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Abstract: Understanding the neural functional organization of swallowing in healthy elders is essential
in diagnosing and treating older adults with swallowing difficulties. The primary aims of this investiga-
tion were to identify the neural activation sites of different components of deglutition in healthy elders
using functional Magnetic Resonance Imaging (fMRI) and to investigate age differences in the neural
control of swallowing. Ten young (age range 19-25 years of age) and nine older (age range 6677 years
of age) right-handed healthy individuals were scanned in a 3-Tesla MRI scanner. Subjects were visually
cued for both a “Swallow” task and for component/control tasks (“Prepare to swallow,” “Tap your
tongue,” and “Clear your throat”). Behavioral interleaved gradient (BIG) methodology was used to
address movement related artifacts. Between-group comparisons revealed statistically stronger activa-
tions in the primary somatosensory cortex of young adults during the motor tasks examined. Both
groups showed activations in the major motor areas involved in the initiation and execution of move-
ment; however, areas involved in sensory processing, sensorimotor integration and/or motor coordina-
tion and control, showed reduced or limited activity in the elderly. Potential implications of these
findings for clinical practice are discussed. Hum Brain Mapp 32:730-743, 2011.  ©2010 Wiley-Liss, Inc.
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INTRODUCTION

Deglutition or swallowing is one of the main processes
that enable humans to sustain life. Swallowing disorders
(a.k.a. dysphagia) are a global health care concern. With-
out effective treatment, dysphagia may lead to dehydra-
tion, malnutrition, pulmonary complications related to
chronic aspiration, particularly pneumonia, and reductions

in quality of life [Ney et al., 2009]. Despite this significant
clinical problem, the critical underlying neurophysiological
processes of dysphagia are complex and not well
understood.

Dysphagia in older individuals is usually a result of
age-related disease, with stroke most commonly reported
[Daniels et al., 1998, Martino et al., 2005; Robbins et al.,
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1993]. However, increased prevalence of swallowing diffi-
culties in healthy aging in the absence of disease is fre-
quently noted and is newly termed presbyphagia [Leslie
et al., 2005; Ney et al., 2009; Robbins et al., 1992]. Physio-
logical changes in the swallowing mechanism as people
age are known to exist in both the motor and sensory com-
ponents of deglutition [Cook et al., 1994; Daniels et al.,
2004; Feldman et al., 1980; Logemann et al., 2000; Nicosia
et al., 2000; Robbins et al., 1992, 1995; Shaker et al., 1994].

Regarding motor function, research reveals significant
age-related changes in lingual pressure generation [Robbins
et al., 1995], an important contributor to the swallowing
process as it enables food manipulation and propulsion
from the oral cavity to the pharynx. Additionally, healthy
elders need increased time to prepare the bolus in the oral
cavity [Feldman et al, 1980], and are in general slower
eaters than their younger counterparts [Cook et al.,, 1994;
Robbins et al., 1992]. Etiological explanation of these motor
swallowing declines, partially comes from evidence that
sarcopenia (i.e., age-related loss of muscle mass and selec-
tive muscle fibers) is also present in the muscles of the
upper aerodigestive tract in old age [Cartee, 1995; Faulkner
et al., 1995], thus attributing these motor declines to the end
organ, i.e., the muscle.

Regarding sensory swallowing components, older
healthy adults need larger volumes of material in order to
trigger the pharyngeal swallow response, i.e., the response
that is necessary for a complete and safe laryngeal and air-
way closure to be achieved during the swallow [Shaker
et al., 1994]. They are also known to demonstrate a delay in
the initiation of this response [Robbins et al., 1992], reduced
taste perception [Calhoun et al., 1992; Fukunaga et al.,
2005], increased sensory discrimination thresholds in the
mouth and the laryngopharynx [Aviv, 1997], and increased
instances of penetration (airway invasion up to the level of
the true vocal folds) [Daniels et al., 2004; Robbins et al.,
1999]. The underpinnings of these sensory declines are not
well understood. It has been hypothesized, however, that
the delay in the initiation of the pharyngeal response may
be due to the fact that, as people age, the more voluntary—
more cortically regulated—oral events of swallowing
become neurologically “un-coupled” from the more auto-
matic—brainstem regulated—pharyngeal response, sug-
gesting a neural component underlying these sensory
declines [Ney et al., 2009].

Taking into consideration the physiological declines in
aging deglutition and in lieu of the Ney et al. [2009] hypoth-
esis, it is considered of great clinical interest to investigate
potential changes in the neural processes that govern swal-
lowing as people age. In fact, most studies that have
focused on the neural control of swallowing have either
used animals or relatively young healthy human subjects as
their samples making it difficult to generalize their findings
to the elderly population. Results from these studies report
similar areas of neural activation during swallowing includ-
ing pericentral and perisylvian areas, the cingulate gyrus,
the insula, thalamus, basal ganglia nuclei, premotor and

prefrontal regions, and parieto-occipital areas [Hamdy
et al., 1999; Kern et al., 2001a, b; Malandraki et al., 2009a, b;
Martin et al., 2001, 2004; Mosier and Bereznaya, 2001;
Mosier et al., 1999; Suzuki et al., 2003; Toogood et al., 2005].
Changes in the neural mechanisms that govern the complex
sensorimotor act of swallowing with age have not been
extensively investigated [Martin et al., 2007].

Recently, an fMRI study examined the neural activation
of swallowing in nine older healthy females over 60 years
of age [Martin et al.,, 2007]. Results revealed that degluti-
tion in older females activated multiple cerebral areas,
including the lateral pericentral, perisylvian, and anterior
cingulate cortex with postcentral gyrus activation being
more lateralized to the left for both dry and water swal-
lows. This study did not make direct statistical compari-
sons of the neural swallowing activation between old and
younger adults; it did, however, report larger areas of acti-
vations cortically than subcortically during both water and
saliva swallows, in those nine older females, as well as
lack of activation in the cerebellum and midbrain struc-
tures [Martin et al., 2007]. Interestingly, during water swal-
lowing, a fourfold increase in the brain volume activated
was seen when compared to the saliva swallow, especially
in the right premotor and prefrontal cortex in this group.
The authors suggested that this additional activation may
represent a compensatory response for swallowing water
in healthy elders, secondary to the age-related declines
seen in the oral sensorimotor functioning of elders.

The only fMRI study to date that has investigated age
effects on the amplitude of neural activation during swal-
lowing is the one conducted by Humbert et al. [2009]. These
authors found that, for all swallow types examined (i.e., sa-
liva, water and barium), older adults showed significantly
higher BOLD activity than the younger group across a large
region of the cortex, including the right pre and postcentral
gyri, bilateral frontal lobe, bilateral parietal regions (inferior
and superior gyri), and the right superior temporal gyrus.
However, the younger group also exhibited higher BOLD
activity in selected areas, including the left pre and postcen-
tral gyri, left supplementary motor area (SMA), and right
superior frontal gyrus. In contrast with Martin et al. [2007],
this investigation found that saliva swallows elicited signifi-
cantly higher BOLD responses in regions important for
swallowing compared with water and barium. These dis-
crepancies, however, may be explained by differences in
the methodology of these studies. The authors conclude
that the additional cortical activations seen in some brain
areas in their elderly sample may designate that older
adults need increased effort than younger individuals to
swallow the same bolus types and amounts, and that young
adults may be more efficient in cortical use for the same
task than elders [Humbert et al., 2009]. Alternatively, it
could also be hypothesized that this additional activation
may not be compensatory, but rather may reflect inability
to suppress activity in conflicting regions [Buckner, 2002].

Although in Humbert et al. [2009], the swallowing pro-
cess resulted in larger activations in selected cortical areas
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of older adults, it is important to note that swallowing is a
multi-phase event with multiple components. In this work,
we examined the swallowing process, as well as simple
component tasks that approximate the phases of swallow-
ing. By examining the level of cortical activation associated
with these component tasks, we aim to gain greater insight
into the functional significance of potential additional cort-
ical activations in the older adult sample.

Swallowing is conventionally divided into three major
phases: the oral phase, involving the entrance and manip-
ulation of the food in the oral cavity; the pharyngeal
phase, which involves the transportation of the food from
the oropharynx into the esophagus around a well pro-
tected and closed laryngeal vestibule; and the esophageal
phase, involving the transportation of the food through
the esophagus and into the stomach [Logemann, 1998;
Perlman and Christensen, 1997]. In addition to these con-
ventionally described phases, swallowing also involves an
initial motor planning and preparatory stage during which
an individual prepares for the swallowing sequence that
will follow. Planning of swallow is included in this study
in order to investigate whether declines in motor perform-
ance with age include the intentional planning stage or if
age-related declines are associated only with motor output
or sensorimotor integration areas. Additionally, a disorder
of motor planning of swallowing known as swallowing
apraxia is characterized by a delay in the initiation of
bolus transfer with no lingual movement or by lingual
searching movements before bolus is transferred posteri-
orly in the oral cavity [Daniels, 2000; Logemann, 1998].
Understanding the neural control of planning deglutition
and all other physiological components in normal healthy
adults is believed to provide greater insight as to how the
entire swallowing sequence is implemented and initiated.

Swallowing is a complex sensorimotor process involving
many physiological phases. It is logical to hypothesize that
the multiple areas activated during swallowing in both
young and elderly adults reflect regions responsible for dif-
ferent aspects of the swallowing process; such as areas re-
sponsible for lingual or mandibular control, for
sensorimotor planning, or for pharyngeal components of de-
glutition [Hamdy et al., 1999; Huckabee et al., 2003; Suzuki
et al., 2003]. Identification of the neural control of different
swallowing components has been researched in healthy
young adults and results indicated that pharyngeal compo-
nents of swallowing (such as laryngeal closure) rely more
heavily on subcortical networks, whereas oral components
of swallowing (such as tongue elevation) depend more on
cortical sensorimotor innervation [Malandraki et al., 2009a].

There were two main objectives of this study. First, we
aimed to identify the neural activation during separate
components of the swallowing process in older healthy
adults, ie., during swallowing, tongue tapping, throat
clearing, and planning of deglutition without execution,
following the same methodology as described in Malan-
draki et al. [2009a] that examined healthy young adults.
This attempt was made to better understand the neural

control of this complex sensorimotor process in old age.
By studying these different components, we also aimed to
determine whether simpler elements reflecting different
swallowing events recruit additional areas of activation in
older adults, based on previously reported increases in
functional activations for swallowing with age [Humbert
et al., 2009]. Our second objective was to examine potential
differences in the amplitude of the neural control of deglu-
tition and component tasks in eight selected Regions-of-In-
terest (ROIs) between two age groups, healthy young and
elderly adults.

MATERIALS AND METHODS
Subjects

Nineteen right-handed healthy individuals with no his-
tory of speech, or swallowing difficulties, or any neurolog-
ical involvement participated in this study. An oral
sensorimotor examination was performed with all subjects
to ensure healthy normal oral sensorimotor function. Also,
all subjects were right-handed as measured by the Edin-
burgh Handedness Inventory [Oldfield, 1971] (Mean EHI
score: 78, SD; 11), and gave written informed consent. The
study protocol was approved by the University of Illinois
at Urbana-Champaign Institutional Review Board.

Participants were divided into two age groups. Group A
included 10 young adults, five males and five females
with a mean age 21.7 years of age (yoa) (SD: 2.1 yoa).
Group B included nine older adults, six females and three
males with a mean age 70.2 yoa (SD: 3.9 yoa). To ensure
identification of a healthy elderly group, elderly individu-
als had to be high functioning, community-dwelling older
adults, who were a minimum of 65 years of age. Partici-
pants with a known history of stroke or other brain dys-
function, head and neck cancer or anatomic alterations in
that area, and speech or swallowing difficulties were
excluded from the study. Also, potential subjects on any
medications that could affect their swallowing or neural
function were excluded from the study. Subjects were
asked to refrain from any alcohol use for 12 h before the
experiment. To ensure that all subjects could reliably read
the visual commands of the tasks, vision was corrected by
use of MR-compatible eyeglasses for five of the nine el-
derly participants. None of the young subjects needed cor-
rected vision.

Tasks

The experimental design and the procedure have been
previously described in detail in Malandraki et al. [2009a,
b]. In short, this study followed an event-related design
with jittered Interstimulus Intervals (ISIs) ranging in dura-
tion from 7 to 32 s. Tasks were presented intermixed in
randomized intervals in six different 6-min functional
scanning runs and each task was completed a total of 30
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times during the experiment. Tasks included: voluntary
swallowing of 3 ml of room temperature water, planning
of a swallow without execution, tapping of the tip of the
tongue against the alveolar ridge, and throat clearing. Par-
ticipants were visually cued with instructions to “Swal-
low,” “Prepare to swallow,” “Tap your tongue,” and
“Clear your throat” at randomized time intervals through
an LCD projection screen. For the voluntary swallow task,
participants were instructed to swallow 3 ml of water ev-
ery time the visual cue “Swallow” (and a bolus thereafter)
was presented. Immediately preceding the “Swallow”
command, participants saw the visual command “Prepare
to swallow.” For the planning (anticipatory) task, partici-
pants were instructed to anticipate the swallowing process
every time the visual cue “Prepare to swallow” was pre-
sented; however, they neither did receive a bolus nor did
they see the visual command “Swallow”; thus, they did
not perform the motor task. Participants did not know if
the command to swallow would follow the preparatory
command. Controlled liquid release of 3 ml water boluses
was achieved through a specially designed system (con-
sisting of a clear plastic infusion tube, a hand-held syringe,
and a one-way flow valve). The experimenter adminis-
tered the liquid boluses.

Behavioral Interleaved Gradient (BIG) methodology was
used to address movement-related artifacts [Gracco et al.,
2005]. With 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 task as
instructed. A 45-min training session generally occurred
the day preceding 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 inside
a mock magnet. Figure 1 summarizes the experimental
design and shows a small portion of one of the six runs.

Monitoring of Swallowing and
Throat Clearing Trials

The swallowing and throat clearing trials were verified
from their laryngeal movement patterns [Malandraki et al.,
2009a, b]. Laryngeal movements were monitored by attach-
ing an MR-compatible infant respiratory belt (Lafayette
Instruments Co) around the neck of the subject. Laryngeal
movements associated with swallowing and throat clearing
trials were distinguished by their distinct patterns for both
groups of participants [Malandraki et al., 2009a, b].

Scanning Protocol

MRI experiments were performed at the Biomedical
Imaging Center (BIC) of the University of Illinois at
Urbana-Champaign (UIUC), on a 3 T Siemens Allegra MRI
head scanner. Two high-resolution anatomic scans were
acquired for the registration of the functional images and
registration was performed using FEAT (FMRI Expert
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Schematic illustration of experimental design for two tasks. Sub-

jects’ eyes were fixated on cross until seeing the visual com-

mand. As soon as the command appeared on the screen they

performed the task. Blocks represent periods of image acquisi-

tion. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

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 isotropic resolution and TR = 2,250
ms, TE = 2.62 ms and flip angle 9 degrees) was acquired.
Also, a T2-weighted turbo-spin echo (TSE) scan was
acquired to get anatomical information from the functional
slice prescription. The TSE acquisition had the following
parameters: FOV (Field of View) of 240 mm, TR of 3 s, 34
slices, with 4 mm slice thickness. FMRIB’s Linear Image
Registration Tool (FLIRT) was used for registration to
high-resolution structural and/or standard space images
[Jenkinson et al., 2002].

Multi-slice EPI acquisition used the following parame-
ters: TE of 30 ms, TR of 5 s (including 3 s quiescent pe-
riod), on a 64 x 64 matrix with a FOV of 240 mm.
Seventy-four volumes of 34 axial interleaved slices of 4-
mm thickness, were acquired during each run/session.

fMRI Data Analysis

FMRI Expert Analysis Tool (FEAT) Version 5.91, part of
FMRIB’s Software Library (FSL, www.fmrib.ox.ac.uk/fsl)
[Smith et al., 2004] was used for the fMRI data processing.
The following prestatistics processing was used; 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 data-
set by a single multiplicative factor; high-pass temporal fil-
tering (Gaussian-weighted least-squares straight line
fitting, with sigma = 50.0 s).

In the first level analysis, the task related responses
were analyzed using multiple linear regression with a sin-
gle regressor for each task convolved with a canonical he-
modynamic response function and motion parameter
estimates were used as additional regressors of no interest.
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A higher level group analysis was then used, using the
FMRIB Local Analysis of Mixed Effects (FLAME) [Beck-
mann et al., 2003] module in FSL and a one-sample f-test
was performed for each task to determine significant
group activations in each and every task for each group.
The group Z (Gaussianised T/F) statistic images were
thresholded using clusters determined by Z > 2.3 at a cor-
rected cluster significance threshold of P = 0.05 using the
theory of Gaussian Random Fields (GRF) [Worsley et al.,
1996]. For group analysis, the 3-D anatomical data sets of
each subject were spatially normalized and converted to
the standard anatomical Montreal Neurological Institute
(MNI) space.

Another mixed effects analysis was performed with sub-
jects treated as random effects and tasks as fixed factors to
examine differences between tasks in each group. Paired t-
tests were performed between all possible pairs of the
three control tasks. A conjunction analysis was performed
on the t-test results between a component task and other
tasks. Then the minimum z-score image for the pair-wise
comparisons for each voxel was used to determine if a cer-
tain control task was significantly more activated than any
other task. This procedure was also performed for the
swallowing task versus the control tasks.

To compare the amplitude of neural activation between
groups, Region of Interest (ROI) analyses were performed.
The primary motor and somatosensory cortices and the
premotor area have been most consistently reported as
activated areas during swallowing tasks [Hamdy et al.,
1999; Kern et al., 2001a, b; Malandraki et al., 2009a, 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 enable comparisons between groups.
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, 2000;
Grefkes et al., 2001], the premotor cortex (area 6) [Geyer,
2004], and the primary visual cortex (V1, BA 17) [Amunts
et al., 2000] were based on the maximum probability maps
(MPM) and macrolabels maps [Eickhoff et al., 2005] of the
Statistical Parametric Mapping Anatomy Tool box. The
primary visual cortex was used as a reference area for
both groups of participants to examine if comparisons
between the two groups were valid. Volumetric and func-
tional imaging studies have indicated that the primary vis-
ual cortex is relatively well preserved in old age [Park
et al., 2004; Raz et al.,, 2004]. Because all participants saw
the same visual stimuli, it was expected that activation in
V1 would be similar across subjects and tasks. Mean per-
cent BOLD signal change was extracted per ROI in each
subject and was used as the dependent variable. To com-
pare the amplitude of neural activation between groups
within each task and for each ROI, pairwise Wilcoxon tests
were performed. Nonparametric statistical tools were used
due to the potential lack of normal distribution in the
data.

RESULTS
Healthy Elderly Adults

Response latency of the swallows and the throat
clearing events

For the elderly group, the mean latency from the visual
command to the completion of the laryngeal movement
signal associated with the water swallows was 2.56 s
(£0.27 SD) [Malandraki et al., 2009b]. The mean latency
for the throat clearing events was 2.41 s (£ 0.19 SD)
[Malandraki et al., 2009b]. These latency data indicate that
the elderly subjects responded promptly to the visual cues
in both the water swallows and the throat clearing
tasks. Young adults had 2.26 s and 2.56 s mean latency
values for swallowing and throat clearing, respectively
[Malandraki et al., 2009a].

Elderly Group Activations in the Four Tasks

The significant activations of the young group have
been previously reported in Malandraki et al., [2009a].
Thus, this section presents the results for the older group
of participants.

Swallowing of 3 ml water

In the elderly subjects, the 3 ml water swallow evoked
significant activation in multiple brain regions (see Fig. 2)
[Z = 2.3-4.6, P (corrected) < 0.05]. The most prominent
group activations were observed bilaterally in the precen-
tral (BA 4) and postcentral gyrus (BA 1, 2, 3), the premotor
cortex (BA 6) and the right frontal operculum. Significant
activations were also seen in the insular cortex, the inferior
parietal lobule, the superior and middle temporal gyri
(including Heschl’s gyri), the cuneus and precuneus and
the cingulate gyrus (BAs 24, 31) bilaterally. Subcortical
activations were observed in portions of the thalamus and
the lentiform nuclei (putamen and lateral globus pallidus).
Limited cerebellar activation and midbrain activation were
also seen.

Planning of deglutition

At the group level, planning of deglutition without exe-
cution did not show any significantly activated areas for
the elderly group of participants. This is likely due to the
very limited activations that were seen in the single subject
level analysis during this task. Two of the nine elderly
participants (both males) did not show any significant acti-
vation during this task. Of the seven remaining partici-
pants, three showed limited activation in areas of the
visual cortex, and four limited activations in the premotor
and primary motor areas and the visual cortex. With plan-
ning being a weakly activating task, the activations appear
to be subthreshold for this group size. Adding more
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+ Cingulate gyrus (BA 24) (4) + Midbrain (3)

« Superior temporal gyrus (Heschl’s gyri) (5) * Cuneus (4) and precuneus (5)
+ Lentiform nuclei (putamen / globus pallidus) (6) * Medial frontal gyrus (6)
*Insula (7) + Lentiform nucleus (7)

+ Thalamus (8)

Major Activated Areas
* Precentral gyrus (1)
+ Postcentral gyrus (2)
* Premotor area (3)
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' SL”p"e:o‘r’i’:::;r': é‘:’,’ms 6 + Anterior lobe (culmen) (1)

+ Posterior lobe (pyramis) (2)
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Figure 2.
Areas of activation during swallowing in the elderly group (N = 9). Boxes report major activated
areas. Images shown in radiological convention (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. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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subjects in future studies may increase power and result
in detectable activations in this area.

Tongue tapping

Tongue tapping significantly activated the anterior (BA
24) and posterior cingulate gyrus, the primary motor and
somatosensory cortices (BA 1, 2, 3, 4), the premotor area
(BA 6), the precuneus and cuneus, and portions of the
medial and frontal gyri bilaterally in the elderly partici-
pants (see Fig. 3) [Z = 2.3-4.5, P (corrected) < 0.05]. Acti-
vations were also observed in the putamen and the frontal
operculum in the left hemisphere.

Throat clearing

Throat clearing resulted in significant bilateral activation
[Z = 2.3-4.4, P (corrected) < 0.05] of the medial frontal
gyrus and the premotor area (BA 6), and the cuneus. In
the left hemisphere significant activations were observed
in the cingulate gyrus, the insula, the inferior frontal
gyrus, the precentral gyrus, and the superior parietal
lobule. Also, the right primary somatosensory cortex was
significantly activated during throat clearing. Areas of acti-
vation during this task in the elderly group are shown in
Figure 4.

Statistical Comparison Between Tasks in
Older Adults

When swallowing was compared with all control tasks,
multiple areas were found to be more significantly acti-
vated during swallowing (Fig. 5a) than during the control
tasks in the older adult group. These areas included por-
tions of the primary motor and somatosensory cortices
and the premotor area, the superior temporal gyrus
(extending to Heschl’s gyri), the lentiform nuclei (putamen
and globus pallidus), the thalamus, the insula and the pa-
rietal lobules bilaterally.

When paired t-tests were performed between all the
possible pairs of the three control tasks, no areas were
found to be more significantly activated in any of these
tasks when compared to the others. This was probably
due to the overall weaker activations that were seen in the
elderly group of participants compared to their younger
counterparts. Qualitative comparisons (Fig. 5b) show that
the three motor tasks examined (swallowing, tongue tap-
ping, throat clearing) share many common areas of activa-
tion, including portions of the primary motor and
somatosensory cortex, the premotor area, and the cingulate
gyrus. Swallowing, however, appears to elicit larger sites
of activation than any in all the reported areas. Also, both
tongue tapping and throat clearing show activations in a
more dorsal area of the primary motor and premotor cor-
tex than swallowing. Subcortical activations of the insula,
the thalamus, and the lentiform nuclei are mainly seen
during swallowing, however tongue tapping also elicited

activation of the putamen in the left hemisphere and
throat clearing activation of a small portion of the left in-
sular cortex.

Comparisons Between Young and Elderly
(ROI Analyses)

During swallowing, younger adults exhibited a trend of
increased amplitude of activation in all ROIs examined
compared with older adults. However, not all differences
reached statistical significance. Specifically, younger adults
showed significantly increased amplitude of activation in
sensory Brodmann areas 2, 3A, and 3b (P = 0.041, 0.038,
and 0.026 respectively) in motor BA 4p (P = 0.044) (Fig.
6a). During planning, differences were significant only in
BA 1 (P = 0.014) (Fig. 6b). Tongue tapping also elicited
greater activations in the younger group in the entire pri-
mary somatosensory cortex (P < 0.04) and in the premotor
cortex area BA 6 (P = 0.017) (Fig. 6¢c). During throat clear-
ing, all sensorimotor areas examined, except BA 2, were
significantly more activated in the younger group (P <
0.003) (Fig. 6d). Differences in activation amplitude of the
primary visual cortex area (reference area) were minimal
between the two groups in all tasks, indicating that com-
parisons between the two groups are valid.

DISCUSSION

Although changes in swallowing physiology as people
age have been described, neurophysiological changes that
may govern these processes are still unknown. This inves-
tigation had two main objectives. First, we aimed to iden-
tify the sites of neural activation during swallowing and
three separate components of deglutition in healthy older
adults to better understand the neural control of this com-
plex sensorimotor process in old age. By studying these
different components, we also aimed to determine whether
these simpler elements recruit additional areas of activa-
tion in older adults, based on previously reported
increases in neural activations for swallowing with age
[Humbert et al., 2009]. The second objective was to exam-
ine potential differences in the amplitude of the neural
control of deglutition and component tasks in eight com-
mon swallowing-activated ROIs between healthy young
and elderly participants.

Regarding the first aim, when swallowing was com-
pared with all control tasks for the elderly group, multiple
areas were found to be more significantly activated during
swallowing, including portions of the primary motor and
somatosensory cortices and the premotor area, the supe-
rior temporal gyrus (extending to Heschl’s gyri), the lenti-
form nuclei (putamen and globus pallidus), the thalamus,
the insula and the parietal lobules bilaterally. These
areas have also been reported as significantly active
during swallowing in older adults by previous fMRI inves-
tigations [Martin et al., 2007, Humbert et al., 2009].
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Major Activated Areas

+ Cingulate gyrus (1)

+ Medial and superior frontal gyrus (2)
+ Precuneus (3)

+ Cuneus (4)

Major Activated Areas
+ Pre and postcentral gyri (1)

+ Cingulate gyrus (2)
+ Lentiform nucleus (putamen) (3)
+ Premotor area (BA 6) (4)

Major Activated Areas
+ Precentral and postcentral gyrus (1)

« Premotor area (BA6) (2)
« Frontal operculum (3)

Figure 3.
Areas of activation during tongue tapping in the elderly group (N = 9). Boxes report major acti-
vated areas. Images 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 Hemi-
sphere, R = Right Hemisphere. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Qualitative comparisons between activations during the mary motor and somatosensory cortex, the premotor area
three motor tasks (swallowing, tongue tapping and throat and the cingulate gyrus. However, swallowing appeared
clearing) further revealed that these tasks share many to elicit larger sites of activation. This finding is in agree-
common areas of activation, including portions of the pri- ment with results from the young group of participants
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2 = EEC]

Major Activated Areas Major Activated Areas
+ Medial frontal gyrus (1) + Cingulate gyrus (1)
* Precentral gyrus (2) * Premotor area (BA6) (2)

+ Cingulate gyrus (3) * Cuneus (3)
+ Insula (4)

Major Activated Areas

+ Precentral gyrus (1)

* Postcentral gyrus (2) T .

+ Inferior frontal gyrus (3) Ma or Activated Areas

+ Precentral gyrus (1)

+ Postcentral gyrus (2)

+ Premotor area (BA 6) (3)

+ Superior parietal lobule (4)

Figure 4.
Areas of activation during throat clearing in the elderly group (N = 9). Boxes report major acti-
vated areas. Images shown in radiological convention (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. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
[Malandraki et al., 2009a]. Interestingly, tongue tapping
and throat clearing showed activations in a more dorsal
area of the primary motor and premotor cortex than swal-

lowing. Subcortical activations of the insula, the thalamus,
and the lentiform nuclei were mainly seen during swal-
lowing, however tongue tapping also elicited activation of
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TAPPING

+ Premotor Area (4)

« Portions of pre and post central
gyrus (5)

COMMON AREAS

* Lentiform nuclei (left) (7)

« Cingulate gyrus (8)

* Portions of pre and post central
gyrus (9)

Figure 5.

(a) Areas of most significant activation during swallowing (red)
in Group B. (b) Overlaid statistical maps showing qualitative
functional comparisons between tasks with areas of activation
during swallowing (red), throat clearing (blue), both swallowing
and throat clearing (purple), tongue tapping (yellow), and both
swallowing and tongue tapping (orange). Images shown in radio-

logical convention (right hemisphere is shown on the left).
Coordinates are given in MNI space. A = Anterior, P = Poste-
rior, L = Left Hemisphere, R = Right Hemisphere. [Color figure
can be viewed in the online which
wileyonlinelibrary.com.]

issue, is available at
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Figure 6.

Average % signal change in all ROIs during (a) swallowing, (b) planning, (c) tongue tapping, and
(d) throat clearing in both groups. Green = Young adults’ activation (Group A); Yellow = Old
adults’ activation (Group B) circles indicate statistically significant amplitude differences between
age groups (P < 0.05). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

the putamen in the left hemisphere and throat clearing
activation of a small portion of the left insular cortex.

Tongue tapping and throat clearing also can be associ-
ated with other physiological events apart from swallowing.
Specifically, tongue tapping, which is an oral manipulation
task, is further involved in articulation. During production
of alveolar sounds, the tip of the tongue contacts the alveo-
lar ridge (e.g. for the production of sounds/t/and/d/) in a
similar way that the tongue tip begins the transfer of the
bolus from the anterior to the posterior oral cavity during
the oral transport stage of swallowing. Additionally, throat
clearing involves the abrupt approximation of the true vocal
folds. True vocal fold approximation in a lighter form is also
occurring during phonation. Thus, it may be speculated that
some of the tasks we have examined can also explain neural
activation areas for other physiological events and are not
limited to swallowing. Since we did not directly test these
tasks, this can only stated as an interesting assumption that
needs further investigation.

Percent signal changes of the BOLD response in prede-
fined ROIs were used to examine the second objective of
comparing activations between young and old adults. During

swallowing and tongue tapping, younger adults exhibited
significantly increased amplitude of activation in portions of
the primary somatosensory cortex and motor area 4p. During
planning, differences were significant only in somatosensory
BA 1, whereas during throat clearing, most sensorimotor
areas examined were significantly more activated in the
younger group. The fact that some mean differences between
the two groups did not reach statistical significance, may be
attributed to the overall small sample size used in the pres-
ent study. Sensitivity to these differences would likely have
been improved with a larger sample size.

Primary Motor Areas are Preserved Across Age

A closer look at all areas of activation during swallow-
ing and related tasks in both age groups revealed an inter-
esting pattern of preserved and declining functions. It
appears that both young and elderly adults show signifi-
cant activations in the major motor areas involved in the
execution of movement, that is, the primary motor and
premotor areas and the cingulate motor cortex, during
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swallowing, tongue tapping, and throat clearing. Addition-
ally, amplitude differences between the two groups in the
primary motor areas were not statistically significant for
most of the tasks examined. These results indicate that the
cortically regulated motor control of swallowing remains
relatively well preserved in old age.

As discussed earlier, declines in the motor portions of
the oropharyngeal swallowing mechanism have been
noted as people age. However, these declines have been
previously attributed to changes in muscle composition
[Cartee, 1995; Faulkner et al., 1995; Newton et al., 1987;
Price and Darvell, 1982]. The results of the present investi-
gation are in agreement with this notion. The primary
motor cortex areas appeared relatively functionally pre-
served in our elderly group across most tasks examined,
which points toward the argument that motor declines in
aging deglutition are usually associated to the end organs,
i.e., the muscles and the loss of muscle mass and strength,
while the cortical motor control of swallowing remains rel-
atively preserved. Future research combining measure-
ments of oropharyngeal muscle composition and strength
with neuroimaging methods is needed to help elucidate
how accurate this finding is.

Somatosensory and Sensorimotor Integration
Declines With Age

In contrast to the findings in the primary motor areas,
areas that are involved in sensory processing and integra-
tion between sensory inputs and motor outputs and or
motor coordination and control, such as the parietal
lobules, the thalamus, the insular cortex, the cerebellum,
and the basal ganglia showed limited if any activation in
the elderly group. These areas have been found to be acti-
vated in healthy young adults [Malandraki et al., 2009a;
Suzuki et al., 2003; Toogood et al., 2005], This is partially
in agreement with the results of both Martin et al. [2007]
and Humbert et al. [2009] that did not report significant
cerebellar or extensive subcortical activations in their el-
derly subjects. Furthermore, in this study, neural activity
amplitude differences between the two groups were statis-
tically significant in most of the primary somatosensory
cortex areas examined across the three-motor tasks.

The reduced neural activation in the primary somatosen-
sory cortex, and in the sensory association and sensorimotor
integration areas in the elderly observed in the present inves-
tigation may explain some of the sensory oropharyngeal age-
related declines seen in swallowing. As was previously
described, healthy older adults exhibit increased sensory
thresholds in order to trigger the swallowing pharyngeal
response [Shaker et al., 1994; Robbins et al., 1992], significant
delay in the pharyngeal response initiation [Robbins et al.,
1992], reduced taste perception [Calhoun et al.,, 1992; Fuku-
naga et al., 2005], and increased instances of laryngeal pene-
tration [Daniels et al., 2004; Robbins et al., 1999].

This could be a rather significant clinical finding in that
it may suggest that swallowing treatments targeting sen-

sory components of deglutition (e.g. sensory stimulation
techniques) have to target the neurophysiological under-
pinnings of such a sensory decline in order to be effective
for patients with dysphagia. Healthy aging is known to be
accompanied by a delay in the onset of the pharyngeal
swallowing events [Robbins et al., 1992]. With onset of
additional age-related conditions, (e.g. stroke, dementia
etc.), including frailty [Ney et al.,, 2009; Robbins et al.,
2005], elderly individuals frequently present with an
abnormally long delay in the initiation of the pharyngeal
swallowing response [Rosenbek et al., 1996] known to dra-
matically increase the risk for aspiration [Horner et al.,
1990] and for aspiration pneumonia in these populations
[Linden and Siebens, 1983]. This work on the pharyngeal
response delay, in combination with our present findings,
suggest the increasing need for future studies investigating
effects of sensory treatments on swallowing physiology
and neurophysiology for identification of optimal treat-
ment targeting sensory deficits in swallowing.

Comparison With Previous Studies

In contrast with findings from previous functional imag-
ing studies examining age-related changes in the neural
control of motor tasks [Humbert et al., 2009; Hutchinson
et al., 2002; Mattay et al., 2002], this study observed less
distributed activation in older adults in all ROIs in both
hemispheres and for all four tasks examined. This differ-
ence in distribution was not statistically tested in this
study and cannot be evaluated in terms of its significance;
however, it contradicts the observation of “overactivation”
(i.e., more distributed activations) in the sensorimotor cor-
tex of the elderly seen in previous neuroimaging studies
of simple motor control [Hutchinson et al., 2002; Mattay
et al., 2002] and swallowing [Humbert et al., 2009].

There are, however, several experimental design and
methodological differences between the present investiga-
tion and the study by Humbert et al. [2009] that could par-
tially explain the different results. First, we used a 3 ml
water bolus to elicit the swallow responses, whereas Hum-
bert et al. [2009] used saliva swallows and 5 ml water
swallows, as well as barium presentations. Additionally,
although both studies used an event related design with
randomized interstimulus intervals, the present investiga-
tion also used BIG methodology to correct for motion arti-
facts [Gracco et al., 2005]. If the statement of Humbert
et al. [2009], that the cortical “overactivation” seen in their
elderly sample may be caused by increased effort during
swallowing, is valid, it becomes even more important to
significantly control for motion artifacts that may be
caused by that increased effort. Additionally, the saliva
swallows that were tested in their study were cued differ-
ently (visually), than the water and barium swallows (tac-
tile cueing through direct presentation of the material in
the oral cavity), and that might have also affected the
increased activations seen during saliva swallows. In this
investigation, all subjects were cued with the same cueing
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method (visual cueing) for all tasks. Some of these differ-
ences may account for the discrepancies in neural activa-
tion seen in these two studies. A larger sample size would
be needed for definitive conclusions to be made regarding
these issues.

Limitations of This Study

There are several factors to consider in interpreting the
results of this study. First, the data reported are based on
two groups of 10 and 9 subjects each. Larger sample sizes
are needed to further investigate the differences between
neural activation of swallowing in young and old healthy
adults. Furthermore, results reported for each group
included both genders. Although structural and physiolog-
ical differences do exist between male and female brains
[Gur et al., 2002], gender comparisons were not completed
at this time due to the limited number of subjects for each
gender. Future studies on the neural control of swallowing
should include a balanced number of males and females
that would enable gender comparisons to be completed.

Another consideration is the fact that planning of deglu-
tition without execution did not show any significantly
activated areas for the elderly group of participants. This
is likely due to the limited activations that were seen in
the single subject level analysis during this task. With
planning being a weakly activating task, the activations
appear to be subthreshold for this group size. Adding
more subjects in future studies may increase power and
result in detectable activations.

CONCLUSION

Overall, this study added to the limited body of litera-
ture on the functional neural control of swallowing and
related tasks in healthy elderly adults by (a) examining the
identification of the neural activation during separate com-
ponents of the swallowing process and (b) studying poten-
tial age differences in the amplitude of neural activation in
selected ROIs. This study provides evidence that swallow-
ing requires larger and more widespread areas for neural
control than the combination of the component tasks exam-
ined (planning, tongue tap, and throat clearing tasks). In
addition, we found, in general, decreased activations in
older adults when compared to their younger counterparts
during swallowing and component tasks. For swallowing,
these reductions were significant in several primary soma-
tosensory areas indicating a decline in the neural processing
of sensory signals for coordinating the swallow response.
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