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Abstract: Understanding the underlying neural pathways that govern the highly complex neuromuscu-
lar action of swallowing is considered crucial in the process of correctly identifying and treating swal-
lowing disorders. The aim of the present investigation was to identify the neural activations of the dif-
ferent components of deglutition in healthy young adults using functional magnetic resonance imaging
(fMRI). Ten right-handed young healthy individuals were scanned in a 3-Tesla Siemens Allegra MRI
scanner. Participants were visually cued for both a “Swallow” task and for component/control tasks
(“Prepare to swallow”, “Tap your tongue”, and “Clear your throat”) in a randomized order (event-
related design). Behavioral interleaved gradient (BIG) methodology was used to address movement-
related artifacts. Areas activated during each of the three component tasks enabled a partial differentia-
tion of the neural localization for various components of the swallow. Areas that were more activated
during throat clearing than other components included the posterior insula and small portions of the
post- and pre-central gyri bilaterally. Tongue tapping showed higher activation in portions of the pri-
mary sensorimotor and premotor cortices and the parietal lobules. Planning did not show any areas that
were more activated than in the other component tasks. When swallowing was compared with all other
tasks, there was significantly more activation in the cerebellum, thalamus, cingulate gyrus, and all areas

of the primary sensorimotor cortex bilaterally. Hum Brain Mapp 30:3209-3226, 2009.
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INTRODUCTION

Deglutition is one of the primary functions that enable
humans to sustain life. Because swallowing begins at the
lips and ends at the stomach, a swallowing disorder (aka
dysphagia) may become evident as a result of a disruption
at any point along this route [Massey and Shaker, 1997].
When the ability to swallow is lost or impaired, the risk for
disability or even death is greatly increased. Both neurolog-
ical and mechanical deviations can result in dysphagia. A
few examples of diseases or disorders that can result in
dysphagia include stroke, dementia, Alzheimer’s Disease,
Parkinson’s Disease, cerebral palsy, traumatic brain injury,
and head and neck cancer [Massey and Shaker, 1997].
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Swallowing is a highly complex sensorimotor process
[Jean, 2001; Miller, 1986; Miller, 1993]. Identification of the
neural pathways that govern this complex sensorimotor
action is essential to the process of correctly identifying
and treating swallowing disorders. Advances in biomedi-
cal technology have allowed for a variety of new techni-
ques to be used in the study of the neural control of
human swallowing.

The most recent and advanced method of functionally
imaging the brain, without the use of ionizing radiation, is
with functional magnetic resonance imaging (fMRI). Func-
tional MRI provides a safe, noninvasive method for inves-
tigating human brain processes and offers a spatial resolu-
tion of ~4 mm. It has been suggested to be a valuable
adjunctive technique to conventional MR imaging in the
investigation of dysphagia following cerebral damage
[Ertekin and Aydogdu, 2003].

In the last decade, fMRI has been used in the investiga-
tion of the neural control of volitional swallowing [Hamdy
et al., 1999a; Hartnick et al., 2001; Kern et al., 2001a,b; Mar-
tin et al., 2001, 2004, 2007, Mosier and Bereznaya, 2001;
Mosier et al., 1999; Suzuki et al.,, 2003; Toogood et al.,
2005]. These studies identified many supramedullary areas
as having a significant role in deglutition, including the
premotor cortex, the primary sensorimotor cortex, the
insula, and certain limbic regions. However, these areas, as
some authors note [Hamdy et al., 1999a; Mosier and Berez-
naya, 2001], might not uniquely reflect swallowing-related
regions of the brain, but rather regions responsible for
tongue or jaw activation, or even for planning of sequen-
tial movements. Indeed, in most swallowing-related fMRI
studies, researchers sought to identify cortical and subcort-
ical areas that are active during the entire act of degluti-
tion [Huckabee et al.,, 2003]. Physiologically, however,
swallowing consists of three stages: the oral, pharyngeal,
and esophageal stages. The oral stage of swallowing can
be further divided into two phases, the oral preparatory
and the oral transport phases [Perlman, 1994]. In the oral
preparatory phase, the material, which is referred to as the
bolus, is made ready to be swallowed. The oral transport
phase of swallowing involves the transition of the bolus
from the mouth to the oropharynx [Kahrilas et al., 1993].
After the bolus has been formed, the tip of the tongue is
elevated toward the superior alveolar ridge while the soft
palate elevates and the posterior tongue depresses [Dodds
et al., 1990; Shaker et al., 1988]. The bolus is then propelled
to the oropharynx as the tongue pushes the bolus superi-
orly and posteriorly [Blitzer, 1990; Dodds et al., 1990]. The
pharyngeal stage involves the transportation of the bolus
from the oropharynx and around a closed laryngeal cavity
into the esophagus [Perlman and Christensen, 1997]. Dur-
ing the pharyngeal stage, laryngeal protection is really
crucial and occurs through three major types of closure:
closure of the true vocal folds, the false vocal folds, and
tilting of the epiglottis.

To better understand the neural activation during swal-
lowing, it is necessary to differentiate between neural acti-

vations that occur during planning of deglutition, and dur-
ing each of these physiological stages, i.e., during the oral
stage of swallowing, the pharyngeal stage, and during sim-
ilar laryngeal closure tasks. To investigate the neural func-
tion of specific events associated with swallowing, it is
essential to study the neural activation during each of
these components of the swallowing process. To achieve
this goal, three tasks representative of different swallowing
stages were designed and examined in the present study.
These were: a tongue-tapping task (defined as the upward
movement of the tongue tip toward the alveolar ridge),
which is similar to the upward movement of the tongue
tip when bolus propulsion is initiated from the anterior
portion of the oral cavity during the oral transport phase
of swallowing [Logemann, 1998; Perlman, 1994]; a laryn-
geal (true vocal fold) closure task (throat clearing), which
is also an essential component of laryngeal protection dur-
ing the pharyngeal stage of swallowing; and a planning of
swallowing task (cognitive preparation to swallow), which
was investigated to examine potential neural areas of plan-
ning deglutition that have not been investigated exten-
sively [Huckabee et al., 2003].

As previously reported, several studies have attempted
to identify the neural correlates of swallowing using fMRI
in healthy individuals [Hamdy et al., 1999a; Hartnick et al.,
2001; Kern et al., 2001a,b; Martin et al., 2001, 2004, 2007;
Mosier and Bereznaya, 2001; Mosier et al., 1999; Suzuki
et al., 2003; Toogood et al., 2005]. One of the first published
studies attempted to identify the cerebral regions involved
in the motor control of voluntary swallowing of water and
saliva swallows in eight healthy adults [Mosier et al., 1999].
Results suggested a bilateral activation in the precentral
gyrus (primary motor cortex) and multiple activations in
the: primary sensorimotor cortex, supplementary motor
cortex (SMA), prefrontal cortex, Heschl’s gyri, cingulate
gurus, insula, Broca’s areas, and superior temporal gyrus.
These researchers also attempted to detect lateralization
patterns in the cortical control of swallowing, but found
variable results. Hamdy and his colleagues tried to deter-
mine the functional neuroanatomy of human volitional
swallowing of water in 10 healthy adults using fMRI
[Hamdy et al., 1999a]. Similarly, their findings showed acti-
vations of multiple brain areas, such as the: antero-rostral
cingulate cortex, caudolateral sensorimotor cortex, anterior
insula, frontal opercular cortex, superior premotor cortex,
anteromedial temporal cortex, anterolateral somatosensory
cortex, and precuneous. The researchers stated that these
activations may not be specific to swallowing innervation,
but rather may indicate innervations of the tongue and face
as well [Hamdy et al., 1999a].

Several other studies published in the following years
also aimed to elucidate the activations associated with
volitional swallowing. Despite minor differences in meth-
odology, these studies reported similar or identical results.
Martin and colleagues studied 14 normal adult female
subjects on three different swallowing tasks: naive saliva
swallow, voluntary saliva swallow, and voluntary water
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swallow. Results showed activations of the left lateral
precentral gyrus, the left lateral post-central gyrus, the
right lateral precentral gyrus, and the right insula during
both automatic and voluntary swallows and in addition to
those, activation of the right caudal anterior cingulate
gyrus during the voluntary swallowing tasks [Martin
et al., 2001]. Similar areas were also reported by others
using fMRI to study swallow-related brain activation dur-
ing water or dry swallows [Hartnick et al., 2001; Kern
et al., 2001a,b; Martin et al., 2004; Mosier and Bereznaya,
2001; Suzuki et al., 2003; Toogood et al., 2005]. In a more
recent study, Martin et al. (2007] investigated the neural
activation of swallowing in nine healthy female subjects
over 60 years of age (average age was 74.2 years). This
study reported that deglutition in older women also acti-
vated multiple cerebral areas, such as the lateral pericen-
tral, perisylvian, and anterior cingulate cortex (ACC) with
post-central gyrus activation being more lateralized to the
left for both dry and water swallows. Activation during
the water swallows, however, was found to be increased
in the prefrontal and premotor cortices compared with
activation during dry swallows [Martin et al., 2007].

The behavioral role of the tongue during both the oral
and pharyngeal stages of swallowing has been extensively
studied [Dodds et al., 1990; Hori et al., 2006; Lazarus, 2006;
Logemann, 1998; Shaker et al., 1988, Youmans and Stier-
walt, 2006]. As already reported, the upward movement of
the tongue tip to achieve the action of tongue tapping is
similar to the upward movement of the tongue tip when
bolus propulsion is initiated from the anterior portion of
the oral cavity during the oral transport phase of swallow-
ing [Logemann, 1998; Perlman, 1994]. It is, however, com-
pletely different from the lingual movement during the
pharyngeal stage of swallowing. During the initiation of
the pharyngeal stage and as the velum elevates and
retracts, the base of the tongue moves posteriorly to
achieve contact with the posterior and lateral pharyngeal
walls [Corbin-Lewis et al., 2005].

The supramedullary neural control of lingual movements
during swallowing has also been studied using fMRI. Cor-
field and colleagues reported brain activation related to
tongue contraction in eight normal right-handed adults
[Corfield et al., 1999]. Significant activations were found in
the: bilateral primary sensorimotor cortex extending down-
ward towards the operculum (OP), insula, supplementary
motor area (SMA), cingulate gyrus, putamen, thalamus,
and cerebellum. In the brainstem, activation was found to
be significant in the rostrocaudal level of the medulla (at
the location of the CN XII nuclei), but activations more ven-
tral and lateral to this point were also noted. Activations in
the medulla were observed in six out of the eight subjects.

Also, using fMRI, Watanabe and colleagues, aimed to
determine brain activity associated with different visually
cued tongue movements in 24 normal young adults [Wata-
nabe et al., 2004]. The results were comparable to the ones
reported by Corfield et al. (1999] and showed that during
tongue movements the most active cerebral regions

included the primary sensorimotor and the SMAs bilater-
ally, as well as the left inferior and superior parietal
lobules (IPL and SPL).

Throat clearing (also referred to as soft coughing) is a
very important protective mechanism for the airway and
lungs, and in normal individuals occurs as a result of pen-
etration or aspiration of particulate matter, pathogens,
secretions, postnasal drip, or mediators associated with
inflammation [Canning, 2006]. For the present study throat
clearing (soft coughing) was defined as the production of
“two pairs of throat clearings through the mouth as a brief
inspiration followed by forced expiration for each pair
with the glottis closed at the beginning of expiration simi-
lar to a spontaneous cough” but with less force [Simonyan
et al., 2007, Widdicombe and Fontana, 2006]. Patients with
neurological disorders, pulmonary difficulties, or anatomi-
cal alterations involving the laryngeal area may have a
compromised cough reflex, and as a result exhibit different
degrees of dysphagia, and are at a higher risk for develop-
ing aspiration pneumonia [Mosconi et al., 1991].

Regarding the neural control of coughing, it is known
that vagal afferent nerves are responsible for initiating the
cough reflex [Canning, 2006; Widdicombe, 1996], as well
as that areas in the medulla and pons of the brainstem are
the most likely regulators of the reflexive cough [Widdi-
combe, 1996]. Supramedullary regions, however, that may
modulate these brainstem centers for coughing are not
well known [Canning, 2006; Simonyan et al., 2007; Widdi-
combe et al., 2006]. Clinical studies have reported that vol-
untary cough can be diminished in patients with cerebro-
vascular accidents (CVAs) in the frontoparietal area and in
the basal ganglia [Addington et al., 1999]; however, little is
known about the supramedullary control of coughing in
the normal healthy population [Widdicombe et al., 2006].

Recently, Simonyan and colleagues [Simonyan et al.,
2007] employed fMRI to study the supramedullary control
of coughing and sniffing in 15 healthy adults. Their analy-
sis showed multiple areas activated during both of these
respiratory actions including the precentral gyrus, the
post-central gyrus extending to the inferior frontal gyrus
(area 44) rostrally, to the OP (1-4), and to the insula ven-
trally, and to the superior temporal and supramarginal
gyri caudally, as well as the SMA extending to the anterior
and middle cingulate cortex. Significant subcortical activa-
tion was noted to involve the ventral and dorsomedial
thalamus, the caudate nucleus, the putamen and lateral
globus pallidus. In the cerebellum, activation was observed
bilaterally at the declive and culmen and at the right fasti-
gial nucleus. Areas that were found to be significantly acti-
vated during both voluntary coughing and normal breath-
ing included the substantia nigra and the dentate nucleus
of the cerebellum bilaterally. The left precuneus, the
lingual and inferior temporal gyri bilaterally, the amyg-
dala, the lateral thalamus, and subthalamic nucleus bilater-
ally extending caudally to the pontomesencephalic region
were all areas that were activated during voluntary cough-
ing. Interestingly, the sole area exclusively active during
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voluntary coughing, but not during sniffing or breathing,
was the area at the pontomesencephalic junction, extend-
ing to the brainstem.

Areas involved in the planning and cognitive prepara-
tion of the act of swallowing have not been extensively
studied [Huckabee et al., 2003]. Understanding the neural
control of planning deglutition will provide greater insight
as to how the entire swallowing sequence is implemented.
It will further enable better identification and treatment of
patients diagnosed with swallowing apraxia, i.e., a disor-
der in motor planning and preparation of swallowing
characterized by a delay in initiation of bolus transfer with
no lingual movement or by lingual searching movements
before the oral transport phase is initiated [Daniels, 2000;
Logemann, 1998]. Swallowing apraxia has been associated
with periventricular white matter and anterior cortical left
hemispheric lesions [Robbins and Levine, 1988].

During planning of voluntary single hand and finger
movements, the supplementary motor area (SMA) of the
cortex is bilaterally activated [Orgogozo and Larsen, 1979;
Roland et al., 1980]. Furthermore, it has been shown that
planning of an internally guided (i.e., guided from one’s
own memory) movement results in a larger activation in
the SMA while planning of externally guided movements
(i.e., movements as response to external sensory cues)
results in greater activation of the lateral premotor cortex
[Gerloff et al., 1997; Jenkins et al., 2000; Tanji, 1996]. Recent
research reported the involvement of the basal ganglia in
the planning of motor actions, suggesting possible interac-
tive frontal-basal circuits playing a significant role in motor
planning [Elsinger et al., 2006].

The neural control of planning deglutition has received
limited attention. One study used electroencephalography
(EEG) to investigate planning of swallowing with execution
[Huckabee et al., 2003]. The investigators recorded EEG
data from 20 healthy young adults during voluntary swal-
lowing and a control finger movement task. Their goal was
to examine the potential presence of a premotor potential,
known as the Bereitschaftspotential (BP), during the premo-
tor planning of voluntary deglutition. They reported that
the pharyngeal swallowing task elicited EEG activity in the
supplementary motor cortex with a rapid declination ~500
ms before the initiation of movement, suggesting that the
SMA plays a role in the planning of this motor action.

The aim of the present study was to identify the ana-
tomical locations of the functional sites in the human cor-
tex, subcortical areas, and cerebellum that are activated
during swallowing and three related events: tongue tap-
ping, throat clearing, and planning of deglutition without
execution in healthy young adults. In an effort to separate
the neural activation of different components of degluti-
tion, it was hypothesized that areas activated during vol-
untary swallowing would be the same as those activated
during the execution of three control tasks reflective of
motor and cognitive functions associated with deglutition.

In many of the previously reported studies, a 1.5-Tesla
MRI scanner was used to find the specific activations

reported [Hamdy et al., 1999a; Mosier and Bereznaya,
2001; Mosier et al., 1999; Suzuki et al., 2003]. Monitoring of
the swallowing compliance during the experiments was
not always reported and a similar inconsistency was
observed in addressing movement-related artifacts. The
present investigation was able to take advantage of the
increased sensitivity of a 3-Tesla MRI scanner and to use
recent advancements in fMRI technology to provide more
accurate information on the neural control of the different
components of normal swallowing in healthy young
adults.

MATERIALS AND METHODS
Subjects

Ten right-handed healthy individuals (five males and
five females) with a mean age of 21.7 years (21.7 * 2 years,
mean * SD), and no history of speech or swallowing diffi-
culties or any neurological involvement, were recruited for
this study. All potential participants were screened
through an oral motor examination to ensure the existence
of healthy normal oral sensorimotor function. Also, all
subjects were right-handed as measured by the Edinburgh
Handedness Inventory [Oldfield, 1971] and gave written
informed consent before participating in the study. None
of the subjects had previous fMRI experience. The study
protocol was approved by the University of Illinois at
Urbana-Champaign Institutional Review Board.

Tasks

The experimental design was an event-related design
with jittered Interstimulus Intervals (ISIs) ranging in dura-
tion from 7 to 32 s. Jittering refers to the randomization of
the intervals between stimulus events [Huettel et al., 2004].
Thus, tasks were presented intermixed in randomized
intervals in six different 6-min functional scanning runs.
The randomization of the tasks” order and intervals in
each of the runs was completed with the optseq2 software
program [Dale, 1999; Dale et al., 1999]. Each run contained
five repetitions of each task, therefore each task was com-
pleted a total of 30 times during the experiment.

Tasks included: voluntary swallowing of 3 ml of water
at room temperature, planning of a swallow without exe-
cution, tapping of the tip of the tongue against the alveolar
ridge, and throat clearing. Tongue tapping was used to
enable differentiation between tongue motion during an
oral transport phase action and tongue movement during
swallowing. Throat clearing, a laryngeal closure task, was
utilized to help in the identification of neural areas
involved in laryngeal closure. Planning was investigated to
identify neural areas involved in the cognitive preparation
of deglutition.

An LCD projection screen was used to visually cue the
participants with instructions to “Swallow”, “Prepare to
swallow”, “Tap your tongue”, and “Clear your throat” at
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randomized time intervals. A specially designed system
for controlled liquid release was utilized for the delivery
of the 3-ml water boluses. The system consisted of a clear
plastic infusion tube (4-feet long), a hand-held syringe (60-
ml capacity), and a one-way flow valve. The administra-
tion of liquid bolus was controlled by the experimenter
and consisted of controlled volumes (3 ml) of water,
at room temperature, injected into the oral cavity of the
participants.

For the voluntary swallow task, participants were
instructed to swallow 3 ml of water every time the visual
cue “Swallow” (and a bolus thereafter) was presented. Im-
mediately preceding the “Swallow” command, participants
saw the visual command “Prepare to swallow.” For the
planning (anticipatory) task, participants were trained to
anticipate the swallowing process every time the visual
cue “Prepare to swallow” was presented; however, they
did not receive a bolus nor did they see the visual com-
mand “Swallow”; thus, they did not perform the motor
task. Participants did not know if the command to swal-
low would follow the preparatory command. At the
instances where the command “Swallow” was following
the “Prepare to swallow” command, the experimenter
injected the water as soon as the subjects saw the com-
mand “Prepare to swallow,” i.e., ~4 s before the command
“Swallow” was shown. That allowed for the water to be
injected before the command “Swallow” would appear on
the subjects’” screen. In the third task, participants were
instructed to tap their tongue twice every time the visual
cue “Tap your tongue” appeared. In the fourth task, partic-
ipants were instructed to produce a gentle throat-clearing
task every time the visual cue “Clear your throat”
appeared.

Behavioral Interleaved Gradient (BIG) methodology was
used to address movement-related artifacts [Gracco et al.,
2005]. Using this method, a 3-s gap during which images
were not acquired followed 2 s of image acquisition. Dur-
ing the 3-s gap period, the subjects performed the swallow,
tongue tapping, planning of the swallow, or the throat
clearing as instructed.

All subjects were pre-trained to the tasks during a 45-
min training session that generally occurred the day pre-
ceding the actual experiment, but had occurred as many
as 3 days before. During this session, participants were
trained to perform all tasks while lying down and to prac-
tice remaining as still as possible while tasks were com-
pleted inside a mock magnet.

Monitoring of Swallowing and Throat
Clearing Trials

The swallowing and throat clearing trials were verified
from their laryngeal movement patterns. Laryngeal move-
ments were monitored by attaching an MR-compatible
infant respiratory belt (Lafayette Instruments) around the
neck of the subject. The MR physiologic unit recorded two
waveforms to monitor both swallowing and throat clearing

and to keep track of the scanning periods versus quiet
periods in the run, the respiratory waveform and a
sequence-timing pulse trigger. Laryngeal movements asso-
ciated with swallowing and throat clearing trials were eas-
ily distinguished by their distinct patterns (Figs. 1 and 2).

Scanning Protocol

The MRI experiments were performed on the 3-Tesla
Siemens Allegra MRI scanner located at the Biomedical
Imaging Center (BIC) of the University of Illinois at
Urbana-Champaign (UIUC). Two high-resolution anatomi-
cal scans were acquired for the registration of the func-
tional images using FEAT (FMRI Expert Analysis Tool)
Version 5.4, part of FSL (FMRIB’s Software Library,
www.fmrib.ox.ac.uk/fsl). A Tl-weighted MPRAGE 3D
image (with 160 slices per slab, on a 256 X 256 matrix,
1.1-mm slice thickness and TR = 2250 ms, TE = 2.62 ms,
and flip angle 9°, TI = 900 ms) was acquired. Also, a T2-
weighted turbo-spin echo (TSE) scan was acquired to get
anatomical information from the functional slice prescrip-
tion. The TSE acquisition had the following parameters:
field of view (FOV) of 240 mm, TR of 3 s, 34 slices, with 4-
mm slice thickness. Registration to high-resolution struc-
tural and/or standard space images was carried out using
FLIRT (FMRIB’s Linear Image Registration Tool) [Jen-
kinson et al., 2002].

For the functional images, multislice EPI acquisition was
acquired with the following EPI parameters: TE of 30 ms,
TR of 5 s (including 3-s quiescent period), on a 64 X 64
matrix with an FOV of 240 mm. Seventy-four volumes of
34 axial interleaved slices of 4-mm thickness were collected
during each run/session.

fMRI Data Analysis

fMRI data processing was carried out using FEAT
(FMRI Expert Analysis Tool) Version 591, part of FSL
(FMRIB’s  Software Library, www.fmrib.ox.ac.uk/fsl)
[Smith et al., 2004]. The following prestatistics processing
was applied; motion correction using MCFLIRT [Jenkinson
et al., 2002]; slice-timing correction using Fourier-space
time-series phase-shifting; nonbrain removal using BET
[Smith, 2002]; spatial smoothing using a Gaussian kernel
of FWHM 9.0 mm; grand-mean intensity normalization of
the entire 4D dataset by a single multiplicative factor;
highpass temporal filtering (Gaussian-weighted least-
squares straight line fitting, with sigma = 50.0 s).

The task-related responses were analyzed using multiple
linear regression with a single regressor for each task con-
volved with a canonical hemodynamic response function
and motion parameter estimates were used as additional
regressors of no interest in the multiple regression analy-
sis. For each subject, data were analyzed using FILM
(FMRIB’s Improved Linear Model) with local autocorrela-
tion correction and a time-series analysis for each voxel
was performed [Woolrich et al, 2001]. A higher-level

¢ 3213 ¢



¢ Malandraki et al. ¢

LTt o
aap

g TR

i e L L

]
Time |see)

Figure 1.
Time course of the output of a bellows positioned around the
subject’s neck over the thyroid cartilage for a water-swallowing trial
(red), for a single subject. Time = 0 indicates the time at which
the subject was visually cued to complete the task. AU on the y-
axis stands for Arbitrary Units. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

group analysis was then employed using the FMRIB Local
Analysis of Mixed Effects (FLAME) [Beckmann et al,
2003] module in FSL and a one-sample {-test was per-
formed for each task to determine significant group activa-
tions in each and every task. The group Z (Gaussianized T/
F) statistic images were thresholded using clusters deter-
mined by Z > 3.09 at a corrected cluster significance thresh-
old of P = 0.05 using the theory of Gaussian Random Fields
(GREF). To compare neural activation between tasks, another
mixed effects analysis was performed with subjects treated
as random effects and tasks as fixed factors. For each con-
trol/component task, paired t-tests were performed
between it and the other component tasks. A conjunction
analysis was performed on the t-test results between a com-
ponent task and other tasks. The minimum z-score image
for each voxel was used to determine if a certain control
task was significantly more activated than any other task.
This procedure was also performed for the swallowing task
versus the component tasks. In addition to this procedure,
region-of-interest (ROI) analyses were also employed to fur-
ther elucidate the differentiation between tasks.

The primary motor and somatosensory cortices, the pre-
motor area, and the insula have been most consistently
reported as activated areas during swallowing tasks
[Hamdy et al., 1999a; Kern et al., 2001a,b; Martin et al.,
2001, 2004, 2007; Mosier and Bereznaya, 2001; Mosier et al.,
1999; Suzuki et al., 2003; Toogood et al., 2005]. Thus, the
ROI analyses performed used these areas of interest to ena-
ble comparison of activation between tasks. Anatomical
sections to define the primary motor cortex (Areas 4a and
4p) [Geyer et al., 1996], the primary sensory cortex (Areas
3a, 3b, 1, and 2) [Geyer et al., 1999; Geyer et al., 2000;
Grefkes et al.,, 2001], and the premotor cortex (Area 6)
[Geyer, 2004] were based on the maximum probability
maps (MPM) and macrolabel maps [Eickhoff et al., 2005] of
the Statistical Parametric Mapping Anatomy Tool box. The
insula ROI was defined by hand and based on the MNI

atlas. Mean percent BOLD signal change was extracted per
ROI in each subject and was used as the dependent vari-
able in the two-way within subjects Analysis of Variance
(ANOVA), examining effects of tasks and ROIs.

RESULTS

Response Latency of the Swallows and
the Throat-Clearing Events

The mean latency from the visual command for each task
to the completion of the laryngeal movement signal associ-
ated with the water swallows was 2.255 s (£0.42 SD). The
mean latency for the throat-clearing events was 2.559 s
(=0.35 SD). These latency data indicate that participants
responded promptly to the visual cues in both the water-
swallowing and the throat-clearing tasks, with the response
latency difference between the two tasks being minimal.

Group Activations in Each of the Four Tasks

The 3-ml water swallowing evoked significant activation
in several brain regions (Fig. 3a—d). The most prominent
group activations were observed bilaterally in the insular
cortex (Brodmann Area 13), the middle and superior fron-
tal gyrus (Brodmann Areas 6, 8, and 9), the precentral
gyrus (BA 4), and the post-central gyrus (BA 3). A number
of regions in the temporal lobe were activated, as well as
the superior and inferior parietal lobules and the cingulate
gyrus (BAs 24, 30, 31) bilaterally. Subcortical activations
were observed in portions of the thalamus and the basal
ganglia. Several cerebellar regions in both the anterior and
posterior lobes were found to be significantly activated.

Throat clearing resulted in significant bilateral activation
of the cingulate area (BAs 32, 31, 24), multiple regions in
the frontal cortex including BAs 6, 9, 45, the insular cortex
(BA 13), the pericentral area including the primary motor
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Figure 2.
Time course of the output of a bellows positioned around the sub-
ject’s neck over the thyroid cartilage for one throat-clearing event
(blue) for a single subject. Time = 0 indicates the time at which
the subject was visually cued to complete the task. AU stands for
on the y-axis Arbitrary Units. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Major Activated Areas

* Inferior parietal lobules (1)
+ Postcentral gyrus (2)

* Cingulate gyrus (3)

* Heschl's gyri (4)

* Midbrain (5)

* Insula (6)

* Thalamus (VLN and AN) (7)
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Major Activated Areas

* Precentral gyrus (1)

* Postcentral gyrus (2)

* Insula (3)

* Premotor area (4)

* Inferior parietal lobule (5)

Figure 3.
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Major Activated Areas

* Cingulate gyrus (BA 24) (1)
* Thalamus (2)

* Midbrain (3)

» Cuneus (4) and precuneus (5)
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a—d: Areas of significant activation (Z score = 3-5.5) during swallowing (N = 10). Boxes report
the major activated areas. Images are shown in radiological convention (the right hemisphere is
shown on the left). Coordinates are given in MNI space in mm. A = Anterior, P = Posterior,
L = Left Hemisphere, R = Right Hemisphere.
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Major Activated Areas

+ Midbrain (red nuclei) (1)

* Thalamus (2)

* Insula (3)

* Precentral gyrus (4)

* Cingulate gyrus (5)

+ Superior temporal gyrus (6)

(a)

Major Activated Areas
« Cingulate gyrus (1)

» Thalamus (2)

* Midbrain (3)

* Premotor area (4)

* Precuneus (5)

Figure 4.
a and b: Areas of significant activation (Z score = 3-5.5) during throat clearing (N = 10). The
boxes report the major activated areas. Images are shown in radiological convention (the right
hemisphere is shown on the left). Coordinates are given in MNI space. A = Anterior, P = Pos-
terior, L = Left Hemisphere, R = Right Hemisphere.

and sensory cortices, and portions of the superior and
middle temporal gyrus. Subcortically, throat clearing acti-
vated areas of the thalamus, the putamen and areas of the
midbrain (red and subthalamic nuclei) in both hemi-
spheres (Fig. 4a,b). Bilateral activation of the posterior lobe
of the cerebellum was also seen during this task.

Tongue tapping activated multiple cortical and subcorti-
cal regions (Fig. 5a—c). These included the primary motor
cortex (BA 4), the primary sensory cortex (BA 3, 1, 2), the
premotor area (BA 6), and the frontal Brodmann Areas 8
and 45. Activations were also found in the cingulate gyrus
(BA 32, 24, 31), the thalamus, the insula, and the superior
and inferior parietal lobules bilaterally (BA 7). Planning of
deglutition without execution bilaterally activated the pre-
motor cortex (BA 6), and the dorsal, and ventral anterior
cingulate areas (BAs 32 and 24) (see Fig. 6).

Comparison Between Tasks

Comparisons between the three component/control
tasks (see Fig. 7) showed that areas more activated during
throat clearing, included the posterior insula (BA 13), parts
of the pericentral area including BAs 3, 4, and 5, and the
midbrain bilaterally. Tongue tapping showed higher acti-
vations than the other two control tasks in portions of the
premotor and precentral cortex (BAs 4, 6, 9) and the post-

central gyrus and the parietal lobules (BAs 2 and 40). Plan-
ning did not show any areas that were more activated
than the motor tasks.

Additionally, when swallowing was compared to all
other tasks, several areas had more significant activation
during swallowing than any of the control tasks. These
areas included the thalamus, the anterior cingulate gyrus
(BA 24), the anterior insula and portions of the post- and
pre-central cortices, and the cerebellum bilaterally. Figure
7 shows the areas that were mostly activated by each of
the three motor tasks (swallowing, throat clearing, and
tongue tapping).

The two-way within-subjects ANOVA identified a signif-
icant main task effect (F3,7 = 35.639, P = 0.000) and a sig-
nificant ROI effect (Fy¢3 = 5.756, P = 0.005). The task by
ROI interaction was also significant (Fp;, 150 = 6.227, P =
0.000). Since the main effect for task was significant, indi-
vidual ROIs were evaluated for the task effect, to examine
whether tasks activated significantly differently in each
ROL. For this purpose eight one-way ANOVAs were per-
formed, one for each ROI The independent variable was
the task and included four levels: swallow, throat clear,
tongue tap, and plan, and the dependent variable was the
percent signal change in each ROL

For the primary motor cortex areas, the ANOVA tests
were significant (BA4a F;3, = 12.603, P = 0.000; BA4p
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| Major Activated Areas
* Thalamus (1)
« Cingulate gyrus (2)
* Pre and postcentral gyri (3)
* Insula (4)
* Putamen (5)
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|« Precentral gyrus (1)

[ Postcentral gyrus (2)

| * Premotor area (3)

| » Inferior parietal lobule (4)

* Middle temporal gyrus (5)

Figure 5.

Z = KNI

Major Activated Areas

+ Cingulate gyrus (1)

* Thalamus (2)

+ Midbrain (3)

* Medial and superior frontal gyrus (4)
* Precuneus (5)

* Cuneus (6)

a—c: Areas of significant activation (Z score = 3-5.3) during tongue tapping (N = 10). The
boxes report the major activated areas. Images are shown in radiological convention (the right
hemisphere is shown on the left). Coordinates are given in MNI space. A = Anterior, P = Pos-

terior, L = Left Hemisphere, R = Right Hemisphere.
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Major Acti Ar
» Superior frontal gyrus (premotor area BA 6) (1)
» Cingulate gyrus (2)

Figure 6.
Areas of significant activation (Z score = 3-4.3) during planning
of deglutition without execution. The boxes report the major
activated areas. Images are shown in radiological convention (the
right hemisphere is shown on the left). Coordinates are given in
MNI space. A = Anterior, P = Posterior, L = Left Hemisphere,
R = Right Hemisphere.

0]
TAPPING
Primary sensory and motor C. (8)
Premotor C. (not shown)

(6)

F33¢ = 21.444, P = 0.000) and follow-up post hoc compari-
sons were conducted using the Tukey HSD test. Results
revealed that swallowing elicited significantly higher acti-
vation in BA4a than tongue tapping (P = 0.000) and plan-
ning (P = 0.000); and throat clearing elicited higher activa-
tion than planning (P = 0.004). In BA4p swallowing
showed significantly higher activation than all other tasks
(P < 0.04), and tongue tapping and throat clearing higher
activation than planning (P < 0.034).

For the primary sensory cortex the ANOVA tests were
also significant (BA1 F33, = 14.823, P = 0.000; BA2 Fj3
19.513, P = 0.000; BA3a F33, = 25.285, P = 0.000; BA3b
F33¢ = 23.505, P = 0.000) and post hoc pairwise compari-
sons were conducted using the Tukey HSD test as well.
Results revealed that swallowing elicited significantly
higher activation in all sections of the primary somatosen-
sory cortex than any of the other tasks (P < 0.001); throat
clearing and tongue tapping both elicited higher activation
than planning in BAs 3a and 3b (P < 0.014). Significantly
higher activation in BA2 during throat clearing was also
observed compared to planning (P = 0.041). No significant
differences in all areas of PSC activation were observed
between throat clearing and tongue tapping.

For the premotor cortex (BA 6) the ANOVA test was sig-
nificant (F33¢ = 11.394, P = 0.000) as well, and post hoc
pairwise comparisons were also conducted using the
Tukey HSD test. Once more, results revealed that swallow-
ing elicited significantly higher activation in BA6 than any
of the other tasks (P < 0.031); throat clearing and tongue
tapping both elicited higher activation in the premotor
area than planning (P < 0.031).

Figure 7.
Areas of most significant activation
during swallowing (shown in red),
during throat clearing (shown in
(3) blue), and during tongue tapping
(shown in yellow). Boxes report the
areas. Images are shown in radiologi-
cal convention (the right hemisphere
is shown on the left). Coordinates
are given in MNI space.
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Figure 8.

Mean percent signal change in all ROIs for all four tasks. BA =
Brodmann Area. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Lastly, for the insula the ANOVA test was significant
(F3,36 = 25.305, P = 0.000) too. Post hoc pairwise compari-
sons were conducted using the Tukey test. A similar pat-
tern was observed in the results. Swallowing elicited sig-
nificantly higher activation in the insula than any of the
other tasks (P = 0.000); throat clearing and tongue tapping
both elicited higher insular activation than planning (P =
0.005 and P = 0.04, respectively).

Figure 8 shows the mean percent signal change for all
four tasks and ROIs. As can be observed in the graph,
swallowing indeed shows higher activations than all other
tasks in all areas. It is also obvious that planning elicited
the least amount of activation in all areas across subjects.
Tongue tapping overall elicited higher activations than
throat clearing only in BA2, whereas throat clearing elicited
higher activations than tongue tapping in BA 4a and 4p
and in the insular cortex. Despite these trends, the differen-
ces in activation noted between tongue tapping and throat
clearing did not reach statistical significance. The fact that
the ROI analysis did not verify the significant differences
between these two tasks that were observed with the voxel-
wise conjunction analysis is probably because of the fact
that the ROI analysis included larger regions that were ana-
tomically defined, likely diluting the signal differences.

DISCUSSION AND SIGNIFICANCE

In healthy young adults multifocal regions were found
to be activated during swallowing of 3-ml water. These
findings are in agreement with many previously reported
findings of studies on the neural control of swallowing in
healthy adults, [Hamdy et al., 1999a; Hartnick et al., 2001;
Kern et al., 2001a,b; Martin et al., 2001, 2004, 2007; Mosier
and Bereznaya, 2001; Mosier et al., 1999; Suzuki et al,
2003; Toogood et al., 2005; Zald and Pardo, 1999]. Specifi-
cally, water swallowing significantly activated pericentral

and perisylvian areas, the cingulate gyrus, the insula, the
thalamus, premotor and prefrontal regions, parieto-occipi-
tal areas, and the cerebellum.

Our intention was a separation of the neural control of
different components associated with deglutition in order to
have a better understanding of the neural control of these
components. To achieve this goal we hypothesized that areas
activated during voluntary water swallowing would be the
same as those activated during the execution of three com-
ponent/control tasks reflective of motor and cognitive func-
tions associated with deglutition. The section that follows
discusses the major sites of activation that were observed
during each of the examined tasks and their known or sus-
pected role in deglutition in healthy young adults.

Primary Sensorimotor Cortex
and Frontal Operculum

Activations in the primary motor cortex (BA 4), the pri-
mary somatosensory cortex (BAs 1, 2, 3), and the inferior
frontal gyrus including the frontal OP (BAs 44, 45) during
water swallowing were among the most prominent find-
ings of the present study. Activation of these areas has
also been one of the most common findings of previous
neuroimaging [Hamdy et al.,, 1999a; Hartnick et al., 2001;
Kern et al., 2001a,b; Martin et al., 2001, 2004, 2007; Mosier
and Bereznaya, 2001; Mosier et al, 1999; Suzuki et al.,
2003; Toogood et al., 2005] and electrophysiological studies
of deglutition in humans and nonhuman primates [Hamdy
et al.,, 1999a; Huang et al., 1989; Martin et al., 1999; Miller
and Bowman, 1977]. Activation of this area has been
reported for both saliva and water swallows [Kern et al,,
2001a; Martin et al., 2001].

It has been suggested that the primary motor cortex con-
stitutes a controlling region for muscle activity in the oro-
pharynx and the esophagus during swallowing [Hamdy
et al., 1996; Kern et al., 2001a]. Both saliva and water swal-
lowing have been found to evoke activation of the primary
sensorimotor cortex [Kern et al., 2001a; Martin et al., 2001],
indicating that this area is involved in both voluntary and
automatic aspects of the swallowing sequence.

Electrical stimulation of the area ventral to the precentral
cortex (Brodmann’s Areas 44, 1, 3, and 6) and stimulation
of the face and masticatory motor and somatosensory cor-
tex have been shown to elicit both swallowing and masti-
cation in primates [Huang et al., 1989; Martin et al., 1999;
Miller and Bowman, 1977]. TMS studies in humans have
also shown that stimulation anterolaterally to the motor
cortex can elicit electromyographic activity in oral and
pharyngeal muscles known to be active during swallowing
[Hamdy et al., 1999b].

Also, lesions in the most lateral portion of the precentral
gyrus and the posterior portion of the inferior frontal
gyrus have been frequently associated with dysphagia
[Alberts et al.,, 1992; Celifarco et al., 1990; Robbins and
Levine, 1988]. Such lesions may result in difficulties with
the oral transport phase, the initiation of the pharyngeal
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stage, or in apraxia of swallowing [Robbins and Levine,
1988]. Others have also linked activation of the sensorimo-
tor cortex with the initiation of the pharyngeal stage of
swallowing [Hamdy et al., 1999a].

The involvement of this area in tongue movements has
been previously described by several fMRI studies [Cor-
field et al., 1999; Kern et al.,, 2001a; Martin et al., 2004;
Watanabe et al., 2004]. The lateral pericentral cortex activa-
tion during tongue movements may reflect motor activa-
tion of the tongue primary motor area or the sensory
stimulation of the oral structures caused by the tongue
movements or both [Martin et al., 2004]. Coughing has
also been found to activate the primary sensorimotor cor-
tex in healthy young adults [Simonyan et al., 2007].

In the present study, sensorimotor cortex and frontal OP
activation was also seen during tongue tapping and throat
clearing. When paired t-test comparisons were employed
to compare activations between the three component/con-
trol tasks, tongue tapping showed more significant activa-
tions in this area than throat clearing and planning. This
possibly reveals a more active role of the primary sensori-
motor cortex in tongue movement (i.e., an oral component
of deglutition) than in throat clearing and planning. The
oral components of swallowing are the most voluntary ele-
ments of deglutition [Ertekin and Aydogdu, 2003] and
thus, are expected to be represented more cortically.

Premotor Cortex

In the present investigation the premotor cortex (BA 6)
was significantly activated during swallowing and during
all control tasks. This finding is in agreement with results of
many previous neuroimaging studies implicating the pre-
motor cortex in the control of swallowing, [Hamdy et al.,
1999a; Kern et al., 2001a,b; Martin et al., 2001, 2004, 2007;
Mosier and Bereznaya, 2001; Mosier et al., 1999; Suzuki
et al., 2003; Toogood et al., 2005], tongue movements [Cor-
field et al., 1999; Kern et al., 2001a; Martin et al., 2004; Wata-
nabe et al., 2004] and coughing [Simonyan et al., 2007].

The premotor area (BA 6) is known for its role in motor
planning and execution [Deiber et al.,, 1996; Tanji and
Mushiake, 1996]. Relative to swallowing, however, the role
of the premotor cortex is not completely understood
[Hamdy et al., 1999a]. EEG data have indicated that a pre-
motor potential is present in this area ~500 ms before the
initiation of swallowing movements [Huckabee et al,
2003]. Mosier and Bereznaya (2001] also support the view
that BA 6 is involved in the control of planning of sequen-
tial swallowing movements. Others, however, postulate
that this region is more likely to modulate pharyngoeso-
phageal components of the swallowing act [Hamdy et al.,
1999a], rather than premotor planning. The fact that activa-
tion of the premotor cortex was observed during all the
examined tasks in the present study contradicts the latter
assumption, because tongue tapping, throat clearing, and
planning of deglutition do not have pharyngoesophageal
components. On the contrary, it possibly indicates the

motor planning component present during swallowing, as
well as during all the examined tasks. Further investiga-
tion of this activation is needed to identify the exact role
of the premotor cortex in swallowing and related tasks.

Cingulate Cortex

Several areas of the cingulate gyrus were found to be
activated during the swallowing task, including the ventral
anterior cingulate area 24, the dorsal anterior cingulate
area 32, and the dorsal posterior cingulate area 31, the in-
termediate and the posterior cingulate gyrus. The ACC has
been frequently implicated in swallowing [Hamdy et al.,
1999a; Kern et al., 2001a,b; Martin et al., 2001, 2004, 2007;
Mosier and Bereznaya, 2001; Mosier et al., 1999]. ACC acti-
vation has been suggested to mediate attention, and emo-
tional affect [Davis et al., 1997; Derbyshire et al., 1998], as
well as emotional response to pain and noxious stimuli
and sensorimotor planning [Devinsky et al., 1995]. In swal-
lowing, researchers have suggested that ACC activation
might reflect regulation of digestive functions [Hamdy
et al.,, 1999a], or affective/attentive reactions to the swal-
lowing task [Hamdy et al., 1999a; Kern et al., 2001a].

The exact role of the ACC in swallowing, however, is
still not completely understood [Martin et al., 2001; Toogood
et al., 2005]. Studies relating to swallowing have reported
inconsistent results regarding the exact site of the cingulate
cortex that is active during swallowing. One study has
reported activation of the rostral ACC during water swal-
lowing [Hamdy et al., 1999a], whereas the results of another
study from the same research laboratory show the caudal
part of the ACC to be active during water swallowing
[Hamdy et al, 1999b]. Other investigators have observed
more prominent activation of the rostral ACC during saliva
(spontaneous) swallows and more prominent activation of
the caudal and intermediate ACC during water (volitional)
swallows [Martin et al., 2001; Toogood et al., 2005], indicat-
ing a somatotopic organization of the ACC relating to volun-
tary versus involuntary aspects of the swallowing act.

Activation of the ACC has been previously observed dur-
ing tongue movements [Corfield et al., 1999; Kern et al.,
2001a; Martin et al., 2004; Watanabe et al., 2004] and during
coughing in healthy adults as well [Simonyan et al., 2007].
In the present study, activation of the anterior and/or the
intermediate cingulate gyrus was observed during all four
tasks, making the interpretation of this activation even
more challenging. The present results may indicate two
possible explanations; first, ACC activation during these
tasks could indicate that ACC controls affective/attentive
reactions to a task in general [Hamdy et al., 1999a; Kern
et al., 2001a]; second, it may indicate that it has a role in
sensorimotor planning, preparation, and processing of oro-
pharyngeal tasks [Martin et al., 2004; Simonyan et al., 2007]
that was a component of all the examined tasks.

Additionally, the posterior cingulate gyrus was found to
be activated during swallowing and throat clearing. The
posterior cingulate cortex is believed to be an association
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area that has reciprocal connections with the thalamus and
an active role in integrating sensory information [Yukie,
1995]. Activation of this area along with activation of other
sensory areas (primary somatosensory cortex, precuneus,
parietal lobules, thalamus) in swallowing could indicate a
role in receiving and processing sensory information from
the oropharyngeal areas and in modulating motor actions
through connections with the primary motor cortex and
the insula [Hamdy at al. 1999a].

Parieto-Occipital Regions

During the swallowing task, activation of multiple areas
in the parietal and occipital lobes was also observed. Apart
from the primary somatosensory cortex, activations were
seen in the superior parietal lobule (SPL) and inferior pari-
etal lobule (IPL), as well as in the cuneus and precuneus.
SPL and IPL have been implicated in information process-
ing of spatially specific movements [Watanabe et al., 2004],
and spatial feedback of motor actions [Desmurget et al.,
2001]. The IPL in particular has been suggested to play a
role in self-monitoring of spatial movements and integra-
tion of visual and proprioceptive information with ongoing
motor control [Inoue et al., 1998]. Activation of the SPL
and the IPL was also observed during tongue tapping in
the present study, but not during throat clearing or plan-
ning. This indicates that the parietal lobules are more
likely involved in the oral components of deglutition (i.e.,
tongue movement) and could play a role in the spatial
processing of tongue movements or could be involved in
processing proprioceptive feedback in the oral cavity
[Inoue et al., 1998; Watanabe et al., 2004]. Activation of the
IPL and the SPL has also been reported by other fMRI
studies that studied the neural control of tongue move-
ments [Corfield et al., 1999; Watanabe et al., 2004].

The cuneus and precuneus have been identified as acti-
vated areas during swallowing tasks in several fMRI stud-
ies [Hamdy et al., 1999a; Kern et al., 2001a,b; Martin et al.,
2001; Mosier et al., 1999; Toogood et al., 2005]. In general,
the posterior parietal cortex is thought to play a role in
integrating sensory input with motor output, remembering
somesthetic information [Andersen and Buneo, 2002] and
associating visual and auditory cues to sensory/motor
responses [Donner et al., 2002]. In swallowing, it has been
proposed that these areas might play a role in reception
and higher processing of sensation from the oropharyngeal
and esophageal areas [Hamdy et al., 1999a].

Interestingly, however, in the “Go-No Go” paradigm
that Toogood and colleagues employed to study neural
activation during swallowing, they found that activation of
the precuneus and the cuneus was not statistically differ-
ent in the swallow versus the no-swallow condition, sug-
gesting that the cuneus and precuneus activation may not
be directly related to the motor act of swallowing [Too-
good et al, 2005]. These areas have been implicated in
multiple cognitive and perceptual tasks, including
sequence processing [Catalan et al., 1998], integration of

visuomotor information and visual perceptual tasks
[Donner et al., 2002]. Toogood and colleagues [2005] sug-
gest that activation of these areas is more likely due to vis-
ual, tactile, or auditory cueing for the task execution,
rather than associated with the swallowing task per se.

Occipito-parietal activations during tongue movements
have not been consistently reported by other fMRI studies.
Many studies have found such activations during different
tongue movement paradigms [Kern et al., 2001a; Martin
et al., 2004; Watanabe et al., 2004]; however, in the study
of Corfield et al. [1999], the only parietal area observed to
be active during isometric tongue contraction was the pri-
mary somatosensory cortex. During coughing, Simonyan
et al. [2007] reported activations in the left precuneus and
the supramarginal gyri caudally.

Activation in the precuneus and the cuneus was also
observed during most tasks. The fact that activation in the
cuneus and precuneus was so frequently observed prob-
ably supports the conclusion of Toogood et al. (2005] that
activation of these parieto-occipital regions is associated
with visual, tactile, or auditory cueing for the task execu-
tion and not necessarily with the motor act of swallowing.
Additionally, a Go-No Go paradigm was not followed in
the present research, thus the role of the cuneus and pre-
cuneus in deglutition and related tasks cannot be fully
specified by the results of this investigation.

Insular Cortex

Additionally, the insular cortex was activated during
water swallowing in the present study. Clinical studies
have revealed that insular lesions can result in dysphagia
[Alberts et al., 1992; Daniels and Foundas, 1997; Hamdy
et al., 1997; Stickler et al., 2003], with some authors specifi-
cally associating lesions in the right anterior insula
with swallowing difficulties [Daniels and Foundas, 1997;
Hamdy et al., 1997]. Functional MRI studies have also
shown that the insular cortex is activated during swallow-
ing tasks [Hamdy et al., 1999a; Kern et al., 2001a; Martin
et al., 2004, Mosier and Bereznaya, 2001; Mosier et al.,
1999; Toogood et al., 2005]. Insular activation has been
found to be either bilateral, [Kern et al., 2001a; Mosier
et al, 1999; Mosier and Bereznaya, 2001; Suzuki et al.,
2003], or more significant in the right hemisphere [Martin
et al., 2001; Martin et al., 2004].

In general, there is great inconsistency in the exact insu-
lar location reported as active during swallowing and
related tasks. Some research describes the anterior insula
as active during swallowing and the posterior during
tongue movement [Martin et al.,, 2001; Zald and Pardo,
1999], whereas others report the posterior insula activated
during swallowing [Martin et al., 2004]. The specific loca-
tion of this activation remains questionable [Martin et al.,
2004]. The insula, however, is thought to regulate sensory-
motor integration between primary cortical and subcortical
sites, gustatory sensation, and visceral motor rhythm,
[Augustine, 1996, Mosier et al., 1999]. Furthermore, insular
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involvement has been implicated in voluntary oral motor
control [Raichle, 1991] and speech motor control
[Dronkers, 1996]. Regarding swallowing, insular activation
may regulate the kinematics of movement and the tempo-
ral sequence of events during swallowing [Mosier et al.,
1999], or could reflect the integration between multiple
sensory and/or motor processes involved in deglutition
[Martin et al., 2001].

Activation of the insular cortex has also been seen during
different tongue movement tasks [Corfield et al., 1999;
Kern et al., 2001a; Martin et al., 2004] and during coughing
[Simonyan et al., 2007]. This possibly supports the sensory-
motor integration role of the insula [Simonyan et al., 2007]
or its involvement in oral motor control [Raichle, 1991].

In our study insular activation was also seen during
throat clearing and tongue tapping. After the paired t-test
comparisons, however, it was shown that bilateral activa-
tions in the anterior insula are more significant during
swallowing compared to all other tasks. Interestingly, acti-
vation in the right posterior insula was more significant
during throat clearing compared to tongue tapping and
planning. These results suggest that the entire insular cor-
tex plays a role in swallowing, with the posterior insula
possibly being more implicated in less voluntary and more
automatic portions of the swallow, such as laryngeal clo-
sure (i.e., throat clearing).

Thalamus

The thalamus was activated bilaterally during the swal-
lowing task in the present experiment. The thalamus is a
structure known as a relay station for sensory information
traveling into higher cortical areas [Connors et al., 1998],
with some nuclei also acting as association areas [Connors
et al., 1998; Mosier et al., 1999]. Thalamic infarcts have
been associated with dysphagia [Paciaroni et al., 2004; Tan
et al., 2004]. During fMRI studies the localization of spe-
cific thalamic nuclei involved in swallowing and related
tasks can be challenging. The thalamus has been reported
to be activated in other neuroimaging studies of degluti-
tion [Mosier et al.,, 1999; Mosier and Bereznaya, 2001;
Suzuki et al., 2003]; however, the specifics of this activation
remain unclear.

Activation in the thalamus during tongue movements
[Corfield et al., 1999; Martin et al., 2004; Watanabe et al.,
2004] and during coughing [Simonyan et al., 2007] has
been previously reported. Although most studies have dif-
ficulty identifying and reporting activations in specific tha-
lamic nuclei, Simonyan et al. (2007] reported ventral and
dorsomedial thalamic nuclei activations during coughing.

Thalamic activations were also observed during tongue
tapping and throat clearing in this study. It has been pro-
posed that thalamic activation during swallowing and
related tasks suggests the sensory and motor input proc-
essing through thalamocortical and thalamostriatal connec-
tions [Mosier et al., 1999] and transferring of this informa-
tion to higher cortical structures [Simonyan et al., 2007].

Such processing and transferring of sensorimotor informa-
tion is also present during both tongue tapping and throat
clearing and could explain the thalamic activations seen
during these tasks as well.

Cerebellum

In the present study participants exhibited bilateral cere-
bellar activation during swallowing. Cerebellar activation
during deglutition has been reported only by few fMRI
studies [Suzuki et al.,, 2003; Mosier et al., 1999, 2001]. It
should be noted, however, that many of these investiga-
tions focused on identifying cortical and subcortical activa-
tions and did not examine the cerebellum [Hamdy et al.,
1999a; Kern et al., 2001a,b; Martin et al., 2001].

Cerebellum has been implicated in the control of adapt-
ive coordination, the organization of sensory input with
motor output and the learning of sequential movements
[Hikosaka et al., 1999; Thach et al., 1992]. Additionally, it
is thought to operate in a feed-forward pattern that ena-
bles efficient control of movements [Nowak et al., 2007]. In
swallowing, the cerebellum may offer an adaptive modula-
tion of the lingual and pharyngeal musculature, enabling
the accurate internal representation needed for a functional
swallow to occur [Mosier and Bereznaya, 2001].

Activation of the cerebellum during tongue movements
has been reported by several functional neuroimaging
studies [Corfield et al., 1999; Watanabe et al., 2004, Zald
and Pardo, 1999]. Rhythmic isometric tongue contractions
[Corfield et al., 1999], as well as lateral tongue movements
[Zald and Pardo, 1999], and intraoral sensory stimulation
of the tongue with water [Zald and Pardo, 2000] are
known to evoke activations of multiple cerebellar foci.
Bilateral activation of the dentate nucleus, the declive and
culmen, and right cerebellar activation at the fastigial nu-
cleus has also been identified during coughing in healthy
adults [Simonyan et al., 2007].

Regarding the control tasks examined in the present
study, limited cerebellar activation was observed only dur-
ing throat clearing. Tongue tapping and planning did not
significantly activate the cerebellum. This finding could
indicate that the cerebellum is more actively involved in the
modulation of the pharyngolaryngeal muscles and the coor-
dination of sensory input with motor output during the
pharyngeal rather than the oral components of the swallow.

According to Suzuki et al. (2003] studies that found cere-
bellar activation used a self-paced swallowing task and
had a pre-scanning training component. Thus, the cerebel-
lar activation seen on these swallowing studies can reflect
a learning of the task component or can be related to the
coordination and organization of sensory input and motor
outputs during deglutition. In the present investigation,
the swallowing task was not self-paced; however, there
was a prescanning training session for all subjects. The fact
that cerebellar activation was not seen during all tasks con-
tradicts the argument that cerebellar activation reflects a
learning of the tasks component. If this was the case, cere-
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bellar activation should be seen during all three motor
tasks examined (i.e.,, swallowing, tongue tapping, and
throat clearing).

Considerations

There are considerations that may have influenced some
of the results of the present investigation. First, all tasks
examined were volitionally initiated by the visual com-
mands. Thus, it is possible that some of the activations
seen have greater weighting on those networks that are
involved in voluntary motor and cognitive tasks, and less
weighting on networks that are associated with more auto-
matic components of these tasks. Future investigations
should also attempt to examine the specified tasks in a
spontaneous paradigm that would allow for identification
of areas purely involved in the automatic execution of
these tasks. It has to be mentioned, however, that for the
swallowing task, a water bolus was given to the subjects
and since a bolus elicits swallowing, this may partially
remedy this problem.

Another consideration is that the present study did not
address the role of the brainstem in the neural control of
the tasks examined. Although activation in some midbrain
nuclei, the pons, and the medulla was seen during swal-
lowing and throat clearing, these activations cannot be spe-
cifically and accurately attributed to these tasks. Brainstem
activation is expected during most components of degluti-
tion, because of the fact that highly complex brainstem cir-
cuitry is required to produce a completely functional swal-
low [Jean, 2001; Miller, 1993]. BOLD {MRI is thought to
have sufficient sensitivity and resolution to identify activa-
tion in the brainstem [Corfield et al., 1999]. Despite this, re-
spiratory and cardiac cycles cause tissue movements that
are prominent in the brainstem [Poncelet et al., 1992].
Thus, to accurately correlate brainstem activation with a
specific task under examination, careful physiological
monitoring of the respiratory and the cardiac cycles is
required. These physiological data should then be
regressed out of the statistical model to show which brain-
stem activation is truly associated with the actual exam-
ined task. In the present study the respiratory input
located at the magnet table was used for the monitoring of
the swallowing and the throat-clearing events, and thus re-
spiratory cycle information could not be collected. Cardiac
cycle data were acquired but were not analyzed at this
time. Analysis of those data may provide more accurate
information on brainstem activation during the examined
tasks. Correlation of the physiological data with the fMRI
data has not been attempted at this point. Future studies
should also include such a correlation.

Furthermore, fMRI testing requires the subjects to lie
supine during scanning. Although dry swallowing in the
supine position occurs when people lie down or when
they are asleep, swallowing of liquid in the supine posi-
tion is not a common practice. Behavioral changes in the
swallowing physiology in the supine position have been

reported [Barkmeier et al., 2002; Castell et al., 1990; Inagaki
et al., 2007, Ingervall and Lantz, 1973; Johnsson et al.,
1995], but are not thought to significantly alter a swallow.
Additionally, it is doubtful that the neural activation of
swallowing would change between the upright and supine
positions. Indeed, studies using TMS [Hamdy et al., 1998]
that examine subjects in the upright position have found
many of the same cortical areas implicated in swallowing
as these reported by most fMRI studies.

In the present experiment the participants were visually
cued to all tasks. As previously discussed, this mode of
cueing may explain some of the parieto-occipital activa-
tions. Whether some of these activations are actually asso-
ciated with the tasks examined remains unclear. Specifi-
cally activation in the cuneus and precuneus was found in
a “Go-No Go” paradigm study to be associated with vis-
ual, tactile, or auditory cueing for task execution and not
necessarily with the motor act of swallowing [Toogood
et al., 2005]. Such a paradigm was not followed in the
present investigation, thus the role of the cuneus and pre-
cuneus in deglutition and related tasks cannot be fully
specified by these results. Future research using different
cued presentations to elicit swallowing could elucidate the
functional role of these areas in cued voluntary swallow-
ing [Toogood et al., 2005].

Another limitation was that sensory components of the
swallowing sequence were not presently examined. Neural
areas responsible for sensory processing and integration of
sensory and motor information were found to be active
during many of the examined tasks in both age groups.
Since a sensory task was not included in the current experi-
mental design, the exact activation and role of these areas
can only be implied. Recently, two fMRI studies attempted
to identify supramedullary areas involved in oropharyn-
geal sensation [Soros et al., 2008; Lowell et al., 2008]. Both
studies found that the neural network responsible for sen-
sory innervation of the oropharyngeal areas is very similar
to the one activated during the motor task of swallowing,
including the primary sensorimotor cortex, the thalamus,
insula, frontal regions, the premotor area, and the anterior
cingulate [Lowell et al., 2008; Sords et al., 2008]. Neverthe-
less, it should be noted that the air-pulse stimulation
that was used in both studies as the sensory stimulation
technique, frequently evoked swallowing or other pharyng-
olaryngeal movements ~6-7 s following the stimulation.
Thus, some of the activation seen in those studies might
also reflect areas of swallowing activation, and cannot be
exclusively attributed to the sensory stimulation. Future
investigations using sensory stimulation components that
will not elicit the motor act could clarify the areas that are
solely associated with sensation in the oropharyngeal area.

CONCLUSION

In conclusion, the present study verified previously
reported findings of the neural control of swallowing in
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healthy adults, [Hamdy et al., 1999a; Hartnick et al., 2001;
Kern et al., 2001a,b; Martin et al., 2001, 2004, 2007; Mosier
and Bereznaya, 2001; Mosier et al.,, 1999; Suzuki et al,
2003; Toogood et al., 2005; Zald and Pardo, 1999]. As in
most other studies, swallowing significantly activated peri-
central and perisylvian areas [Hamdy et al., 1999a; Hart-
nick et al.,, 2001; Kern et al., 2001a,b; Martin et al., 2001,
2004, 2007; Mosier and Bereznaya, 2001; Mosier et al.,
1999; Suzuki et al., 2003; Toogood et al., 2005; Zald and
Pardo, 1999].

Examination of the different tasks, however, provided a
greater insight in the neural control of the different compo-
nents of deglutition. Specifically, results indicated that oral
components of the swallow (such as tongue tapping) more
significantly activate cortical areas and specifically the pri-
mary motor and sensory cortices bilaterally, as well as the
parietal lobules. The oral components of swallowing are
the more voluntary elements of deglutition [Ertekin and
Aydogdu, 2003] and thus, are expected to be represented
more cortically.

On the contrary, pharyngeal components (such as throat
clearing, ie., a laryngeal closure task) tended to show
higher activation in subcortical areas, i.e., the posterior
insula. These findings suggest that the most automatic
components of deglutition (such as laryngeal closure) may
rely more heavily on subcortical networks. No areas were
found to be more activated during planning. This finding
suggested that some motor planning is present as a pre-
liminary action in all motor tasks examined and deserves
further examination.

Finally, the areas more activated during swallowing
included thalamic areas, the cingulate gyrus, and the ante-
rior insula, suggesting that some aspects of the swallow
were not captured by the three component/control tasks.
This is not surprising if one considers that the two motor
tasks (tongue tapping and throat clearing) are reflective
but not the same oral and pharyngeal tasks performed
during the swallow. Additionally, sensory components of
the swallow, including taste, were not investigated in the
present study; this could help to explain some of these
activations [Zald and Pardo, 1999]. Future research in the
same direction should include examination of the neural
activation of the sensory components of the swallow.
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