission tomogra-
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phy (PET) [Hamdy et al., 1999b; Harris et al., 2005], trans-
cranial magnetic stimulation (TMS) [Hamdy et al., 1996],
and magnetoencephalography (MEG) [Dziewas et al., 2003,
2005; Furlong et al., 2004], and by using various para-
digms, including volitional swallowing [Dziewas et al.,
2003], autonomic swallowing [Martin et al, 2001], and
reflexive swallowing [Kern et al, 2001], neuroimaging
studies have suggested that swallowing is processed
within multiple regions of the human brain. The most
prominent swallow-related activation foci involve—among
others—the primary sensorimotor cortex, sensorimotor
integration areas, the insula and frontal operculum, the
anterior cingulate cortex, and the adjacent supplementary
motor area.

Despite this considerable progress in understanding
swallowing physiology, the cortical contribution to adapta-
tion and to the compensation of impaired swallowing has
been studied less systematically so far. Dysphagia, which
is a prominent and disabling feature of a variety of neuro-
vascular, neurodegenerative, and neuromuscular disorders,
may be caused by lesions at any level of the central or
peripheral nervous system affecting to different degrees
motor output and sensory input [Hughes, 2003]. Because
of its well-defined and circumscribed pathology consisting
of selective degeneration of spinal and, predominantly,
bulbar motor neurons with intact first motor neuron and
unimpaired oropharyngeal sensory afferents, X-linked bul-
bospinal neuronopathy (Kennedy disease, KD) may be
considered a candidate disease to study the cortical com-
pensation of dysphagia. KD is a rare disorder with an inci-
dence of 0.09/100,000/year and a prevalence of 1.6/
100,000 [Guidetti et al., 2001]. A mutation characterized by
an expansion of a polymorphic tandem CAG repeat in the
first exon of the androgenreceptor gene was identified as
its genetic cause [Amato et al, 1993]. Clinically, the
middle-aged patients present with bulbar and proximal
weakness, muscular atrophy, fasciculations, and additional
symptoms including gynecomastia and postural tremor.
Dysphagia is commonly slowly progressive with the mi-
nority of patients suffering from severe complications like
aspiration pneumonia [Sperfeld et al., 2002].

A major problem in investigating the cortical processing
of swallowing with EEG or MEG is caused by the fact
that—due to the intra- and interindividual variable dura-
tion of swallowing phases—swallowing does not result in
evoked cortical potentials. Instead, swallowing like other
voluntary movements results in circumscribed frequency
changes of cortical rhythms. These types of changes are
time-locked to the event but not phase-locked and thus
cannot be extracted by simple linear methods, such as
averaging, but may be detected by time—frequency analysis
[Pfurtscheller and Lopes da Silva, 1999]. This might be due
to a decrease or increase in synchrony of the underlying
neuronal populations, otherwise known as event-related
desynchronization (ERD) [Pfurtscheller, 1977, 1992;
Pfurtscheller and Aranibar, 1977] or synchronization (ERS)
[Pfurtscheller, 1992]. Voluntary movement is known to

result in desynchronizations in the upper alpha and lower
beta band, localized close to sensorimotor areas [Deram-
bure et al., 1993; Pfurtscheller and Aranibar, 1979;
Pfurtscheller and Berghold, 1989; Stancak and Pfurtschel-
ler, 1996]. These ERDs have also been reported in different
swallowing studies [Dziewas et al., 2003; Furlong et al.,
2004; Teismann et al., 2007].

In this study, we investigated the cortical topography of
volitional swallowing in patients with KD using a previ-
ously established swallowing paradigm [Dziewas et al.,
2003, 2005; Teismann et al., 2007]. Capitalizing on the high
temporal resolution of MEG, we paid special attention to
rapid shifts of hemispheric lateralization during the act of
swallowing [Teismann et al., in press].

PATIENTS AND METHODS
Patients and Healthy Control Subjects

Eight patients with genetically proven KD recruited
from our neuromuscular outpatient clinic (mean age 53.1
years, range 43-71 years) and eight age-matched healthy
control subjects (mean age 44.6 years, range 33-60 years, P
= 0.1415 for the comparison of mean age between both
groups) participated in this study. KD patients had a his-
tory of dysphagia for several years (see Results section for
details). Control subjects were free of stroke, neuromuscu-
lar or neurodegenerative disorders, or other conditions
potentially being associated with dysphagia. None of them
reported swallowing difficulties. When systematically
questioned, all control subjects denied coughing during
eating, slow eating, and avoidance of certain food consis-
tencies, fatigable swallowing, or weight loss.

The local ethics committee approved the protocol of the
study. Informed consent was obtained from each subject
after the nature of the study was explained in accordance
to the principles of the Declaration of Helsinki.

Fiberoptic Endoscopic Evaluation of Swallowing

The basic fiberoptic endoscopic evaluation of swallowing
(FEES) protocol as published by Langmore and previously
applied in our department [Dziewas et al., 2007] was per-
formed with the patient sitting upright. FEES allows visu-
alization of the entire pharyngeal swallow, except for a
very brief period when the contracting pharyngeal walls
obstruct the optical tip of the endoscope. Penetration, aspi-
ration, leakage, and residues as signs for dysphagia can be
evaluated [Langmore, 2001].

Dysphagia Limit Test

Before each MEG recording, a dysphagia limit was
quantified according to the protocol of Ertekin et al. [1996].
Here, the subjects of both groups were instructed to swal-
low increasing bolus sizes of water (1, 3, 5, 10, 15, 20 ml).
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The maximum bolus size swallowed without piecemeal
deglutition was specified.

Swallowing Screening Test

Before MEG recording was started, a dysphagia screen-
ing test was performed according to the protocol by
Hughes and Wiles [1996]. Control subjects and patients
were asked to drink 150 ml of water from a plastic beaker.
They were instructed to drink “as quickly as is comfort-
ably possible.” Subjects were observed from the side, and
the number of swallows counted by observing the move-
ments of the thyroid cartilage. A stopwatch was started
when the water first touched the bottom lip, and stopped
when the larynx came to rest for the last time.

Intraoral Infusion

To facilitate volitional swallowing during MEG record-
ing, water was infused into the oral cavity via a flexible
plastic tube 4.7 mm in diameter attached to a fluid reser-
voir. The reservoir bag was positioned about 1-m above
the mouth of each subject when seated. The tip of the tube
was placed in the corner of the mouth between the buccal
part of the teeth and the cheek. The tube was gently fixed
to the skin with tape. The side chosen for tube placement
was alternated between subjects. The infusion flow was
individually adjusted to the subject’s request and ranged
between 8 and 12 ml/min. The aim was to establish a
swallowing frequency of four to six times per minute.

MEG Recording

During 15 min of MEG recording, the subject swallowed
in a self-paced manner, without external cueing. Swallow-
ing acts were recorded and identified by electromyo-
graphic recording. MEG data were collected using a whole
head 275-channel SQUID sensor array (Omega 275, CTF
Systems, Canada) housed in a magnetically shielded room.
The recorded magnetic fields were sampled with a fre-
quency of 600 Hz. The data were filtered during acquisi-
tion using a 150 Hz low-pass filter. Recordings were per-
formed while subjects were seated in a comfortable
upright position and watching a silent movie of their
choice.

EMG Recording

Surface EMG was measured with two pairs of bipolar
skin electrodes (Ag-AgCl) placed on the submental muscle
groups [Ding et al., 2002; Vaiman et al., 2004]. The electro-
des were connected to a bipolar amplifier (DSQ 2017E
EOG/EMG system, CTF Systems), and the nominal gain
was set at 1. EMG data was high-pass filtered with 0.1 Hz
before markers were manually set.

Data Analysis

Each individual’s EMG signal was used to mark the be-
ginning of main muscle activation (M;) and the end of the
task-specific muscle activity (M,) for every single swallow.

The beginning of the main muscle activation was
defined as an enduring larger than 50% increase in ampli-
tude or frequency of the EMG signal after an initial
increase of more than 50% of EMG activity defining the
onset of swallowing preparation. The end of the task-spe-
cific muscle activity was defined as a decrease in ampli-
tude or frequency of the EMG signal greater than 50%. To
estimate the maximal null distribution (see later), a third
marker was set to distinguish background activity from
the onset of swallowing preparation (My). For analysis of
the whole swallowing execution, phase time intervals were
defined as follows (see Fig. 1):

1. 1 s Execution stage: —0.4 to 0.6 s in reference to M;.

2. 1 s Resting stage: 0 to 1 s in reference to M,.

3. 1 s Background active: —1 to 0 s in reference to M.

4. 1 s Background control: —2 to —1 s in reference to M,.

To examine the chronological sequence of brain activa-
tion, the execution stage was divided into five parts, each
lasting 200 ms. Time intervals including the according rest-
ing stages for the subsequent analysis were defined as fol-
lows (see Fig. 2):

1. 200 ms Execution stage 1 (E1): —0.4 to —0.2 s in refer-
ence to M;.

2. 200 ms Execution stage 2 (E2): —0.2 to 0.0 s in refer-
ence to M.

3. 200 ms Execution stage 3 (E3): 0.0 to 0.2 s in reference
to M1~

4. 200 ms Execution stage 4 (E4): 0.2 to 0.4 s in reference
to Ml.

5. 200 ms Execution stage 5 (E5): 0.4 to 0.6 s in reference
to M.

6. 200 ms Resting stage (R): 0 to 0.2 s in reference to M,.

7. 200 ms Background active (B1): —0.2 to O s in refer-
ence to M.

8. 200 ms Background control (B2): —0.4 to —0.2 s in ref-
erence to M.

In this study, the recorded MEG data were filtered
within three different frequency bands: alpha (8-13 Hz),
beta (13-30 Hz), and gamma (30-80 Hz). From the filtered
MEG data, SAM was used to generate a 20 X 20 X 14 cm®
volumetric pseudo-t-images [Vrba and Robinson, 2001],
with 3-mm voxel resolution for all the three frequency
bands. A pseudo-t-value cancels the common-mode brain
activity by subtracting the source power found in a
defined control stage from the source power in the active
stage. To account for uncorrelated sensor noise, this differ-
ence was normalized by the mapped noise power [Seki-
hara et al., 2005; Vrba and Robinson, 2001]. For analyzing
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Figure I.

Definition of the swallowing execution and resting stage of swal-
lowing-related muscle activity. The EMG recording of one swal-
lowing act is shown (surface electrodes, recording from the sub-
mental muscles). For the |-s analysis of the whole swallowing
phase with SAM, the beginning (M) and the end (M,) of main

cortical activity during the movement stage (1) the corre-
sponding resting stage (2) served as control. The required
similarity between the resting stage and the two back-
ground stages in patients as well as in controls was proven
before by a direct comparison of these three stages.

For analysis of single conditions, the significance of acti-
vated brain regions was assessed by the permutation test
method described by Chau et al. [2004]. The maximal null
distribution was estimated by comparing Background
stages 1 (active) and 2 (control) [Chau et al., 2004; Nichols
and Holmes, 2002]. For the comparison of the different
groups, a standard permutation test for unpaired samples
was performed [Nichols and Holmes, 2002].

Hemispheric lateralization concerning the five different
time intervals of swallowing related activation was quanti-
fied using a lateralization index (LI), which was calculated
as (L — R)/(L + R), where L and R are the cumulative
pseudo-t-activation in the sensorimotor cortex (BA 3, 1, 2,
and 4, according to the Talairach atlas) of the left and right
hemisphere, respectively. A positive LI indicates left hemi-
spheric lateralization, whereas a negative LI indicates
stronger right hemispheric activation. A LI of about 0 rep-
resents indeterminate dominance, 1, respectively, —1 are
indicating unilateral activation [Dziewas et al., 2003; Yetkin
et al.,, 1995].

muscle activation were marked. The swallowing execution phase
and the corresponding resting phase were defined. To estimate
the maximal null distribution a third marker (M) at the begin-
ning of task-specific muscle activity was set and two background
phases were defined (Patients and Methods section).

RESULTS

All KD patients reported of having noticed swallowing
difficulties for several years prompting them to eat more
slowly and carefully without, however, necessitating spe-
cial adaptation of food and fluids in any of them. None of
the patients suffered from recurrent bronchial infections
or was hospitalized due to aspiration pneumonia. FEES
revealed moderate pharyngeal phase dysphagia in all eight
patients. As most prominent finding, incomplete bolus
clearance during the swallow with residues in the vallecu-
lae and pyriform sinus was identified. No signs of sensory
deficits were found.

The swallowing screening test revealed no differences in
swallowing speed, volume per swallow, and swallowing
capacity between KD patients and healthy control subjects.
A tendency for a reduced swallowing capacity in KD
patients is found (see Table I).

All participants tolerated the MEG measurements with-
out any complications, in particular no aspiration with
coughing was observed. A sufficient number of swallows
was recorded by submental EMG.

During the execution of swallowing, single subject SAM
analysis of MEG data showed in all subjects ERD in the
beta frequency band localized within the primary sensori-
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To analyze the cortical activation within the early and later stages of the execution phase, this
I-s interval is divided into five successive 200-ms time intervals (EI-E5). The corresponding rest-
ing stage (R) and two background stages (Bl and B2) are also shortened to 200 ms (Patients
and Methods section).

motor cortex. In other frequency bands and other cortical

TABLE I. Results of the DYSPHAGIA limit and areas no syst.em;?tic actiYation was gbserveq. Becal%se fche
muscular activation during deglutition cortical activation
changes in lower brain areas are difficult to interpret.
Group analysis resulted in significant ERD in the beta fre-
Dysphagia ~ Volume per  Duration per  Capacity —quency band both in the patient and in the control group.

No. limit (ml) ~ swallow (ml)  swallow (s) ~ (ml/s)  The extent of brain activation was broader in patients than
in control subjects (5,555 active voxels vs. 4,327 active vox-
els). Also, the maximum ERD (amplitude) was slightly

the swallowing screening test in Kennedy patients
and healthy controls

Kennedy patients

K1 20 25.00 0.95 26.41
K2 20 15.00 270 5.56 stronger in KD patients when compared with the control
K3 20 16.67 1.44 11.58 group (—0.482 vs. —0.447). In the control group, maximum
K4 20 50.00 4.30 11.63  activation was localized within the left primary sensorimo-
K5 20 21.43 0.79 2713 s : :
tor cortex (minimum pseudo-t-value in the left hemi-
Ké6 20 30.00 1.26 23.81 . . .
K7 20 25.00 1.48 16.89 sphere: —0.447, in the right hemisphere: —0.406), whereas
K8 15 13.64 2.15 6.34 the patient group showed a right hemispheric dominance
Mean 19.38 24.59 1.88 13.06 in this respect (minimum pseudo-t-value in the left hemi-
Healthy controls sphere: —0.362, in the right hemisphere: —0.482; see Fig.
C1 20 21.43 1.14 18.79 3). In contrast to control subjects, brain activation extended
2 20 15.00 0.98 15.31 into the prefrontal cortex and the posterior parietal cortex
gi %8 iggg 8;2 ?;i’g in KD patients (see Table II).
C5 20 16.67 0.79 2110 Separate calculation of the SAM images for each 200-ms
Cé6 20 50.00 1.90 26.32 interval resulted in ERD of rhythmic brain activity within
7 20 25.00 1.25 20.00 sensorimotor cortex in each individual subject and interval.
c8 20 25.00 0.92 27.17 In healthy control subjects, group analysis showed a small
Mean 20 24.61 1.09 22.50 !

left hemispheric activation during the first 400 ms without
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Figure 3.
Event-related desynchronizations in the beta frequency band (13-30 Hz) during the |-s execu-
tion phase of volitional swallowing. Significant activation in the group analysis is shown for
patients and controls (P < 0.05). The color bar represents the t-value. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

any right hemispheric involvement (LI 1), a bilateral but
slightly left lateralized activation within the third time
interval (LI: 0.12), a bilateral and slightly right lateralized
activation within the fourth time interval (LI: —0.1) and,
finally, a strongly right lateralized activation within the
last time frame (LI: —0.76) (see Fig. 4b). In contrast, group
analysis revealed an early, large, and persistent right hemi-
spheric activation in the patient group. Thus, in the first
400-ms, cortical activation was observed bilaterally and
was slightly lateralized to the right (LI: —0.63 and —0.57),
within the third (LI 0.46) and fourth (LI: 0.21) time inter-

val, bilateral activation showed a minor left lateralization,
while during the last 200 ms, activation was clearly more
pronounced within the right hemisphere (LI: —0.53) (see
Fig. 4a).

DISCUSSION

This MEG study examined the cortical representation of
volitional swallowing in patients with KD. The first main
finding was that KD patients showed a stronger and

TABLE Il. Localization of significant swallowing-related cortical activation in both groups of subjects (P < 0.05)

Hz Coordinates of peaks Pseudo-t-value Cortical region Brodman-area
KD patients
Beta (13-30 Hz) [l. =56 —9 47] —0.362011 GPrC, GPoC, GFs/m (r.) 1,2,346( &)
[r. 36 —11 70] —0.482141 GPrC, GPoC, GFm (L);
Control subjects
Beta (13-30 Hz) [l: =36 —14 73] —0.425359 GPrC, GPoC, GFs/m (l. & r.) 1,2,3,4,6 (. &r.)
[r.: 24 =17 73] —0.370315

GFm/s, Gyrus frontalis medialis/superior; GPoC, Gyrus postcentralis; GPrC, Gyrus precentralis; 1

hemisphere.

= left hemisphere; r = right
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Figure 4.

Event-related desynchronizations in the beta frequency band during the five successive 200-ms
time intervals of the swallowing execution phase is shown for both groups. Significant activation
in the group analysis is shown (P < 0.05). The color bar represents the t-value. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

broader swallow-related activation of the primary sensori-
motor cortex than healthy control subjects that even
extended into the premotor cortex and into the somatose-
nory integration area. The notion that these changes in
brain activation reflect functional reorganization of the
primary sensorimotor cortex is corroborated by two other
recent imaging studies on dysphagic patients. Mosier et al.
[2005] studied four patients treated with partial glossec-
tomy due to carcinoma of the tongue by means of fMRI. In
these patients, the authors found a significantly increased
activation of the primary sensory cortex, the parietal cor-
tex, and the cerebellum. Using TMS, Hamdy et al. [1997]
observed that dysphagia in patients with hemispheric
stroke was associated with smaller pharyngeal responses
to stimulation of the unaffected hemisphere than in nondy-
sphagic stroke patients. Interestingly, with recovery from
dysphagia this pharyngeal representation increased in size
thereby suggesting a compensatory reorganization of the
unaffected hemisphere [Hamdy et al., 1996]. Furthermore,
although unrelated to dysphagia, the study by Reddy et al.
[2002] is remarkably in keeping with our own findings. In
patients with limb weakness because of a motor neuropa-
thy, these authors found an increased activation of the

bilateral primary sensorimotor cortex and the supplemen-
tary motor cortex during a simple finger movement task.

Physiologically, there are several mechanisms at differ-
ent levels of the nervous system that contribute to a task-
specific increase of cortical activation under the condition
of motor denervation: (i) Latent intracortical connections
may be unmasked by local disinhibition [Jacobs and Gono-
ghue, 1991]; (ii) modulation of synaptic efficacy may lead
to long-term potentiation or long-term depression [Hess
and Donoghue, 1994]; (iii) axonal sprouting with altera-
tions in synapse shape, number, size and type may be
involved [Kaas, 1991]; (iv) adaptive changes in subcortical
nuclei may drive altered patterns of cortical recruitment
[Kaas et al., 1999]; and (v) reinnervation of muscles by sur-
viving horn motor neurons may form new motor units,
the recruitment of which would involve usually not acti-
vated cortical areas [Wu and Kaas, 1999]. Given the
chronic and slowly progressive nature of KD, it is quite
possible that apart from the first mechanism, which is
assumed to play a major role in short-term plasticity after
an acute injury, all the other mechanisms of motor system
reorganization are involved to different degrees in our
patient collective.
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The second main finding of this study points to a stron-
ger swallow-related involvement of the right hemisphere
in patients with KD as compared to healthy controls. As
has been established previously in different studies, our
control group showed left hemisphere dominance for
volitional swallowing. In contrast to this finding, in KD
patients the maximum activity was located in the right
sensorimotor cortex. Furthermore, while in nondysphagic
subjects the previously described time-dependent shift
from the left to the right hemisphere was found [Teismann
et al, in press], KD patients showed right hemispheric
activation in each time segment. In particular, in the first
400-ms bilateral activation was seen, whereas control sub-
jects only presented with left hemispheric activation. The
interpretation of these findings draws upon previous
research suggesting that different components of swallow-
ing are differently lateralized. First insights into this topic
were generated by lesion studies. Thus, Robbins et al.
[1993] identified oral stage dysfunction to be associated
with left hemispheric infarction, whereas pharyngeal stage
dysfunction was related to right hemispheric infarction.
Similarly, another study showed that right hemispheric
stroke led to dysfunction and dysmotility of the pharyn-
geal stage of deglutition [Daniels et al., 1996]. These results
were corroborated by a recent study employing a dual-
task interference paradigm to investigate swallowing later-
alization [Daniels et al., 2006]. Based on their findings,
Daniels et al. suggested a left hemisphere control for voli-
tional aspects of swallowing and a right hemisphere con-
trol for reflexive swallowing behavior. Interestingly, the
aforementioned time-dependent shift of cortical activation
from an early involvement of the left to a late involvement
of the right hemisphere is also well in line with this notion
of a left hemispheric dominance for the oral stage and a
right hemispheric dominance for the pharyngeal stage of
swallowing [Teismann et al.,, in press]. Interpreting the
pattern of cortical activation observed in KD patients in
the light of these findings one may suggest that the stron-
ger right hemispheric activation, both in size and time, is
indicative of a cortical compensation of pharyngeal phase
dysphagia, which in turn was demonstrated by FEES.

Finally, it seems unlikely that the measured differences
between the patient and the control group were due to
nonspecific effects of muscle weakness. In spite of patho-
logical findings in FEES, KD patients did not fare worse
than healthy control subjects in the water swallowing
screening task. Taking into account that the swallowing
paradigm used during MEG measurement was even less
demanding and, in contrast to most fMRI studies, enabled
swallowing in the physiological upright sitting position,
there should not have been a confounding effect of task
difficulty.

In conclusion, this is one of the very first studies showing
adaptive cortical changes in patients with neurogenic dys-
phagia. In future trials, we will aim at investigating diseases
causing discrete lesions of other parts of the complex senso-
rimotor network regulating the act of swallowing.
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