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Localizing central swallowing functions by combining non-invasive
brain stimulation with neuroimaging
Dear Editor,

Swallowing is a complex sensorimotor process, which involves
precise temporal coordination of the upper and lower lips, tongue,
and pharyngeal and esophageal musculatures. This integrated pro-
cess is controlled by neural interplay across cortical and subcortical
networks. Although numerous functional brain imaging studies
have suggested means to measure post-stroke pathological
changes in the cortical control region of swallowing [1], identifying
the precise functional localization of the motor area for swallowing
has been challenging. This complexity is partly due to the extensive
cortical network that executes the swallowing function [2]. Trans-
cranial magnetic stimulation (TMS) has been proposed and used
as a powerful tool for functional localization of swallowing function
[3]. However, because pharyngeal motor cortex (M1) representa-
tion of the intrinsic swallowing muscles is overlaid by those of
the tongue and jaw in the somatotopic organization of the motor
cortex, localization of swallowing area is substantially more chal-
lenging than the standard motor mapping of the hand area. This
makes the administering of the non-invasive stimulation to rele-
vant swallowing areas as well as the recording of the elicited mus-
cle responses particularly challenging.

As a solution, we propose that surface electromyography
(sEMG) recordings of lip orbicularis oris (OO) muscle activities eli-
cited by a functional MRI (fMRI)-guided neuronavigated TMS
(nTMS) techniquewould aid in the detection of the submental com-
plex (SMC) muscles’ motor evoked potentials (MEPs) for localiza-
tion of the SMC target in pharyngeal M1. We hypothesized that
the lip OO target as a control target, could readily assist us in deter-
mining the SMC target (the candidate target). This hypothesis was
made based on the previous studies in which the OO muscle was
localized in the motor cortex during lip-pursing tasks using the
rTMS procedure [4]. The OO muscle is an important orofacial mus-
cle for initiating the swallowing function by creating and maintain-
ing an adequate labial seal that prevents foods or liquids from
leaking out of themouth duringmastication and the swallowing re-
flex. In addition, it plays critical roles in speech articulation and
facial expressions. Therefore, mapping the lip motor area would
not only provide an efficient means to precisely determine the
SMC targeting intervention for rehabilitation of dysphagia, but
also gives insight into therapeutic techniques for restoring lip func-
tions in speech articulation and other lip muscle activities.

Three healthy adult volunteer subjects (age ¼ 32.0 years; 1 fe-
male and 2 males) participated in this pilot study. Each subject
participated in three study visits including the fMIR scan session,
the TMS MEPs session, and the continuous theta burst transcranial
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magnetic stimulation (cTBS) session (please see Supplemental
Materials for details) at the Athinoula A. Martinos Center for
Biomedical Imaging, Massachusetts General Hospital (MGH). For
the validation of the central swallowing control, fMRI scans were
obtained from each subject during a lip-pursing task and swallow-
ing movement. According to the TMS standard safety guidelines,
participants with a history of seizures were not recruited for the
study. In addition, none of the participants had intracranial metal
clips, cardiac pacemakers, metal implants, claustrophobia, or
were pregnant. The Institutional Review Board at MGH approved
the study and all subjects gave written informed consent.

Fig.1AeB represent the localizationof the lip and swallowing acti-
vation areas with a group analysis of three subjects. Fig. 1C illustrates
the overlay spots of both localizations. Fig.1DeE represent the lip and
swallowing activation surface maps of one subject’s surface brain in
which the ‘virtual lesion’model was applied. For this subject, the in-
dividual SMC target was identified by fMRI-guided nTMS (Fig.1F and
G). FollowingcTBSto the swallowingrepresentation in the leftM1, the
inhibitory effect was investigated through a cortical excitability
assessment at multiple time points (Fig. 1K and L). Multiple compar-
isons indicated that the lip OO and SMCMEP amplitudeswere signif-
icantly decreased at 15 min (Fig. 1K and L, p ¼ 0.005, in reference to
baseline). The OO and SMC MEP amplitudes were also significantly
different across time points (p< 0.001). The OO and SMCMEP ampli-
tudes showed significant changes at 40min (p < 0.001) compared to
the baseline (Fig.1M). The precise swallowing target of central struc-
tural connectivitywas confirmedbyfiber tractography (Fig.1H). Fiber
tracts (corpus callosum) in the left pharyngeal M1 pass through the
right pharyngealM1 to bilateral pons (Fig.1I). Fiber tracts (corticobul-
bar tract) in the left pharyngeal M1 pass through the ipsilateral pons
(Fig.1J). We further applied the left overlaid activations of lip pursing
and swallowingmovement as regions of interest (ROIs) to trace to the
contralateral pons. Tractography results demonstrate the overlap be-
tween the descending lip corticofugal and pharyngeal corticofugal
pathways (Supplemental Materials, Figure 2). There were no signifi-
cant differences in the latencies of the OO or SMC MEPs across time
points. The subjects did not report side effects during or after the
experiment.

In the proposed approach, we targeted the pharyngeal motor
cortex with the assistance of individual fMRI-guided nTMS and
control targeting of lips. Our results provided supporting evidence
to establish a causal relationship between the predominant fMRI
guided nTMS identified central swallowing activation and inhibi-
tory effect of cTBS on SMC targeting using a ‘virtual lesion’ model.

Our first goal was to combine multi-modal non-invasive neuroi-
maging techniques to detect the central swallowing localization
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Fig. 1. (A) Representative lip pursing fMRI activations from a three-subject group analysis. Lip motion-related changes in BOLD signals were found in the precentral gyrus (M1) (blue
arrow, right hemisphere M1; white arrow, left hemisphere M1). (B) Swallowing fMRI activations from the same three-subject group analysis. BOLD activations displayed swallowing
motion-related activity in the precentral gyrus (M1) (blue arrow indicates right hemisphere M1 and white arrow indicates left hemisphere M1). (C) The overlaid activations of lips
motion (red) vs. swallowing movement (green) in different M1 regions (small blue circle indicates right hemisphere overlaying spot and big blue circle indicates left hemisphere
overlaying spot). (D) Representative activation of the lip pursing task shown on an inflated representation of the left cerebral cortex from one subject. (E) Representative activation
of the swallowing task shown on an inflated representation of the left cerebral cortex from the same subject in D. (F) The swallowing task fMRI-guided target transformed to the
Nexstim navigation systemwith the same MRI coordinates (�56, �8, 44) in the left hemisphere representing the same subject shown in E. The magnitude of the E-field is shown on
a color scale on top of the cortical surface with the same subject. The surface rendering of the Nexstim NBS navigation system, in which the activations are computed onto a
spherical surface that is painted on the “peeled”MRI. (G) The surface EMG recording of lip OO MEPs and SMC MEP when searching around OO ‘hot spot’ to determine SMC ‘hot spot’
from the same representative subject. The upper wave indicates indirect lip OO MEP; the middle wave indicates indirect swallowing SMC MEP; and the lower wave indicates direct
lip OO MEP. (H) Coronal view of diffusion tractography of the left pharyngeal M1 to ipsilateral pons. (I) Bilateral fiber tracts (corticobulbar tract, CBT) in the pharyngeal M1 passing
thought the pons. (J) CBT in the left pharyngeal M1 passing through the left pons. Representative fMRI-guided nTMS ‘virtual lesion’model of lip OO MEPs (K) and fMRI-guided nTMS
‘virtual lesion’ model of SMC MEPs (L) obtained from the same subject. Cortical excitability at baseline (pre-cTBS) and post-cTBS at 1, 5, 10, 15, 20, 25, 30, and 40 min. Average of 15
trials at each time point with average values plotted on a single graph. Suppressionwas not induced immediately after cTBS; however, the significant inhibitory effect occurred at 40
min post-cTBS (p ¼ 0.03739, paired t-test). The latency of MEPs around 9.99 ± 3.9 ms in each time point. (M) Linear regression showing significant decline before and after cTBS over
time (r ¼ �0.66, p ¼ 0.005). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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considering the SMC as the candidate targeting muscle and the lip
OO as the control targeting muscle. In contrast to Kothari’s study
[5]whodidnotobtain reliablemeasures of the surfaceEMGtoassess
SMC, our results demonstrated potential benefit of using surface
EMG to assess swallowing musculature function under the premise
of identifying the precise targeting muscle. We suggest that concur-
rent applicationof task-based fMRI and thenavigation systemrather
than the traditional TMS, canparticularlyguide theprecisedetection
of the candidate musculature. The fMRI and nTMS cortical mapping
typically show slight discrepancies in the exact loci of motor areas
[6]. One reasonpertains to the fact that the BOLD fMRI signal reflects
the hemodynamic responses elicited by relatively complex (volun-
tary) movements of the muscles and therefore tends to produce
more widespread patterns of activity. However, TMS directly acti-
vates the cortical muscle representations, and the location of the
‘hot spot’ is inferred through the analysis of the EMG responses.
Therefore, a combined fMRI and nTMS approach would provide a
more comprehensive and reliable mapping of motor functions in
terms of spatial localization and functional specificity.
Our findings suggest that the control targeting of lips OO could
readily assist detection of the SMC target with surface electrodes.
To limit the anatomical search volume, we first mapped the motor
area for a robustly represented nearby muscle group (i.e., the lip OO
muscle) during a lip-pursing task. We then used this information to
assist our identification of the SMC target. Therefore, our proposed
technique provides a novel and non-invasive approach to detect a
deep muscle complex through targeting a superficial single muscu-
lature. Currently, the intraluminal pharyngeal electromyographic
measurements are popularly used to detect the central swallowing
excitability due to the potential reliability [7]. A recent study re-
ported that eliciting pharyngeal MEPs is more difficult than those
of other muscles [8]. Our pilot study, however, suggested that
sEMG recordings of lip OO muscle activities through fMRI-guided
nTMS could aid in the detection of the SMCmuscles’MEPs for local-
ization of the SMC target in M1. This finding is consistent with fMRI
task activations since both lip pursing and swallowing motion have
overlapping activations in M1. OO muscles as the control target,
might also promote the identification of deep masseter or tongue
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muscle targets. Nevertheless, further studies with larger sample
size are warranted to substantiate these findings.

Finally, our assumption was verified by ‘virtual lesion’ model
and further confirmed by central structural connectivity using fiber
tractography. Repetitive TMS (rTMS) is commonly used to investi-
gate causal relationships between regional brain function and
behavior by inducing ‘virtual lesions’ when normal brain function
is temporarily and reversibly disrupted in focal regions [9]. The ‘vir-
tual lesion’ method provides a unique and safe approach to mea-
sure causal relationships between behavior or cortical responses
in both healthy and disease states. In previous studies, cTBS rapidly
suppressed human primary motor cortex excitability for a
maximum of 60 min [10]. The effect of direct cortical stimulation
on OO muscles has been studied using TMS. In accordance with
previous studies, the current findings indicated that cTBS can effec-
tively inhibit lip and pharyngeal motor cortex excitability. Our lip-
pursing/swallowing task fMRI identified anatomic regions that are
active during lip pursing/swallowing, including the primary sen-
sory and motor cortex, and the supplementary motor area. We
speculate that after suppression of OO muscle/SMC motor cortex
excitability, the balance between excitatory and inhibitory influ-
ences was broken. Thus, the precise cortical lip OO target (the con-
trol target) and SMC target (the candidate target) were further
verified temporally through the changes in the inhibitory effects.
A causal relationship was established after a reversible, short-
term ‘virtual lesion’ that produced detectable changes near the 40
min break in our study. Interestingly, through the lip OO target con-
trol, simultaneous suprahyoid EMG responses were detected, and
vice versa. Based on this observation, once we confirmed the lip
OO target, we searched nearby areas and readily determined the
SMC hotspot without an invasive administration. Using a combina-
tion of multi-modal non-invasive approaches, we mapped the pre-
cise cortical location for central swallowing. The findings revealed
that the surface EMG is a safe and non-invasive technique with
the capability to define the pharyngeal motor cortex. One of the
strength points of this pilot study lies in the fact that we verified
the localizer in combinationwith DTI, which allowed us to examine
all aspects of functional and structural component of swallowing
musculature.

Limitations associated with this preliminary report include
small sample size and lack of swallowing assessment before and af-
ter cTBS. More studies with larger sample sizes are needed to
examine the reproducibility and feasibility of the proposed
approach.

In summary, our findings provide supporting evidence for the
precise and reliable targeting of the pharyngeal motor cortex
through a combined approach of individual fMRI-guided nTMS, lip
control targeting, and diffusion tensor image (DTI). The functional
patterns of swallowing, including localization of central activation
and interconnectivityof the regions in eachhemisphere, aredemon-
strated using multi-modal neuroimaging of different motion tasks
(i.e., lip pursing and swallowing). This multi-modal neuroimaging
could enable visualization of theneural biomarker specific to central
swallowing, and thus help the development of effective clinical
treatment strategies for neurogenic swallowing disorders.
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