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Abstract

Purpose Transcranial direct current stimulation (tDCS) can alter cortical excitability, making it a useful tool for promoting
neuroplasticity in dysphagia rehabilitation. Clinical trials show functional improvements in swallowing following anodal
tDCS despite varying dosing parameters and outcomes. The aim of the current study was to determine the most effective
amplitude criterion (e.g., 0 mA [sham/control], 1 mA, 2 mA) of anodal tDCS for upregulating the swallowing sensorimotor
cortex.

Method As a novel paradigm, tDCS, functional near-infrared spectroscopy (fNIRS), and surface electromyography (SEMG)
were simultaneously administered while participants completed a swallowing task. This allowed for measurement of the
cortical hemodynamic response and submental muscle contraction before, during, and after tDCS. At the conclusion of the
study, participants were asked to rate their level of discomfort associated with tDCS using a visual analog scale.

Results There was no significant difference in the hemodynamic response by time or amplitude. However, post-hoc analyses
indicated that in the post-stimulation period, changes to the hemodynamic response in the left (stimulated) hemisphere were
significantly different for the groups receiving 1 mA and 2 mA of tDCS compared to baseline. Participants receiving 1 mA
of tDCS demonstrated reduced hemodynamic response. There was no significant difference in submental muscle contraction
during or after tDCS regardless of amplitude. Anodal tDCS was well tolerated in healthy adults with no difference among
participant discomfort scores across tDCS amplitude.

Conclusions During a swallowing task, healthy volunteers receiving 1 mA of anodal tDCS demonstrated a suppressed
hemodynamic response during and after stimulation whereas those receiving 2 mA of anodal tDCS had an increase in the
hemodynamic response. tDCS remains a promising tool in dysphagia rehabilitation, but dosing parameters require further
clarification.

Keywords Dysphagia - Transcranial direct current stimulation - tDCS - Functional near-infrared spectroscopy - fNIRS -
Swallowing

Introduction

In an effort to improve treatment for dysphagia (difficulty
swallowing) following stroke, researchers are exploring a
type of non-invasive brain stimulation known as transcra-
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dosing paradigms remains in its infancy given that the exact
mechanisms underlying tDCS as a rehabilitative tool are
not completely understood. However, studies in humans
have demonstrated increased cortical activation following
anodal tDCS and reduced cortical activation with cathodal
tDCS (Ammann et al. 2017; Nitsche et al. 2003; Zheng et al.
2011). It is believed that cortical stimulation either upregu-
lates or downregulates the action potential of the underlying
neurons depending upon the electrode montage. If this is
the case, application of anodal tDCS following brain injury,
such as a stroke, may assist with modulation of neuronal fir-
ing and cortical reorganization of damaged areas. This type
of passive neuromodulation could be especially beneficial
to patients with dysphagia following a stroke who may have
concomitant cognitive issues and limited ability to actively
participate in rehabilitation, especially given that tDCS is
documented to be well-tolerated with primary complaints
of itching, tingling, or burning beneath the electrode during
stimulation (Bikson et al. 2016; Turski et al. 2017).

Anodal tDCS is believed to modulate depolarization by
affecting the sodium and calcium receptors of the neuron
(Pisegna et al. 2016; Stagg et al. 2009), as well as having an
immediate effect on GABA. Long-term effects of tDCS are
believed to be related to the release of activity-dependent
brain-derived neurotrophic factor (BDNF) as well as changes
to N-methyl-D-aspartate (NMDA) receptors (Batsikadze
et al. 2013; Fritsch et al. 2010; Nitsche and Paulus 2001).
GABAergic changes have also been observed in tDCS after-
effects (Nitsche et al. 2003; Roche et al. 2015).

It seems logical then that tDCS could be an effective
rehabilitative tool to modulate neuronal firing in patients
diagnosed with neurological disease by harnessing princi-
ples of neuroplasticity. However, optimal dosing parameters

Table 1 tDCS and dysphagia RCT study paradigms

are elusive; this is especially true in dysphagia research as
cortical lateralization of swallowing remains a controver-
sial issue. In an effort to define which cerebral hemisphere
should receive anodal stimulation, some researchers have
used transcranial magnetic stimulation to measure motor
evoked potentials (MEPs) of the submental muscles before
and after tDCS in healthy volunteers (Jefferson et al. 2009;
Zhao et al. 2015). Some studies have found that anodal tDCS
to the dominant hemisphere resulted in greater pharyngeal
motor evoked potentials (MEPs) on the stimulated side
only (Jefferson et al. 2009; Zhao et al. 2015) while others
have found that anodal tDCS to the contralesional or non-
dominant hemisphere resulted in increased MEPs bilaterally
(Vasant et al. 2014). Although these studies made evident a
neurophysiological connection between tDCS to the pharyn-
geal motor cortex and pharyngeal MEPs, they were limited
in establishing the clinical significance of tDCS.

Six randomized controlled trials (RCT) have been pub-
lished to date evaluating the effectiveness of anodal tDCS
as a clinical treatment paradigm in patients with dysphagia
following stroke (Ahn et al. 2017; Kumar et al. 2011; Pingue
et al. 2018; Shigematsu et al. 2013; Suntrup-Krueger et al.
2018; Yang et al. 2012) with a seventh RCT currently under
review (Kumar et al., under review). Dosing parameters have
varied for each study, making a direct comparison between
studies difficult (Table 1). Amplitude of stimulation has
ranged from 1 to 2 mA with a length of stimulation rang-
ing from 20 to 30 min. Number of sessions and electrode
placement have varied as well. In some instances, improve-
ment in swallowing was observed immediately following
tDCS (Kumar et al. 2011; Shigematsu et al. 2013; Suntrup-
Krueger et al. 2018) whereas other studies indicated delayed
(Yang et al. 2012) or no improvements (Ahn et al. 2017;

Authors Min # Sessions Total Min Amp (mA) Electrode Current Density Anode Cathode Outcome Measure
Size (cm?)

Kumar et al. 30 5 150 2 15 0.13 Contralesion Contra-orbit DOSS
(2011)

Yang et al. 20 10 200 1 25 0.04 Ipsilesion Contra-orbit FDS
(2012)

Shigematsuetal. 20 10 200 1 35 0.03 Ipsilesion Contra-orbit DOSS
(2013)

Ahnetal. (2017) 20 10 200 1 25 0.04 B motor cortices B orbits DOSS

Suntrup et al. 20 4 80 1 35 0.03 Contralesion Contra-orbit FEDSS, DSRS, &
(2018) FOIS

Pingue et al. 30 10 300 2 25 0.08 Ipsilesion Contralesion DOSS & PAS
(2018)

Kumar et al. 20 10 200 2 15 0.13 Contralesion Contra-orbit FOIS & PAS

(under review)

Amp amplitude, in mA, Min Minutes, B bilateral, Contra-orbit contralateral orbit, DOSS dysphagia outcome and severity scale, FDS functional
dysphagia scale, FEDSS fiberoptic endoscopic dysphagia severity scale, DSRS dysphagia severity rating scale, FOIS functional oral intake scale,

PAS penetration-aspiration scale
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Pingue et al. 2018). Two recent meta-analyses including the
RCTs listed above have indicated that tDCS is effective at
improving post-stroke dysphagia compared to sham (Chi-
ang et al. 2019; Marchina et al. 2021). However, given the
various dosing parameters examined thus far, it is clear that
the use of tDCS in dysphagia rehabilitation warrants further
investigation. Specifically, improved guidance on the most
effective amplitude(s) of tDCS is needed.

Purpose and hypotheses

The aim of the current study was to determine the most
effective amplitude criterion (e.g., 0 mA [sham/control],
1 mA, 2 mA) of anodal tDCS for upregulating the swallow-
ing sensorimotor cortex. These tDCS doses were chosen as
they are consistent with most other studies which seek to
evaluate the efficacy of tDCS (Table 1). As a novel para-
digm, tDCS, functional near-infrared spectroscopy (fNIRS),
and surface electromyography (SEMG) were simultaneously
administered while participants completed a swallowing
task. This allowed for measurement of the cortical hemody-
namic response and submental muscle contraction before,
during, and after varying doses of tDCS. At the conclusion
of the study, participants were asked to rate their level of
discomfort associated with tDCS using a visual analogue
scale as the effect of tDCS amplitude on comfort is not well-
established in the literature. The research question was: Does
amplitude of tDCS (e.g., 0 mA [sham/control], 1 mA, 2 mA)
affect the cortical hemodynamic, submental muscle contrac-
tion, or perception of discomfort during cued swallow task?
It was hypothesized that the highest amplitude of tDCS (e.g.,
2 mA) would result in the greatest change to the cortical
hemodynamic response, greatest submental muscle contrac-
tion, and the highest rating of discomfort in comparison to
the low-dose (e.g., I mA) or sham conditions.

Methods
Participants

This study was approved by the James Madison University
Internal Review Board. Participants thirty years and older
were recruited by bulk email advertisement; interested par-
ties completed a Qualtrics survey to determine eligibility.
Exclusion criteria included: presence of a pacemaker or
deep brain stimulator, history of swallowing problems or
direct dysphagia treatment, history of uncontrolled reflux
symptoms as evidenced by a score of 13 or greater on the
Reflux Symptom Index (Belafsky et al. 2002), history of
brain injury or neurological disorder including stroke, pre-
vious neck injury requiring treatment by a physician, his-
tory of psychiatric disorder other than medically-managed

depression, presence of speech motor control abnormalities,
history of epileptic seizures, or diagnosis of progressive neu-
rodegenerative disorder. Healthy participants were chosen
for this study to minimize the possibility of pathological
differences influencing the outcomes. Eligible participants
were scheduled for a single session.

Pilot data indicated an effect size of f=0.52 (G*Power;
Faul et al. 2007, 2009), and a requisite sample size of 21 total
participants, 7 per group to achieve a power of 0.95. Twenty-
seven healthy adults consented to this study. Fifteen were
female. Age range for all subjects was 30—66 years (mean
45.1 years, SD 10.88). All participants were right-handed.

Design

In this prospective, between and within-subjects design,
participants were randomly assigned to receive one of three
doses of anodal tDCS to the left pericentral cortex: 0 mA
(sham/control), 1 mA, or 2 mA. Both the researcher facili-
tating the session (author L.G.) and the participant were
blinded to condition. Although evidence suggests there is
bilateral cortical activation during swallowing, the anode
was placed over the left hemisphere in the current study
as prior imaging studies have found greater and/or earlier
activation in the left hemisphere during swallowing tasks in
healthies (Kamarunas et al. 2018; Martin et al. 2004; Too-
good et al. 2017).

Procedures
Setup

Participants were seated upright in a stationary chair for
equipment setup. Initial setup included locating the cortical
regions of interest (ROIs) for placement of the functional
near-infrared spectroscopy (fNIRS), which included the
bilateral ventral precentral and postcentral gyri. Grounded
in the Beer-Lambert Law, fNIRS uses the absorption of
near-infrared light to detect changes to the oxyhemoglobin
(HbO) and deoxyhemoglobin (HbR) of the cerebral cortex
(Strangman et al. 2002). ROIs corresponded with the Mon-
treal Neurological Institute (MNI) coordinates shown to
be activated during swallowing (Table 2; Kamarunas et al.
2018; Soros et al. 2009). Each participant’s head was nor-
malized into MNI brain space using Brainsight v2.0 (Rogue
Research, Montreal, Quebec) and a standard sex-matched
MRI. Eyeglasses with optical position sensors (NDI, Water-
loo, Ontario, Polaris Model 8,800,072) registered the MRI
image to the participant’s head using specific anatomical
locations of the head and face as references.

Once the ROIs were identified, the fNIRS probes were
fitted through the tDCS electrodes; see below for details on
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Table2 MNI coordinates of regions of interest for hemodynamic
fNIRS recordings (X, y, z)

Left Right
Precentral cortex (M1) -50,-6,37 50, — 6, 37

-53,2,21 53,2,21
Postcentral Cortex (S1) -57,-2,40 52, — 21,40

—59,— 19,24 57, - 19,24
Premotor cortex (PMC) —45,6.5,40 42,6.5,42

tDCS setup. The fNIRS probes were then placed bilaterally
with each side consisting of a three emitter and five detector
array. Each emitter and detector pair were spaced 3 cm apart
from each other. Light at wavelengths 690 and 830 nm was
released from the emitters, absorbed and reflected by the
cortex, and identified by the detectors to measure changes
in blood oxygenation. The changes in concentrations of
oxygenated hemoglobin (e.g., the hemodynamic response;
HDR) were recorded by a continuous wave fNIRS sys-
tem (TechEn, Milford, MA, Model CW6;). Signals were
monitored, and each channel was individually gained at the
beginning of each recording session. The sampling rate was
25 Hz.

Phoresor II Auto tDCS was setup next (Iomed, Salt Lake
City, UT, Model No. PM850). Prior to securing the fNIRS
probes, tDCS electrodes were placed with the 6.5 6.5 cm
saline-soaked anodal electrode positioned over the left pri-
mary motor cortex and the 6.5 6.5 cm saline-soaked cath-
ode positioned over the right supraorbital region. Six 6 mm
holes in the anodal electrode allowed for the placement of
the NIRS probes through the electrode for simultaneous
tDCS and fNIRS. Since the tDCS electrode distributes elec-
trical current beneath the entire surface area of the electrode
(Pisegna et al. 2016; Wagner et al. 2007), the punched holes
should not make a significant difference in the overall cur-
rent density received by the participant, and this process has
been replicated in other studies (Knotkova et al. 2019; Yan
et al. 2015). Once all NIRS probes and tDCS electrodes
were in place, 3 M™ Coban self-adhering wrap was placed
around the patient’s head to secure the instrumentation.

A piezoelectric accelerometer (Kistler Instrument Cor-
poration, Amherst, NY) was secured over the thyroid notch
using medical tape and signaled laryngeal elevation dur-
ing swallowing. Next, the skin was abraded with an alcohol
swab and surface electromyography (SEMG) electrodes were
placed on the skin to measure bilateral submental muscle
activity. Norotrode 20 disposable electrodes were placed
along with the posterior one-third of the submental muscles
at midline and were 22 mm + 1 mm apart from one another.
The submental muscles, consisting of the anterior belly of
the digastric, mylohyoid, and geniohyoid, were chosen as
they are documented to be associated with movement of the
hyoid bone during swallowing (Vaiman et al. 2004; Wheeler

@ Springer

A: tDCS cathode; B: tDCS anode; C: fNIRS detectors; D: fNIRS emitters;
E: sEMG electrode; F: Accelerometer

Fig.1 Visual of equipment setup

et al. 2007). A single Positrace ECG electrode was placed
along the right clavicle and served as the grounding elec-
trode. Digital signals were recorded using PowerLab 16/35
and LabChart8 software (AD Instruments, Inc., Sydney,
Australia). A trained observer also documented online visu-
alization of hyolaryngeal elevation that represented swallow-
ing directly into the LabChart8 software. Each session was
video recorded and synced in LabChart8. Figure 1 displays
the equipment setup.

A 3/16 in. diameter silicon tube was connected to a Mas-
terflex motorized infusion pump (Cole-Parmer Instrument
Co., Chicago, IL) to allow for automatic water bolus deliv-
ery. To minimize jaw and head movements during bolus
delivery, participants held the tubing in the left corner of
their mouth throughout the study. Water was dispensed at
the rate of 1 mL/minute and acted as a cue for the partici-
pant to swallow. A 1 mL water bolus was selected given its
resemblance to the volume of a saliva swallow (Lagerlof and
Dawes 1984; Rudney et al. 1995).

Session task

Following equipment setup, each participant completed
three 30-min blocks (i.e., pre-tDCS, tDCS, post-tDCS).
During each block, the participant was instructed to sit as
still as possible and to swallow every time they received
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a 1 mL water bolus from the tube placed in their mouth.
Simultaneous fNIRS and swallowing task was utilized
as this is considered best clinical practice when working
with patients to encourage cortical reorganization. Further,
this replicates the majority of studies done with tDCS in
swallowing. During the first five minutes of each 30-min
block, the participant received 1 mL of water each minute
followed by a three-minute rest period where no water was
administered. During the rest period, the participant was
free to swallow their saliva as needed. Following the three-
minute rest period, water was again administered at a rate
of 1 mL/minute for five minutes. This alternating pattern
was continued throughout the 30 min so that there was a
total of four five-minute periods of swallowing and three
three-minute rest periods, yielding 20 total swallows per
30-min block (Fig. 2). All signals were recorded continu-
ously for each block.

During the second 30-min block only, participants were
randomly assigned to receive either 0 mA (sham/control),
1 mA, or 2 mA of tDCS for the duration of the 30 min
while continuing to receive water boluses and swallow
as detailed above. A trained assistant started the tDCS as
both the researcher completing the session (author L.G.)
and the participant were blinded to the condition. In the
case of sham/control, the tDCS unit ramped up to 2 mA
over the course of 15 s and then was turned off by the
trained assistant. During the ramp-up period, the partici-
pant received the same sensation of tingling as the partici-
pants who received active tDCS for 30 min, yet the control
participants were unaware that the device was then turned
off. At the conclusion of the second 30-min block (i.e., fol-
lowing tDCS administration), all participants were asked
to rate their level of discomfort while receiving tDCS
using a 100 mm anchored visual analogue scale (VAS).
The left side was labeled as “no discomfort” and the right
side was labeled as “discomfort that was difficult to toler-
ate for 30 min”. Participants were asked to put a single
line (i.e. tic mark) on the VAS to represent their level of
discomfort during the tDCS condition.

The third 30-min block (post-tDCS) was then com-
pleted as described above with five water infusions over
the course of 5 min (one per minute) then 3 min of rest
alternately repeated for a total of 20 swallows. Once all
three experimental blocks were completed, equipment
was removed, and the participant was excused. No adverse
events occurred.

Data analysis

Swallows were readily identifiable in LabChart8 since they
were marked in real time by the trained observer who docu-
mented hyolaryngeal elevation at the time of bolus delivery.
If further verification of a swallowing occurrence was needed,
areview of the video recording as well as the signal from the
accelerometer facilitated the decision-making process. Swal-
low onsets were marked from the SEMG signal in LabChart8.
Swallow onset was defined as 10% of the maximum ampli-
tude at the beginning of the signal. Similarly, swallow offset
was defined as when the signal returned to 10% of maximum
amplitude at the end of the signal as described by Ludlow et al.
(2019). Once all of the swallow onsets were marked, the times
were exported to Excel.

fNIRS

fNIRS data were preprocessed with HOMER?2 software (Boas
et al. 2012) in Matlab 2013 (The MathWorks Inc., Natick,
MA). Onset of cued swallows in LabChart8 and HOMER?2
were time synchronized with shared auxiliary signals. Swallow
onset times from the SEMG signal were input into HOMER?2.
Raw wavelengths were converted to optical density values.
Physiological signals were removed with a bandpass filter at
0.01-0.5 Hz then optical density was converted to hemoglobin
concentrations with the application of the modified Beer-Lam-
bert law. Motion correction was completed using a correlation-
based signal improvement filter (Cui et al. 2010) then adaptive
short separation filtering. The event-related averages of oxy-
genated hemoglobin (OxyHb) from — 5 to 35 s from swallow
onset from each channel were exported from HOMER? into
Excel. Figure 3 displays the aggregated oxygenated and deoxy-
genated hemodynamic response for each amplitude across time
by hemisphere.

Baseline hemodynamic activity was controlled by subtract-
ing the mean baseline activity from each channel individually.
Baseline was defined as — 5 to O s prior to swallow onset. The
median value across 5-30 s from swallow onset from each
channel was computed (Herold et al. 2018) and then averaged
across all the channels for each hemisphere separately. There-
fore, each participant had one median OxyHb value for each
hemisphere per condition (pre-tDCS, tDCS, post-tDCS). For
analysis, these OxyHb values were normalized to baseline
(pre-tDCS) to reflect changes during and after tDCS.

30 sec 5 mins 3 mins 5 mins 3 mins 5 mins 3 mins 5 mins 30 sec
Srest Swater |Wp| S 0T || Swater (Wp| T T (W[ Swater |[Epf T 0T | W] S water Srest
swallows swallows swallows swallows

Fig.2 Schematic of block procedures
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Fig.3 Aggregated oxygenated and deoxygenated hemodynamic response for each amplitude across time by hemisphere

sEMG

Raw sEMG data were collected with a 2 mV range
using a 10 kHz sampling rate. Consistent with other
SEMG research protocols, a band-pass filter was applied
(75-500 Hz) to the signal (Zhu et al. 2017). The signal was
then rectified and smoothed with a low pass filter (10 Hz).
The smoothed signal was normalized to the largest mus-
cle contraction during a swallow across the entirety of
the session (e.g., pre-tDCS, tDCS, post-tDCS); this was
normalized as 100%. The mean sEMG signal during rest
was averaged across trials and normalized as 0% for each
block of the session (e.g., pre-tDCS, tDCS, post-tDCS).

@ Springer

Once the sSEMG swallowing signal was normalized,
swallow onset was defined as 10% of the maximum ampli-
tude at the beginning of the signal. Swallow offset was
defined as when the signal returned to 10% of maximum
amplitude at the end of the signal (Ludlow et al. 2019).
The root mean square (RMS) was calculated from onset
to offset for each trial of each condition and averaged.
Submental muscle contraction was normalized to the pre-
tDCS block to reflect changes in submental sSEMG activa-
tion level from baseline during the tDCS and post-tDCS
conditions.
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Discomfort score

The location of the tic mark along the 100 mm line was
measured and a score out of 100 was determined where 0
indicated no discomfort and 100 indicated discomfort that
was difficult to tolerate for 30 min.

Statistical analysis

Data from three of the 27 participants were excluded due
to poor fNIRS signals; therefore, the final analysis came
from 24 healthy participants, 8 in each group. To com-
pare changes in cortical activation as measured by OxyHb
before, during, and after tDCS, one 2-way mixed ANOVA
was completed for each hemisphere examining the interac-
tion between the groups (0 mA, 1 mA, 2 mA) and condition
(pre-tDCS, tDCS, post-tDCS). Post-hocs were completed
when indicated using independent and paired samples ¢ tests.
A two-way mixed ANOVA was completed to examine the
effects of group and condition on submental contraction as
measured by SEMG. A one-way between-subjects ANOVA
was used to assess for differences in the level of discomfort
based on the amplitude of tDCS administered. Alpha level
was set to 0.05.

Results
Group comparisons

There was no significant difference between groups based
on age (F(2,21)=1.29, p=0.30, ’7p2 =0.11). However, there
was a significant difference between groups based on sex, as
assessed by a Fisher’s exact test, p=0.03. Post hoc analy-
sis involved pairwise comparisons using multiple Fisher’s
exact tests (2 x 2) with a Bonferroni correction. Statistical
significance was accepted at p <0.016667. The proportion
of males and females within each group was not statisti-
cally significant when compared at the group level (sham vs.
1 mA: p=0.026, sham vs. 2 mA: p=0.077, 1| mA vs. 2 mA:
p=1.0). See Table 3 for demographic information.

Table 3 Participant demographics

N Mean Age  SD (Years) Sex
(Years)
Sham/control 8 48.13 11.81 8 female
1 mA 8 39.87 8.97 3 female; 5 male
2 mA 8 47.00 12.35 4 female; 4 male

mA milliamps, SD standard deviation

Hemodynamic response

For the right (unstimulated) hemisphere, there were no
significant interactions between group and condition
(F(4,42)=1.23, p=0.31, np2=0.1 1) and no effect of con-
dition (F(2,42)=0.30, p=0.75, ’1p2=0-0149 Fig. 4). For
the left (stimulated) hemisphere, there were no significant
interactions between group and condition (F(4,42)=2.55,
p=0.053, ”pz =0.20), and there was no effect of condition
(F(2,42)=0.67, p=0.52, ,”=0.03; Fig. 5).

However, given the interactional trend and large effect
size for the left hemisphere, post-hoc comparisons were
made for the left hemisphere to examine between-group dif-
ferences. There was a significant finding for between-group

Group
[[IJsham

Right Hemisphere HDR Change from Baseline
(MM/I*mm)

During tDCS After tDCS

Time period

Fig.4 Boxplot of normalized change in oxygenated hemoglobin of
the left pericentral cortex by tDCS amplitude across time

Group

[Jsham
3.0 E1ma
Ed2mA

20 °

(MM/I*mm)
=

2.0

Left Hemisphere HDR Change from Baseline

During tDCS After tDCS

Time period

Fig.5 Boxplot of normalized change in oxygenated hemoglobin of
the right pericentral cortex by tDCS amplitude across time
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differences between the 1 mA and 2 mA groups during the
post-tDCS condition (r=-2.25, p=0.041, d=0.95), with the
2 mA group having a significantly more positive OxyHb
change (X=4.8 pM) compared to the 1 mA group, which had
a decrease in OxyHb (X =-5.9 pM). All other comparisons
were not significant (p > 0.05).

Post-hoc examination of within-group differences for the
left hemisphere indicated a significant difference between
the pre-tDCS and post-tDCS conditions for the 1 mA group
only, (#(7)=2.9, p=0.023, d=0.57), with a significant
decrease in OxyHb during the post-tDCS period compared
to baseline values. All other comparisons were not signifi-
cant (p>0.05).

Surface electromyography

There was no interaction between group and condition for
submental muscle contraction (F(4,40)=0.99, p=0.42,
np2=0.09) and no effect of condition (F(2,40)=2.70,
p=0.08, np2=0.]2). Post-hoc comparison indicated a dif-
ference between pre-tDCS and post-tDCS contraction
(p=0.027) across groups, with greater contraction observed
in the post condition (Fig. 6).

Discomfort scale

Descriptively, the mean discomfort score for both the 1 mA
and 2 mA groups was at least double that of the discomfort
score for the sham group. However, there was no effect on
participant discomfort scores as a function of tDCS ampli-
tude, F(2,21)=1.57, p=0.23, 772 =0.13. This may be related
to the large standard deviation for both the 1 mA and 2 mA
groups. Descriptive statistics are listed in Table 4.

Group

15.0 | [Isham
E1mA
Ed2mA

10.0 1

5.0 o

(RMS)

-5.0

Submental sEMG Change from Baseline

During tDCS After tDCS

Time period

Fig.6 Boxplot of normalized surface electromyography root mean
square by tDCS amplitude across time
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Table 4 Descriptive statistics N  Mean sD

for discomfort scores by tDCS

amplitude Sham 1125  9.88
1 mA 25.75 21.12
2 mA 22.50 18.54

Discussion

To address the effect of tDCS dosing parameters during a
swallowing task, we used a novel paradigm and simulta-
neously combined tDCS, fNIRS, and sSEMG. Potentially
related to insufficient statistical power, results were not
statistically significant, however, trends suggest anodal
tDCS to the pericentral cortex increased the hemodynamic
response in both cerebral hemispheres during 30 min of
2 mA tDCS but suppressed it for the 1 mA group. Within
the left (stimulated) hemisphere, there were trends for sig-
nificance between groups, with the hemodynamic response
being significantly higher in the 2 mA group compared to
the 1 mA group during the final 30 min after tDCS was
applied. Interestingly, submental muscle contraction mir-
rored the changes to the hemodynamic response; there was
a nonsignificant reduction of submental muscle contrac-
tion during 1 mA of anodal tDCS as measured by surface
electromyography (SEMG) and a nonsignificant increase in
submental muscle contraction during 2 mA of anodal tDCS.
Increased submental muscle contraction continued into the
post-stimulation period for the 2 mA group, while the 1 mA
group returned to baseline levels.

There was no significant effect of tDCS amplitude on par-
ticipant discomfort. That is to say, participants did not dem-
onstrate increased discomfort with the increased amplitude
of tDCS. This is consistent with other reports that tDCS is
safe for use with humans and generally well tolerated (Bik-
son et al. 2016; Turski et al. 2017). This finding adds to the
argument that tDCS may be a beneficial augmentation to
dysphagia rehabilitation for patients of all types, including
those with limited communication related to advanced neu-
rological disease.

Cortical modulation effects

To our knowledge, this is the first study that used simulta-
neous pairing of fNIRS and tDCS to evaluate changes to
the hemodynamic response based on tDCS amplitude dur-
ing a swallowing task. Although the cause for contradic-
tory changes to the hemodynamic response for both groups
receiving anodal tDCS (1 mA and 2 mA) cannot be fully
answered by the data, our results are congruent with pre-
vious literature. A recent systematic review of tDCS and
fNIRS studies found reduced cortical activation during
tDCS stimulation (amplitudes ranging from 0.5-2 mA) and
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inconsistent post-stimulation effects on the hemodynamic
response (Patel et al. 2020). The studies included in this sys-
tematic review included but were not specific to, swallowing.

Our results are not in agreement with a recent system-
atic review and meta-analysis of clinical studies evaluat-
ing the effects of tDCS on post-stroke dysphagia specifi-
cally. Although Marchina et al. (2021) found tDCS to be
effective at improving post-stroke dysphagia, subgroup
analyses revealed a significant moderate effect size for the
low-intensity stimulation group (i.e., 1 mA for 20 min/day)
compared to high-intensity stimulation group (i.e., 2 mA
for at least 30 min/day). There was no significant differ-
ence between ipsilesional vs. contralesional stimulation or
acute vs. chronic dysphagia (Marchina et al. 2021). How-
ever, this review focused on treatment studies with patients
with dysphagia and outcome measures consisting of clini-
cal assessments (i.e., Penetration-Aspiration Scale score
[PAS], Dysphagia Outcome and Severity Scale [DOSS])
while our participants were healthy and our outcome meas-
ures included changes to the hemodynamic response and
submental muscle contraction. This incongruence may also
be attributed to individual variability in the dose-response
relationship (Esmaeilpour et al. 2018; Marchina et al. 2021).

Still, the exact reason for the suppression of the hemody-
namic response during 1 mA of anodal tDCS while 2 mA of
stimulation enhances it remains unclear. There is evidence
to suggest that the genetic make-up of an individual plays
a role in one’s response to tDCS. Specifically, individuals
with val66met polymorphism secrete different amounts of
activity-dependent BDNF and therefore may respond dif-
ferently to tDCS (Fritsch et al. 2010; Wiegand et al. 2016).
Results may be related to genetic factors that could not be
accounted for given the limitations and small sample size of
the current study.

Role of sham stimulation

One of the most consistent findings was an increase in both
the hemodynamic response and submental muscle contrac-
tion for participants receiving sham tDCS. Although our
sham procedures were similar to several other placebo-con-
trolled tDCS studies (Pingue et al. 2018; Suntrup-Krueger
et al. 2018), some researchers are beginning to question if
even sham stimulation is enough to modulate neural activity
(Boonstra et al. 2016; Fonteneau et al. 2019; Nikolin et al.
2018). Typical tDCS sham protocols include ramping up the
stimulation to 1 mA or 2 mA over a 15 to 30 s period before
ramping down or turning the device off (Dyke et al. 2016;
Pena-Gomez et al. 2012; Stagg et al. 2013), but Boonstra
et al. (2016) found significant changes in the 15-min resting-
state EEG signal of healthy participants after receiving sham
stimulation (30 s ramp up to 2 mA, 30 s ramp down).

Other researchers have argued that the presence of a
medical device like tDCS could induce enough expectation
from the participant to result in a placebo effect (Burke
et al. 2019; Fonteneau et al. 2019; Kaptchuk et al. 2000;
Kaptchuk and Miller 2015).

Limitations and future directions

Although there is not a clear explanation for the differ-
ences seen between 1 and 2 mA of anodal tDCS, current
findings suggest that further research on the effective-
ness of tDCS is needed. Its exact role in neuromodulation
remains undefined. In addition, varying dosing parameters,
such as the timing of stimulation, electrode montage, and
length and amplitude of stimulation make it difficult to
draw distinct conclusions between studies published to
date.

The current study is not without limitations. First, par-
ticipants did not receive individual MRI scans for this
study so the fNIRS probes were placed on the scalp based
on a normalized and sex-matched MRI within Brainsight.
This could have resulted in the imprecise placement of the
fNIRS probes but is likely no more imprecise than using
the 10-20 system. In addition, participants were healthy
and relatively young. It is possible that greater neuromod-
ulation effects from the same doses of tDCS would be seen
in geriatric or neurologically-impaired populations whose
baseline cortical activation may be divergent from the par-
ticipants in this study. Future studies should explore the
differences in tDCS effects on neurologically intact versus
neurologically-impaired populations. Next, participants
received only one 30-min session of tDCS; some evidence
suggests that only 20-60% of participants demonstrate
cortical excitability following a single session of anodal
tDCS, potentially related to individual variability (Bashir
et al. 2019). Therefore, further studies should continue to
explore the effect of consecutive sessions on the hemo-
dynamic response. In relation to the sSEMG data, EMG
frequency spectrum data was not analyzed, although this
may give information regarding muscular fatigue. Future
studies should consider this as well. Finally, participants
were simply asked to swallow when receiving a water
bolus. Although this swallowing should have induced cor-
tical activation on its own, a more deliberate task, such as
completing an effortful swallow with biofeedback, may
elicit more significant activation. Although we considered
implementing this in the current study, we decided against
it due to the potential confounder of participant fatigue
by the end of the study. Future studies should continue to
evaluate task selection, with consideration for fatigue, as
a factor of tDCS effectiveness.

@ Springer



1820

Experimental Brain Research (2022) 240:1811-1822

Conclusions

During the simultaneous pairing of fNIRS, tDCS, and
SEMG, 30 min of anodal tDCS to the left pericentral cor-
tex of healthy adults was well tolerated with no signifi-
cant difference among participant discomfort scores across
tDCS amplitudes. During the post-tDCS period, there
was a significant difference in the hemodynamic response
between groups receiving 1 mA or 2 mA of anodal tDCS.
Within the 1 mA group, there was a suppression of the
hemodynamic response in the left (stimulated) hemisphere
after receiving tDCS compared to baseline, potentially
indicating that 2 mA of anodal tDCS is more likely to
upregulate the swallowing sensorimotor cortex compared
to sham or 1 mA of anodal tDCS. Although not statisti-
cally significant, there was also a reduction in submental
muscle contraction following 1 mA of anodal tDCS and
an increase in submental muscle contraction following
2 mA of anodal tDCS. tDCS remains a promising tool
in dysphagia rehabilitation, but dosing parameters require
further clarification.
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