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Abstract. A modified dual-task paradigm was de-
signed to learn whether swallowing functions are
selectively mediated by the left or right hemisphere.
Healthy right-handed men (N = 38) were studied
using videofluoroscopy to examine continuous straw
drinking at baseline and with three interference con-
ditions (silent word repetition, line orientation, finger
tapping). Results indicate that activation of both
right and left hemispheres can interfere with some
swallowing behaviors. Findings suggest possibly dif-
ferent roles of the two hemispheres in the mediation
of swallowing and support the notion that specific
components of swallowing may be preferentially
mediated by the left versus the right hemisphere.
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With the advent of neuroimaging techniques, it has
been well documented that dysphagia, a disorder of
swallowing, can result from unilateral stroke involv-
ing either cerebral hemisphere. It is unclear, however,
if specific swallowing behaviors are consistently lat-
eralized to either the right or the left hemisphere
across the population, inconsistently lateralized
across individuals, or nonlateralized. Thus far, lesion
and functional imaging studies have yielded contra-
dictory results; however, swallowing tasks and out-
comes measured have varied in most studies, so exact
comparisons between studies are difficult.
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In humans, the lateralization of swallowing
has primarily been based on ablation paradigms,
which use computed tomography (CT) or magnetic
resonance imaging (MRI) scans of focal lesions in
stroke patients. All of these studies have identified
that unilateral ischemic stroke of either cerebral
hemisphere can produce dysphagia. Some investiga-
tors have found that different types of swallowing
behaviors may be lateralized to the left and right
hemispheres [1-3]. Specifically, left hemisphere dam-
age (LHD) may be associated with oral stage dys-
function, and right hemisphere damage (RHD) may
be associated with pharyngeal stage dysmotility and
aspiration. Persistent dysphagia and aspiration may
also be associated with RHD [4]. Other investigators
have not found these hemispheric differences in
swallowing behavior in the oral or pharyngeal stage
of swallowing [5-8], in swallowing severity [6], in-
creased pharyngeal transit times [9], lingual discoor-
dination [10], or incidence of aspiration [5,7,8].

Functional imaging studies (positron emission
tomography [PET], functional [f] MRI, transcranial
magnetic stimulation [TMS], and magnetoencepha-
lography [MEG]) have been used to investigate
swallowing laterality in vivo in healthy adults, mostly
right-handers. As with lesion studies, results have
been inconsistent. That is, while most functional
studies have described some degree of lateralization,
lateralization is varied in regard to hemisphere and
specific cytoarchitectonic site. TMS studies have
found discrete somatotopic organization of swal-
lowing musculature on the motor and premotor
cortices with an asymmetric representation of swal-
lowing within subjects [11,12]. That is, swallowing
may not be consistently lateralized to one cerebral
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hemisphere at the population level, but within indi-
viduals one hemisphere tends to be more important
than the other in mediating swallowing. Bilateral but
individual asymmetric activation of the sensorimotor
cortex has also been found using PET imaging [13].
In contrast, other PET [14] and fMRI studies [15,16]
have identified symmetric bilateral activation of the
sensorimotor cortex during swallowing. Asymmetric
activation of the right insula, however, has been
consistently identified across studies and may repre-
sent a critical lateralized substrate for swallowing
[14,16—16]. Martin et al. [16] noted that the hemi-
sphere with the larger swallowing activation varied
across task within individual subjects and posited
that the mechanisms underlying the functional later-
alization of swallowing may be related to the
behavioral context of the task. Kern et al. [17] also
found asymmetric hemisphere activation dependent
on the type of swallowing task. Right hemispheric
activation was associated with volitional swallows,
whereas left hemispheric activation was associated
with reflexive swallows. One study found asymmetric
left hemispheric activation of the sensorimotor cortex
and insula using MEG [18] with the degree of later-
alization dependent upon task complexity. Whereas
volitional swallowing was strongly left lateralized,
reflexive water swallowing was less lateralized, and
tongue movement to the hard palate was not later-
alized.

Using various imaging modalities, results thus
far are inconclusive as to whether swallowing is lat-
eralized at the cortical level. These conflicting results
may be, in part, a result of the time post-onset in
which stroke patients are studied, the lack of control
of handedness in stroke patients, the type of neuroi-
maging method, and/or the type of swallowing task
performed. It may be that specific components of
swallowing (volitional and reflexive) may be differ-
entially lateralized or dissociated at the cortical level.

Another way to study lateralization is with a
dual-task paradigm. The dual-task paradigm has
been used extensively in neuropsychology to investi-
gate lateralized functions. This paradigm indirectly
evaluates lateralized cortical systems by comparing
performance on tasks at baseline and with a con-
current or competitive condition. The most common
paradigm is the verbal-manual interference para-
digm. In this paradigm the subject performs a motor
task, such as finger tapping, with the dominant and
nondominant hands at baseline (without interference)
and with interference. The interference task consists
of a verbal output such as repeating a series of words.
Because distal hand movements are mediated by the
contralateral primary motor cortex, right-handers
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will be activating the left primary motor cortex when
tapping with the right hand and vice versa when
tapping with the left hand [19]. In the baseline con-
dition, right-handers typically tap faster with the
right than with the left hand. Concurrent verbaliza-
tion (verbal-manual interference condition) yields a
decrement in right-hand finger-tapping rate com-
pared with baseline finger-tapping rate [20,21]. There
are several theories that have been proposed to ex-
plain verbal-manual interference. The most widely
accepted theory is the ‘““functional cerebral space
model” which indicates that coactivation of func-
tionally overlapping neural substrates will yield a
decline in response in one of the two concurrent
activities [22]. Others have posited that “hemispheric
overload” [23] or ‘“‘competition of resources” [24]
produces a decrement in response. That is, allocation
of attentional or processing resources is compromised
because of two tasks sharing resources within the
same hemisphere. The neural system has limited
functional capacity; therefore, there is a decrement in
one concurrent behavioral response from the baseline
condition.

In a previous study, we used a modified dual-
task paradigm to investigate swallowing lateraliza-
tion [25]. In the study, we measured swallowing at
baseline and during two concurrent tasks: finger
tapping (left and right hands) and silent word repe-
tition (left hemispheric activating task) in 14 right-
handed men. Tapping rate decreased in both right
and left hands during concurrent swallowing, and
volume per swallow decreased with concurrent silent
repetition. These results offered partial support for
the bilateral representation of swallowing and also
suggested left hemisphere involvement. However, this
study did not adequately address the potential right
hemisphere contribution because a right hemisphere-
lateralized interference task comparable to silent
word repetition was not included.

The primary aim of the present investigation
was to continue to define lateralization of swallowing
using a modified dual-task paradigm. We expanded
our earlier study design by including a visuospatial
line-orientation task known to be right hemisphere-
lateralized. Based on the results of our initial study
[25], we hypothesized that there would be a significant
decline in volume per swallow with the silent repeti-
tion task (higher-order left hemisphere task). Neural
regions activated for swallowing and motor speech
are anatomically close and functionally overlapping
[26,27]. The cerebral space model suggests that co-
activation of functionally overlapping and anatomi-
cally close neural substrates will yield a decline in
response in one of the two concurrent activities [22].
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It was predicted that there would not be significant
differences between baseline swallowing averages and
averages with a concurrent visuospatial task (higher-
order right hemisphere task) because the motor
neural regions for swallowing and visuospatial pro-
cessing, which is predominantly an occipitoparietal
right hemisphere function, are not anatomically close.
Based on our previous findings, we also posited that
finger-tapping rates would be slower with concurrent
swallowing compared with baseline tapping rates,
with tapping rates similarly reduced for the two
hands with swallowing interference.

Materials and Methods

Subjects

Healthy right-handed men (N = 38, average age = 49.27 years,
SD = 25.82) participated in the study. Handedness was confirmed
using a survey comprising 12 questions about hand preference for
unimanual tasks [28]. Exclusion criteria were history of dysphagia,
head and neck structural damage, neurologic disorders, and left-
handed parents or siblings. The study was approved by the Insti-
tutional Review Board at Tulane University Health Sciences Cen-
ter and by the Veterans Affairs Medical Center in New Orleans,
and all subjects provided written consent.

Swallowing

Videofluoroscopic swallowing samples were recorded on a Super-
VHS videocassette recorder. Lateral radiographic views of swal-
lowing were obtained with the fluoroscopic tube focus encom-
passing the oral cavity (rostral to the lips) and the pharynx (caudal
to the UES). Two 10-s trials were completed for each condition and
task order was randomized and counterbalanced. For each swal-
lowing trial, 300 ml of diluted liquid barium (2:1, juice to barium)
was ingested through a straw with the examiner holding the cup
and straw. Subjects were instructed to continually swallow at a
normal rate without pausing until signaled to stop. Number of
swallows during sequential swallowing was totaled using the video
recordings and was averaged across the two trials. Volume per
swallow was calculated by dividing the total amount ingested
during each trial by the number of swallows.

Interference Conditions

Interference conditions consisted of a higher-order left hemisphere-
activating task (silent repetition), higher-order right hemisphere-
activating task (silent line orientation), and motor tasks (right- and
left-hand finger-tapping rate). The left primary motor cortex is
activated during silent repetition [29], whereas research has iden-
tified impairment in judging line orientation to be associated with
right hemispheric lesions [30,31]. fMRI studies have demonstrated
that finger tapping activated motor regions contralateral to the
performing hand [19].

For silent repetition, subjects silently repeated a three-word
set (wolf, butterfly, duck) as they continuously swallowed. That is,
they did not vocalize the words during this condition; rather, they
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were instructed to rapidly and repeatedly think the three-word set.
Confirmation of silent repetition was obtained after each trial.
With line orientation, subjects silently matched line stimuli to the
identical slope in a “sun ray” of lines [32] as they repeatedly
swallowed. Subjects were instructed to think of the answer but not
vocalize it. Stimuli were presented every 3 s for a total of four
stimuli presented in each of the two 10-s trials. Confirmation of the
visuospatial task performance was ascertained after each trial. Only
23 of the 38 subjects completed the spatial task. For the motor task,
subjects used their index finger to tap on a board that had an
attached counter switch to register the number of taps while con-
currently swallowing. Number of taps (right and left hand) was
recorded at baseline and while swallowing.

Statistical Analyses

Testing Manual, Verbal, and Visuospatial Interfer-
ence Effects on Swallowing

Multivariate repeated-measures analysis of variance (MANOVA)
was used to test all interference effects. The single independent
variable (IV) was interference and dependent variables (DVs) were
volume per swallow and number of swallows. Because only a subset
of participants completed the line-orientation task, these conditions
were analyzed in a separate MANOVA. The MANOVA was
therefore run twice: first with the IV manual-verbal interference
(baseline, right-hand finger tapping, left-hand finger tapping, word
repetition) and then with the IV visuospatial interference (baseline,
visuospatial interference). Where indicated by significant MANO-
VA effects, repeated-measures analyses of variance (ANOVA) were
used to test univariate interference effects.

Testing Swallowing Interference Effects on Finger
Tapping

The effect of swallowing on finger tapping was tested via a two-way
repeated-measures ANOVA with IVs of swallowing (baseline,
swallowing) and tapping hand (left, right). The DV was number of
taps.

For each ANOVA described above, Huynh-Feldt-corrected
degrees of freedom were used when the sphericity assumption was
violated. Pairwise comparisons were made using the estimated
marginal means method [33]. An alpha level of 0.05 was required
for significance on all analyses.

Results

Manual and Verbal Interference Effects on Swallowing

Means for swallowing variables are shown in Fig-
ure 1 for each level of manual-verbal interference.
There was a significant multivariate effect of inter-
ference, Wilkes’ Lambda = 0.571, F(6,32) = 4.00,
p = 0.004. Univariate effects were significant for
both volume per swallow (F[2.572] = 4.98,
p = 0.005) and number of swallows
(F12.572] = 3.19, p = 0.039). Volume per swallow
was significantly lower during word repetition than
at baseline (p = 0.004), during right-hand finger
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tapping (p = 0.003), and during left-hand finger
tapping (p = 0.021). Number of swallows was sig-
nificantly lower for right- (p = 0.030) and left-
(p = 0.024) hand finger tapping conditions than at
baseline.

Visuospatial Interference Effects on Swallowing

Means for swallowing variables are shown in Figure 2
for each level of visuospatial interference. There was a
significant multivariate effect of visuospatial interfer-
ence, Wilkes” Lambda = 0.575, F(2,21) = 7.75,
p = 0.003. At the univariate level, there was a sig-
nificant effect of visuospatial interference on number
of swallows (F[1,22] = 16.17, p = 0.001) but not on
volume per swallow (F[1,22] = 1.21, p = 0.283).

Swallowing Interference Effects on Finger Tapping

Right- and left-hand finger-tapping means are shown
in Figure 3 for each level of swallowing interference.
Participants tapped significantly more with the right
hand than with the left hand, F(1,37) = 39.48, p <
0.0005 for tapping hand main effect. Neither the
swallowing interference main effect nor the swallow-
ing interference X tapping hand interaction was sta-
tistically significant.

Discussion

The notion of swallowing lateralization is contro-
versial, and two competing hypotheses have been put
forth. One theory asserts that there is bilateral control
of swallowing with perhaps some hemispheric spe-
cialization of deglutition. The other hypothesis sug-
gests that there is a dominant hemisphere for
swallowing, although the pattern of lateralization
may not be consistent across individuals. Another
view of the cortical organization of swallowing could

OBaseline

O Silent Repetition
ERight Tap

ELeft Tap

Fig. 1. Mean volume per swallow
and number of swallows under
baseline, verbal interference, and
manual interference conditions. Error
bars indicate standard error (SE). *p
< 0.05.

be that different components of swallowing are dif-
ferentially lateralized. For example, the left hemi-
sphere may more selectively mediate the oral phase
and volitional components, whereas the right hemi-
sphere may contribute more to the pharyngeal phase
and automatic-reflexive aspects of swallowing.
Empirical studies have supported each hypothesis.
The present study was undertaken to further study
swallowing lateralization using a modified dual-task
paradigm in healthy right-handed adults. It is the first
study using a dual-task paradigm to measure the
effects of higher-order left and right hemisphere-
activating tasks and left and right hemisphere motor
tasks on swallowing behavior.

Using this paradigm, we found right and left
cerebral hemisphere contributions to swallowing. The
two hemispheres, however, may mediate different
components of swallowing. Silent repetition, which
primarily activates the left hemisphere, and visuo-
spatial processing, which primarily activates the right
hemisphere, interfered with swallowing behavior in
different ways. The left hemisphere task induced a
decrease in swallowing volume, while the right
hemisphere task reduced swallowing rate. Both right-
and left-hand finger tapping, which selectively
activates the left and right sensorimotor cortex,
respectively, interfered with swallowing. These results
are consistent with some prior functional imaging
and lesion studies as well as with our earlier dual-task
study, demonstrating that swallowing may not be
consistently lateralized and some components may be
bilaterally represented at the cortical level. The
implications of these results will be discussed in more
detail below.

Results on swallowing behavior differed in
each of the cognitive tasks. Silent repetition, a higher-
order left hemisphere-activating task, yielded a sig-
nificant change in the volume per swallows, while line
orientation, a higher-order right hemisphere-activat-
ing task, impacted the number of swallows. These
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findings suggest perhaps a more complex nature of
swallowing lateralization and might indicate that the
two hemispheres have different roles in swallowing
behavior. The finding of decreased volume per swal-
low with silent repetition suggests that the left
hemisphere plays a functional role in swallowing.
Based on our results and the findings reported by
others [2,3,11], it may be that the left hemisphere
plays a major role in volitional aspects of swallowing
and the oral phase. Awareness and regulation of
bolus size may be a volitional component of swal-
lowing mediated during the oral phase of swallowing.
Both of these selective functions may be left lateral-
ized. In contrast, it may be that the timing of
swallows represents a more automatic-reflexive
swallowing behavior that is associated with right
hemispheric neural systems. Other factors may be
that the two cognitive tasks varied in complexity and
may activate different anatomic loci within the
hemispheres, with the language task more frontal and
the visuospatial task more posterior cortical.
Particular lesion localization studies offer
support for these findings. Robbins et al. [2,3] iden-

49.25
(149

[1Baseline

@ Swallowing

Fig. 3. Mean number of taps for the
left and right hands, under baseline,
and swallowing interference
conditions. Error bars indicate
standard error (SE). There were no
significant interference effects.

tified oral stage dysfunction ‘“‘swallowing apraxia’ to
be associated with LHD and pharyngeal stage dys-
function to be associated with RHD. Daniels et al. [1]
also found that RHD damage was associated with
pharyngeal stage dysmotility, but they did not iden-
tify oral stage dysmotility with LHD. In contrast,
numerous other studies have not found laterality
differences in oral versus pharyngeal stage dysmotil-
ity patterns [5,7]. This lack of consistent findings in
the stroke literature may indicate that in some people
different components of swallowing may lateralize
differently and may explain individual variation.
These results may also relate to findings from func-
tional imaging studies in which swallowing laterali-
zation varied as a function of task within individuals
[16] and across groups [17]. Our results support the
notion that specific components of swallowing may
be preferentially mediated by the left versus right
hemisphere, i.c., oral-volitional components may be
left lateralized and pharyngeal-reflexive components
may be more right lateralized.

Finger-tapping results revealed a decrease in
the number of swallows with concurrent right and left
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finger tapping. The right and left finger-tapping tasks
used in this paradigm are similar in task demands and
represent an automatic motor control task that be-
comes self-paced and rhythmic. This task may inter-
fere with the timing of the swallow, thus reducing
swallowing rate (numbers of swallows) in both the
left and right conditions. These motor interference
tasks also yielded a decremental response in the vol-
ume per swallow. Because both swallowing rate and
volume were affected, it may be that the anatomic
substrates for finger tapping and swallowing are
anatomically overlapping to a greater degree than the
cognitive tasks used in our paradigm.

Swallowing and finger tapping are mediated by
the primary motor cortex, with modulation of re-
sponse provided by somatosensory and peripheral
sensory input [19,33]. The motor hand representation
is anatomically close to the representation of the face,
larynx, and pharynx along the length of the primary
motor cortex (precentral gyrus, Brodmann’s area 4).
Thus, coactivation of these anatomically close neural
substrates during the concurrent finger-tapping-swal-
lowing task may have contributed to the decline in the
number of swallows with right and left finger tapping.

When considering swallowing mediation, fac-
tors in addition to hemisphere must be considered.
Daniels and Foundas [7] have suggested that location
may be more important than hemisphere in deter-
mining dysphagia in stroke patients. Lesions located
anterior to the central sulcus and subcortical peri-
ventricular white matter sites were common in
patients with risk of aspiration. Thus, it may be that
an interaction between hemisphere, lesion location,
and even lesion size determines the incidence of dys-
phagia, dysmotility pattern, aspiration, and recovery.
No study as of yet has had a large enough sample size
to fully determine whether one of these variables or a
specific combination of variables is more important
than others.
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