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Abstract. Transcranial direct current stimulation (tDCS) of the human sensorimotor cortex during physical reha-
bilitation induces plasticity in the injured brain that improves motor performance. Bi-hemispheric tDCS is a non-
invasive technique that modulates cortical activation by delivering weak current through a pair of anodal-cathodal
(excitation—suppression) electrodes, placed on the scalp and centered over the primary motor cortex of each hemi-
sphere. To quantify tDCS-induced plasticity during motor performance, sensorimotor cortical activity was mapped
during an event-related, wrist flexion task by functional near-infrared spectroscopy (fNIRS) before, during, and after
applying both possible bi-hemispheric tDCS montages in eight healthy adults. Additionally, torque applied to a
lever device during isometric wrist flexion and surface electromyography measurements of major muscle group
activity in both arms were acquired concurrently with fNIRS. This multiparameter approach found that hemispheric
suppression contralateral to wrist flexion changed resting-state connectivity from intra-hemispheric to inter-hemi-
spheric and increased flexion speed (p < 0.05). Conversely, exciting this hemisphere increased opposing muscle
output resulting in a decrease in speed but an increase in accuracy (p < 0.05 for both). The findings of this work
suggest that tDCS with fNIRS and concurrent multimotor measurements can provide insights into how neuroplas-
ticity changes muscle output, which could find future use in guiding motor rehabilitation. © The Authors. Published by SPIE
under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the
original publication, including its DOI. [DOI: 10.1117/1.JBO.18.11.116003]
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Depending on the current polarity, tDCS can either excite or
suppress the underlying cortical regions'”!® similar to TMS,
though with less topographical specificity than TMS."
However, advantages of using tDCS over TMS include the abil-
ity to stimulate during a motor task even if it involves head or
torso movements, low cost, and excellent tolerability. Previous
studies?®?!' show that tDCS stimulation during an activity mod-
ulates the neural circuitry specific to that task, which potentially
gives tDCS the ability to have task-specific effects and thus

1 Introduction

Augmentation of rehabilitation with concurrent cortical stimu-
lation is a valuable approach for facilitating plasticity in the
injured human brain to improve physical performance. This
method may be especially beneficial to patients following
stroke, as persistant deficits in the affected limb lessen the qual-
ity of life.! Stimulation of the cortex with transcranial magnetic
stimulation (TMS), transcranial direct current stimulation
(tDCS), and epidural cortical stimulation, results in beneficial . R ¢ v .
neuroplasticity by modulating the excitability of the underlying direct neuroplasticity in the desired direction of a physical
neural circuitry. Contingent on the cortical location, stimulation therapy regimen. ) ) )

can lead to improvements in speech,” motor control,*” pain,'” ~ tDCS applied bi-hemispherically, such that one hemisphere
depression,'! neglect,'? and the reduction of sensory deficit'>' is suppressed (cathode) and ‘the other hemisphere is excited
in patients with various brain disorders. (anode) concurrently,” can simultaneously suppress the unaf-

Recently, tDCS has attracted increased interest due to its sus-
tained effects, which last up to a week'> and have beneficial
therapeutic outcomes for stroke patients.>”*"'2 TDCS is a non-
invasive cortical stimulation technique which modulates the
cortical activity with intensities below the motor threshold.'®

*These authors contributed equally to this work.
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fected (i.e., healthy) hemisphere and excite the affected
(i.e., injured) hemisphere of stroke patients to improve motor
performance by normalizing laterality of cortical activity.”
Furthermore, bi-hemispheric tDCS applied on healthy adults
resulted in a larger increase in motor improvement compared
to when the same hemisphere underwent only unilateral anodal
tDCS.?* However, to our knowledge, studies have only applied
bi-hemispheric tDCS in one current direction, and have not yet
compared the cortical or performance effects of bi-hemispheric
tDCS when the anode is placed over the hemisphere ipsilateral
to the affected limb.

November 2013 « Vol. 18(11)

Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 11/05/2013 Terms of Use: http://spiedl.org/terms


http://dx.doi.org/10.1117/1.JBO.18.11.116003
http://dx.doi.org/10.1117/1.JBO.18.11.116003
http://dx.doi.org/10.1117/1.JBO.18.11.116003
http://dx.doi.org/10.1117/1.JBO.18.11.116003
http://dx.doi.org/10.1117/1.JBO.18.11.116003
http://dx.doi.org/10.1117/1.JBO.18.11.116003

Khan et al.: Functional near-infrared spectroscopy maps cortical plasticity underlying altered motor performance...

In order to better understand the effects of tDCS on the plas-
ticity of the human cortex, neuroimaging techniques have been
recently combined with this stimulation method. Functional
magnetic resonance imaging (fMRI) after tDCS showed neuro-
plastic resting-state connectivity changes in the sensorimotor
cortical regions.”2% Additionally, changes in resting-state cort-
ical regional cerebral blood flow were measured after tDCS by
positron emission tomography,”® but only a few studies have
explored the effects of tDCS during cortical activation.”®! One
study used fMRI to detect changes in cortical activation hemo-
dynamics in the supplementary motor area (SMA) during anodal
tDCS while the subjects performed a finger tapping task,* but
electric current flow confounds concurrent fMRI eco-planar im-
aging during tDCS.*? Therefore, a technique that is independent
of magnetic field measurements is desirable, particularly as con-
tinual noninvasive neuroimaging of tDCS-induced plasticity
could yield great potential for improving the understanding
of functional plasticity and for guiding therapeutic applications.

One such portable and low-cost neuroimaging modality is
functional near-infrared spectroscopy (fNIRS), previously
used to study brain function in healthy subjects®*~ and individ-
uals affected by a wide range of central nervous system pathol-
ogies such as stroke, depression, cerebral palsy, and Alzheimer’s
disease.**** Though this optical technology is limited to cortical
imaging at a modest spatial resolution, it can potentially offer
high activation-related signal detection sensitivity, high-tempo-
ral resolution, and relative robustness to motion artifacts. >~
fNIRS detects changes in light absorption and scattering in
tissue caused by fluctuations in oxy-hemoglobin (HbO) and
deoxyhemoglobin (Hb) concentrations secondary to neuronal
activity, known as neurovascular coupling.**° It has also been
shown that fNIRS is able to detect event-related optical signals,
which occur within hundreds of milliseconds and correlate with
evoked potentials measured by simultaneous electroencephalog-
raphy (EEG),’!? are much faster than the seconds resolution of
fMRI.>*>* Recently, fNIRS detected changes in resting state
HbO after anodal tDCS was applied to the prefrontal cortex,>
though no fNIRS studies to date have explored the effects
of tDCS on functional activation patterns in the sensorimotor
cortex, which is the focus of this work.

In this study, the hemodynamics in sensorimotor cortical
regions were measured using fNIRS before, during, and after
bi-hemispheric tDCS was applied to the sensorimotor cortex
of eight healthy adults. The use of fNIRS enabled quantification
of changes in both resting-state connectivity and functional
activity of cortical regions activated during a wrist flexion
task, during and after tDCS. The isometric wrist flexion task
was performed while subjects held a lever outfitted with sensors
to measure the torque, allowing quantification of the speed, and
accuracy of task performance in relation to cortical activity.
Moreover, during this event-related protocol, changes in the
activity of the forearm and upper arm muscles, measured by sur-
face electromyography (sSEMG) concurrent with fNIRS, yielded
complementary information on how the activation of specific
muscles related to changes in cortical activation patterns elicited
by wrist flexion. The results of this work indicate how the novel
combined use of tDCS, fNIRS, sEMG, and task performance
measurements can offer insights into how cortical plasticity
influences task performance during and after intervention
with tDCS. These methods could be used in future studies to
guide the patient-specific rehabilitation of hemiparetic patients
during tDCS-enhanced physical therapy.

Journal of Biomedical Optics

116003-2

2 Materials and Methods

2.1 Subjects

Nine right-handed subjects were included in this study. Subject
handedness was determined by the Edinburgh Handedness
Inventory.>® All subjects were healthy and did not have a history
of neurological disorders other than headaches. A side effect that
occurs during the ramp up and down of current for tDCS in a
small percentage of human subjects is the visual perception of
flashing lights.>” One subject did not return due to flashing lights
seen in the first tDCS session during the ramp up of current and
this subject’s data was not included in the analysis. Data analysis
was performed on the remaining eight subjects (two female and
six male; 33 £ 8 years old). The studies were performed under
the approval of the University of Texas at Arlington Institutional
Review Board protocol (IRB No. 2012-0356).

2.2 Imaging with fNIRS and tDCS Setup

A continuous wave fNIRS brain imager (CW-6, Techen Inc.,
Milford, MA) was used to map the HbO changes induced by
sensorimotor cortex activity before, during, and after bi-hemi-
spheric tDCS. The fNIRS source-detector geometry is shown
in Fig. 1(a). Sixteen detectors [Fig. 1(a), light blue X’s] were
placed over each hemisphere to cover a relatively large area
of the sensorimotor cortex. The rows of sources [Fig. 1(a),
dark blue circles] and detectors were centered around the Cz
position of the EEG International 10/20 system®® and attached
onto the subjects’ heads by perforated Velcro straps. Sixteen
laser sources emitted at 690 nm and 16 at 830 nm, such that
each optical fiber bundle delivered light of both wavelengths
at each source location simultaneously. Each source bundle
had up to six detectors within a 3-cm distance and each detector
received signals from up to three source bundles. Additionally,
eight short (1.5 cm) source detector separations measured the
hemodynamic fluctuations in the scalp to adaptively filter the
global background hemodynamics unrelated to the activation-
related hemodynamic response (details in Sec. 2.5 below).
As a result, there were 84 possible source-detector channel
combinations for each wavelength. All source-detector pairs
simultaneously monitored activation in cortical areas within the
probes’ field of view (11 cm X 20 cm), as the CW-6 system ena-
bles all laser sources to be on at the same time with distinct
modulation frequencies (6.4 to 12.6 kHz, with an increment
of 200 Hz). Back-reflected light was sampled at a rate of 25 Hz.

The approximate anterior-posterior functional-anatomical
location of the premotor cortex (PMC), SMA, primary motor
(M1), and primary sensory (S1) cortical regions in each subject
was determined by comparing previously reported MRI and
fMRI studies activation locations®>*°-! with fNIRS results from
the eight subjects in this study obtained during left hand sensory
stimulation, finger tapping, and sequential finger tapping proto-
cols (Sec. 2.4). These protocols were the same as those used in a
previous fNIRS study.®? These measurements were performed
once on a separate fNIRS session. Additionally, the EEG
International 10/20 system58 Cz, C3, and C4 anatomical
measurements made at each fNIRS session were sufficient for
locating the major sensorimotor cortex areas for each subject in
subsequent tDCS sessions. The error in the probe and electrode
placement was estimated by the variation of the measured Cz,
C3, and C4 positions at the three fNIRS measurement sessions
which did not exceed ~3 mm. In comparison to vibrotactile
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Fig. 1 (a) This image shows the fNIRS sources (dark blue filled circles), detectors (light blue filled X’s), and the tDCS electrodes overlaid (dashed squares)
on a model brain. The ellipses identify different sensorimotor cortical regions on both the ipsilateral or left (L) and contralateral or right (R) hemispheres
over which fNIRS and tDCS take place, such as the supplementary motor area (SMA), premotor cortex (PMC), primary motor cortex (M1), primary
sensory cortex (S1), and posterior parietal cortex (PPC). To confirm the approximate locations of these cortical areas without performing fMRI, fNIRS
image group analysis was performed for the eight subjects undergoing sensory stimulation of the left hand (b), and performing left hand finger tapping
(c), and left hand sequential tapping (d). Here and throughout the paper, right hemisphere is displayed on the right, left hemisphere on the left as if

looking down at the head.

stimulation of individual fingers, which results in unilateral
activation of the contralateral (right) hemisphere,*** sensory
stimulation of multiple fingers resulted in bilateral S1 activity
[Fig. 1(b)] as was found in a previous study.’ Also, in agree-
ment with prior studies, finger tapping elicited activation in the
contralateral (right) hemisphere PMC, M1, and S1 cortical
regions [Fig. 1(c)],*® and sequential finger tapping activated
the contralateral hemisphere M1 and S1, and bilateral PMC
cortical regions [Fig. 1(d@)].9

After the placement of fNIRS optodes was completed, tDCS
current was applied by a battery-driven electrical stimulator
(Phoresor II, IOMED Inc., Salt Lake City, UT) connected by
a pair of saline-soaked gauze covered gel electrodes (5 X 5 cm;
IOMED Inc., Salt Lake City, Utah) centered over the C3 and C4
positions according to the EEG International 10/20 system
[dashed boxes in Fig. 1]°® that cover the bilateral M1.% In
order to accommodate the placement of fNIRS sources and
detectors within the area covered by the tDCS electrodes,
two 0.5-cm diameter holes (standard hole punch size) were
made on opposing sides of each electrode so that the optical
fiber bundles could fit through them.

2.3 SEMG and Torque Measurement Setup

Isometric contractions of the forearm and upper arm muscles
were measured by sEMG (Brain Vision LLC, Morrisville,
NC). After abrading and cleaning the skin, a ground electrode
was positioned on the left lateral epicondyle and bipolar surface
electrodes with a center-to-center inter-electrode distance of
4 cm on both arms of the subjects over the wrist flexor (WF,
flexor carpi radialis muscle), wrist extensor (WE, extensor carpi
radialis muscle), biceps brachii, and triceps brachii muscles of
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both arms, measuring the muscle activity at a sampling rate of
500 Hz (Fig. 2). A custom hand device (JR3 Inc., 35-E15A,
Woodland, CA) measured the isometric moments exerted by
test subjects on a static Delrin® handle (Fig. 2).** Forces and
moments exerted during fNIRS were monitored in real time,
continuous in nature, and scaled linearly with exertion level.
The torque measurements were first low-pass filtered at 50 Hz
before being sampled at 1000 Hz. Six padded adjustable bump-
ers stabilized the forearm during testing, adjusted to accommo-
date forearms, and guaranteed consistent positioning of the
forearm. The hand device, connected to both the protocol dis-
play laptop and sEMG box, received the stimulus time points
from the laptop, and sent a trigger (T in Fig. 2) to the sSEMG
box allowing the hand device and SEMG signals to be measured
on a common time base.

2.4 Protocol

Each subject was comfortably seated up-right after instrumen-
tation setup. During the entire experimental session, the room
was quiet and subjects were asked to avoid extra movements.
Before measurements, each subject performed isometric wrist
flexion task with the maximum effort using their nondominant
(left for all subjects) hand three times. The nondominant arm is
used in this study since a prior tDCS study found no significant
changes in hand performance in the dominant hand, but signifi-
cant improvement in the nondominant hand after anodal tDCS.%
The torque measurements were normalized to the subject’s
mean maximum isometric wrist flexion contraction force, and
expressed as a percentage of maximum torque to standardize
strength and function effort across subjects. The computer inter-
face guiding subjects (Fig. 2) were user-friendly, consisting of a
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Fig. 2 This figure is a cartoon representation of the overall instrumen-
tation setup. The protocol display showed the presentation the subjects
were to follow and recorded the torque measurements from the hand
device. A trigger (T) was sent from the hand device to the SEMG box
which identified the beginning of the task stimulus separately in
both data sets. There are eight SEMG measurements detecting the
muscle activity of both arms (dashed lines from arms to sEMG box).
Additionally, the box over the person’s head represents the placement
of optical fiber bundles and tDCS electrodes described in Sec. 2.2. Like
the force and sEMG measurements, the 32 x 32 channel fNIRS data
were recorded on a separate laptop.

target that was centered at 50% of the subject’s maximum
torque, with a target width of 2.5% of the maximum torque,
and a cursor that responded to isometric wrist torques.
Previous use of this hand device found that the 2.5% target
width produced detectable changes in subject performance dur-
ing tDCS.% The goal of the subject was to move the cursor into
the target and hold it there for 1 s. The protocol presentation on
the computer interface started with 10 s of rest, followed by nine
sets of the isometric wrist flexion task, and ended with 10 s of
rest. The nine sets of the isometric wrist flexion task were set at
50% of the maximum torque. The inter-stimulus interval varied
randomly between 16 and 40 s, allowing enough rest time for
cortical hemodynamics to return to baseline. In total, the proto-
col presentation for each condition lasted 5 min and 8§ s.

For each visit, the measurements were split into three sepa-
rate blocks: before, during, and after tDCS (black boxes in
Fig. 3). Within each block, there were two separate conditions.

Rest -
Active -
tDCS @ 2
ma
[ 0 0
0 20 40 60 80

Minutes
Fig. 3 The protocol timeline: green boxes indicate rest periods, red

boxes indicate wrist-flexion task periods, and the black boxes indicate
the time periods before, during, and after tDCS, respectively.
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Fig. 4 (a) The reaction time, indicated by an arrow, is calculated by the
time difference between the stimulus presentation (green lines) and the
intercept of the linear regression (red line) of the RMS signal (black line)
and the mean rest condition RMS signal (blue line) from the left WF
muscle. (b) This figure presents the torque data for a single block during
a 50% of the maximum torque. The cursor displacement as torque was
applied during the task is represented by the yellow line as it was aimed
into the target which was centered at 50% of the maximum torque
(dashed white line) with a width of 2.5% of the maximum torque
(two top solid white lines). The data used for the analysis in this
study were above a baseline cut-off represented by the bottom, solid
white line. Additionally, the peaks and dips are shown by red circles
and green diamonds respectively, as these were used to calculate
the error variance metric. Moreover, the initial speed (S;) was calculated
between the baseline cut-off and the first peak (P) as indicated by the
two white dashes.

The first condition within each block was a rest condition (green
boxes in Fig. 4), where each subject sat still throughout the pre-
sentation while tracking the visual target. The second condition
of each block had the subject perform a set of isometric wrist
flexion tasks (red boxes in Fig. 4). In the second block, tDCS
(constant current of 2 mA, 15 min) current was ramped up and
down gradually over 30 s to minimize sensory and visual effects
at the beginning and end of the stimulation. In the rest condition
measurement during tDCS (second block, first measurement),
current was not applied until after 2 min into the presentation.
This permitted us to measure the changes in the hemodynamics,
in real time and to our knowledge for the first time, during the
ramp-up phase of tDCS. In between the second and third blocks
of measurements, subjects rested for 25 min to avoid fatigue and
study the aftereffects of tDCS on cortical hemodynamics. After
every block of measurements, subjects were asked about their
pain on a scale between 0 and 10, and about their fatigue, per-
ceived task effort, and perceived task complexity®® on a Likert-
type scale of 1 to 7°7% using visual analog scales. In between
measurement blocks, the scores in pain, fatigue, perceived
effort, and complexity did not significantly increase (<2 points).
Thus any cortical hemodynamic changes were mainly due to
either the applied tDCS or the isometric wrist flexion task,
and not due to pain, fatigue, or task difficulty. Subjects per-
formed the sessions of anode to ipsilateral (left) M1 and cathode
to contralateral (right) M1 (presumed inhibitory montage), and
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cathode to ipsilateral (left) M1 and anode to contralateral (right)
M1 (presumed excitatory montage), at least 1 week apart in ran-
dom order. The polarity of the stimulation was not known to
the subjects; however, the investigator was not blinded to the
assignment. The minimum 1-week interval permitted enough
time between tDCS visits for the hemodynamics to return to
their original baseline.®

2.5 {NIRS Signal Filtering and Image Analysis

In addition to detecting evoked hemodynamic changes, fNIRS
is sensitive to cerebral hemodynamic fluctuations of systemic
origin caused by cardiac pulsation, respiration, and Mayer
waves.**"" This study used a combination of band-pass filtering,
adaptive filtering, and component analysis to filter the NIRS
signals as we have previously done.”! Because Hb dynamics
are highly correlated with those of HbO* but with lower ampli-
tudes and are susceptible to cross-talk from HbO’? and inter-
ference from physiological artifacts, we have focused on the
analysis of HbO dynamics only. After each resting measure-
ment, the changes in HbO for the succeeding activation mea-
surements were determined in reference to a baseline value
which was taken to be the average from the last minute of
the preceding resting-state measurement. In the case of the
activation measurements during tDCS, the last minute of the
resting-state measurement was steady at a new baseline level.
Thus, HbO changes due to isometric wrist flexion task during
and after tDCS were in reference to the new baseline levels
instead of the levels found before tDCS.

Reconstruction and visualization of fNIRS activation images
resulting from the acquired reflectance data were performed by
the open-source HomER software implemented in MATLAB”
by the use of the Tikhonov perturbation solution to the photon
diffusion equation, which employ a regularized Moore—Penrose
inversion scheme.””> The reconstructed, two-dimensional
images (21 x 21 pixels) for every 0.04-s time interval repre-
sented maps of changes in HbO on the cortical surface, within
the detector’s field of view (Fig. 1). Regions of activation were
determined by a general linear model and the 7-test similar
to previous fNIRS studies.®*’®”7 With the application of
Bonferroni’s correction for multiple comparisons,’® a pixel
with p < 0.0001 was considered to have significant cortical
activity relative to background fluctuations to create HbO
activation images from the calculated activation amplitudes
for each pixel.

Afterward, pixel locations significantly active before, during,
or after tDCS were used to compute a synchronization likeli-
hood (SL) metric for the resting-state connectivity analysis,”
previously used in EEG and fMRI resting-state connectivity
analysis,”**8! but to our knowledge not used for fNIRS. In
order to show the connectivity between cortical areas, pixels
were grouped into their respective cortical regions as identified
by fNIRS functional mapping with the sensory, finger tapping,
or sequential tapping tasks (Fig. 1). The group averaged time
series for each cortical region determined connectivity between
sensorimotor cortical areas. Having M number of cortical
regions where k = 1,..., M, the SL metric was first computed
by converting each cortical region’s baseline time series into a
matrix X, ; in which the columns were the time delayed time
series obtained using time delay embedding,” where N is the
length of each time series, L is the time lag, m is the embedding
dimension, and x; ; represented the starting sample point of the
series where i = 1,2,...,N — (m — 1)L as shown below
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Xii = Xais XkivrL Xkisars - - s Xt (me1)L]- (1

SL is a symmetric measure of the strength of synchronization
between the baseline time series of two cortical regions.
Comparing two different cortical region’s matrices X and Y,
the SL is the conditional likelihood that the distance between
Y; and Y; is smaller than a cut-off distance r,, given that the
distance between X; and X; is smaller than a cut-off distance
7. In practice, the cut-off distances are chosen such that the like-
lihood of random vectors being close is fixed at P, which is
assumed to be invariable for ¥; and X;. In this study, r,, r,, and
P,o; were set at 0.05 as was done in previous studies.?>**8! In
Eq. (2), the SL is calculated by averaging over all time points
and time delayed vectors in each matrix where the | - | operator
represents the Euclidean distance between the vectors, N is
the number of vectors, w is the Theiler correction for auto-
correlation,” and @ is the Heaviside function: 8(x) = 0if x > 0
and O(x) =1 if x <0. From Eq. (2), it can be seen that in
the case of complete synchronization SL = 1, for complete
independence SL = P, and for intermediate levels of syn-
chronization P, < SL < 1. Cortical regions were considered
functionally connected if SL > 0.8, as was done in previous
studies?80:81

2 N—-o
SL=————
N(N_a))PrefZ

i=1 j=1+w

O(ry=|X;=X;)0(ry=|Y;=Y).

(©))

In comparison to the normalized cross-correlation connectiv-
ity analysis that requires multiple seeds to compare the connec-
tivity of multiple cortical regions, the SL metric is able to
calculate connectivity between multiple regions without the
need of a seed. Importantly, normalized cross-correlations con-
nectivity maps usually present the entire range of correlation
values.®> However, the connectivity maps using the SL metric
only include those connections with a correlation coefficient
above 0.8.2%8081 Therefore in maps of the SL metric weaker
inter-hemispheric connections are not displayed, in contrast to
what is shown in studies using the normalized cross-correlation
metric.

2.6 sEMG Signal Analysis

The analysis in this study focused on the blocks when the
subjects were performing the wrist-flexion task of the left arm
(Fig. 3). Mirror movements were not observed in the right arm,
and proximal muscle activation was minimal in the biceps and
triceps muscles of the target left arm during the wrist flexion
task. SEMG signals were band-pass filtered between 20 and
200 Hz, full-wave rectified and low-pass filtered at 6 Hz giving
a linear envelope of the muscle activity. Using cross-correlation
analysis, insignificant (r < 0.30) cross-talk®® was found between
SEMG signals at different muscle groups. The area under each
curve (AUC) was used as a metric to compare the muscle activ-
ity before, during, and after tDCS. Additionally, the root mean
square (RMS), using a 20 ms moving window of the full-wave
rectified left WF sEMG signal, was used to calculate the reac-
tion time. The reaction time was obtained by calculating the
difference between the stimulus presentation time and the inter-
section of the time varying mean value of the resting RMS and
the linear regression of the RMS signal indicated by an arrow in
Fig. 4(a).®* The time interval between the stimulus and the time
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of the first peak in the torque data (defined in Sec. 2.7.1) was
used for the linear regression as it was the first muscle contrac-
tion after the stimulus point before any relaxation. This method
of calculating the reaction time is robust to changes in noise
between conditions, as increased noise could make the reaction
time look spuriously delayed.®®

2.7 Torque Task Performance Metrics

We identified task performance metrics (initial speed and accu-
racy, as defined below) from the torque data collected by the
hand device before, during, and after tDCS. The mean (up)
and standard deviation (o) of the baseline signal were calcu-
lated from the initial 10 s of rest at the beginning of the protocol.
For the quantification of subject performance metrics, cursor
displacement data were only included if the magnitudes of
these displacements were three standard deviations above the
mean value of baseline fluctuations. The baseline fluctuations
occurred during the rest periods as identified by the torque
and sEMG data.

2.7.1 Initial speed

To show differences in the speed in which each subject moved
the cursor when applying their initial torque on the hand device,
the initial speed of the cursor motion was calculated for each
task block as the average slope of cursor displacement [S; in
Fig. 4(b)] between the time the cursor was first above baseline
fluctuations [bottom solid white line in Fig. 4(b)] and the first
peak [P in Fig. 4(b)]. Peaks in the torque data were determined
by the “findpeaks” function available in the Signal Processing
Toolbox of MATLAB R2012a. The initial speed was defined
by Eq. (3) where S; is the initial speed, P; is the value of
the first peak that was above the baseline, 7, is the time at
which the torque reached 10% of the displacement between
the baseline threshold and P; [bottom white dash in Fig. 4(b)],
and f( g is the time at which the torque reached 90% of the
displacement between the baseline threshold and P; [top white
dash in Fig. 4(b)]

5, = 080X Py — 0.80 (s +3x05) 3)
f0.90 — %0.10

=z

Active [-13 to -8 min] Active [4 to 9 min]

2.7.2 Accuracy

In addition to initial speed, the stability needed to bring the
cursor into the narrow target window and keep it there for 1 s
was also measured by an error variance metric. The error vari-
ance was calculated as the standard deviation of all the peaks
[red circles in Fig. 4(b)] and dips [green diamonds in Fig. 4(b)]
above the baseline fluctuations [bottom solid white line in
Fig. 4(b)], as indicated by the white double arrow in Fig. 4(b).
An increase in accuracy was identified by a decrease in the
error variance metric.

2.8 Statistical Analysis

A two-way repeated measures analysis of variance test was per-
formed followed by the Tukey post-hoc multiple comparison
test, using Prism 6 (GraphPad Software Inc., La Jolla, CA)
to see if there was a significant difference (p < 0.05) in the
mean AUC and reaction time of the SEMG data, and the torque
performance metrics. This analysis was performed separately
for each tDCS current polarity. The null hypothesis was defined
as a zero change in muscle activity before, during, and after
tDCS. The Brown-Forsythe and Bartlett’s tests were also used
to see when the variances between groups were found to be sig-
nificantly different (p < 0.05). Statistical power (1 — ) was also
determined for each statistical test in order to show the subject
pool size was adequate for the findings in this study.

3 Results and Discussion

3.1 tDCS Effects on Changes in HbO in the Rest
Condition

As the signal in fNIRS active condition is computed as an acti-
vation-related change relative to the preceding rest condition
as baseline, it was important to first explore the changes in
hemodynamics in the rest condition during and after tDCS.
Figure 5(a) presents time plots for a representative single subject
(subject 5) that demonstrate the initial rapid increase and
subsequent new plateau in HbO change after the start of tDCS.
The HbO concentration simultaneously increased to a new pla-
teau within 153.48 £ 23.12 s of tDCS application in all cortical
areas involved, and persisted 25 to 42 min after the end of tDCS.
As indicated in Fig. 5(b), the new plateau was found to be
significantly larger than the pre-tDCS baseline HbO change

(b) 2.5

Active [46 to 51 min] 2 -

-, : 3
° tDCS & § 1.5 +—
¥ e N N g
o 2 1
T
= z =]
I 00— :
* e f o
. 25 min After
Before tDCS During tDCS End of tDCS After tDCS 0.
-19 -14 -2 0 3 15 40 45 2 3
= -
Time (min) a

Fig. 5 (a) This figure presents HbO concentration changes during the rest condition before, during, and after tDCS for a single subject (subject 5) at M1
under the anode. After each resting-state condition, measurements were taken during the isometric wrist flexion task (active) task. The times at which
these measurements were taken compared to the onset of tDCS are indicated above their respective resting-state measurements. (b) Additionally, the
group average change in the baseline AHbO at M1 under the anode, inclusive of both hemispheres, is presented as a bar graph. The asterisk represents
a significant (p < 0.05) change when compared to before tDCS.
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(p <0.0001, 1 - =1.0) during and after tDCS across all
subjects. Baseline HbO changes presented in Fig. 5(b) were
independent of the hemisphere where the anode was placed
(p = 0.4372). For a similar tDCS protocol, a previous study
found that the hemodynamics returned to their original level
a week after tDCS application.'® To optimize our protocol, the
active wrist flexion task did not begin until 3 min after the start
of tDCS to minimize large hemodynamic changes induced by
the ramp up of current from corrupting the activation-related
hemodynamics.

3.2 tDCS Induced Changes in Cortical Activity
During an Active Isometric Task

A group analysis of the resting-state connectivity and activation
patterns during the active task for all eight subjects was per-
formed and results from before, during, and after tDCS were
compared to one another (Fig. 6). Before tDCS, cortical regions
were functionally connected intra-hemispherically, including
the SMA that was associated with M1 and S1 during the resting
state [Fig. 6(a)]. Wrist flexion induced bilateral activation in
the SMA and the PMC [Fig. 6(d)], in addition to contralateral
(right) M1/S1 activation. These pre-tDCS results were similar
to ones previously reported in an fMRI study of subjects per-
forming a similar task.** During tDCS [Figs. 6(b) and 6(h)],
bi-hemispheric stimulation unmasked a direct functional con-
nection between the two hemispheres at the expense of intra-
hemispheric connections, for both current polarities, that were
not detected prior to stimulation [Figs. 6(a) and 6(g)]. The
increase in direct bilateral connectivity was also reflected in

Before

the corresponding activation images as bilateral activation of
M1 and S1 during the wrist flexion task [Figs. 6(e) and 6(k)].
The increased resting-state variability during tDCS, which
caused larger noise fluctuations in the reconstructed images,
may have reduced the statistical significance of the group analy-
sis, but in all cases, there was considerably less hemodynamic
activation in the vicinity of the cathode compared to the anode.

Interestingly, the resting-state connectivity and activation
patterns once again changed after the rest period following
tDCS. Remarkably, the modulated cortical connections differed
depending on the applied current polarity. After the cathode was
on the hemisphere ipsilateral (left) to wrist flexion [Fig. 6(c)],
the connections in that hemisphere decreased, leaving only con-
nections to SMA, while the connections in the hemisphere con-
tralateral (right) to wrist flexion returned to pre-tDCS baseline.
The decreased connectivity on the ipsilateral (left) side was
coupled with a loss of bilateral activation seen before tDCS.
In contrast, the return to normal connectivity in the opposite
hemisphere was accompanied with an increased hemispheric
activation [Fig. 6(f)].

When the cathode was on the right hemisphere contralateral
to wrist flexion, the inter-hemispheric connections persisted
30 min after tDCS [Fig. 6(i)], while bilaterally the SMA was
notably disconnected. As expected, this inter-hemispheric con-
nectivity correlated with the bilateral M1 activity, with stronger
activation intensity on the stimulated ipsilateral (left) side
compared to pre-tDCS values [Fig. 6(1)]. Inter-hemispheric con-
nections are possibly the reason why the ipsilateral (left) hemi-
sphere was easily recruited to compensate for the suppressed
contralateral (right) hemisphere. Therefore, these measurements
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Fig. 6 Group analysis of the eight subjects for both the resting-state connectivity and activation images before, during, and after the application of tDCS.
The top six (a)-(f) and bottom six (g)—(I) panels are separated by current polarity. The solid red lines connect the cortical areas which were functionally
connected, the red dashed squares represent the location of the anode, the black dashed squares represent the cathode, and the semitransparent black
ellipses identify the sensorimotor cortical regions previously defined in Fig. 1(a).
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show that tDCS can transiently affect the laterality of sensori-
motor regions participating in the control of arm use, even in
healthy subjects. The observed dependence of activation on
stimulation polarity is in line with the previous bi-hemispheric
tDCS study which demonstrated, using TMS, an increase
in cortical excitability on the anodal stimulation side and a
decrease in the cathodal stimulation side.*?

3.3 tDCS Effects on Muscle Activity and Reaction
Time

The application of tDCS also affected muscle activity and reac-
tion time during the wrist flexion task. Bi-hemispheric tDCS
with the anode over the contralateral (right) M1 (Fig. 7, left
column) only increased the AUC significantly (p < 0.05,
1 - =1.00) in both left WF [Figs. 7(a) and 7(c)] and WE
[Figs. 7(b) and 7(d)] after the rest period following tDCS.
The sensorimotor cortical regions responsible for the left WF
and WE muscle groups were likely simultaneously stimulated
by the large tDCS electrodes, resulting in increased muscle
activity of both agonist/antagonist muscles. Four of the eight
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subjects presented a significant increase in the left WF activity
during tDCS, however, this did not show significance in the
group analysis. The reaction time for the flexion task signifi-
cantly (p <0.05, 1 — = 0.82) increased for the entire group
during tDCS, but not after the rest period [Fig. 7(e)] during
the time of greatest muscle recruitment.

In contrast, when placing the cathode over the right hemi-
sphere contralateral to wrist flexion (Fig. 7, right column), only
the left WF significantly (p < 0.05, 1 — = 1.00) increased in
activity after the post-tDCS rest period [Figs. 7(f) and 7(h)].
There was no effect on the WE and the reaction time did not
significantly change during or after tDCS [Fig. 7(j)]. These
results suggest that tDCS not only directs cortical plasticity,
but can also affect which of the muscle groups being used
have increased activation in a manner dependent on current
polarity. Importantly, the biceps were also active during the iso-
metric wrist flexion task; yet, tDCS only significantly affected
the left WF and WE muscle groups (data not shown).
Additionally, previous studies®>®® suggest that lasting improve-
ments in reaction time may require applying tDCS to planning
centers of the brain such as the prefrontal or PMC.3>%
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Fig. 7 The analysis of muscle activity measured by sEMG before, during, and after tDCS for both current polarities. The average time series linear
envelope of the sSEMG from the left (a) WE and (b) WF for the eight subjects, the statistical analysis of AUC for the left (c) WE and (d) WF, the statistical
analysis of the reaction time from the left WF (e) is presented when the anode (red dashed square) was located over the right hemisphere and the
cathode (black dashed square) over the left hemisphere. The same is also presented when the electrode positions were switched for the (f) WE and
(g) WF average time-series envelope, AUC statistical analysis for the left (h) WE and (i) WF, and the reaction time for the left (j) WF. The asterisk identifies
statistical significance (p < 0.05).
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Fig. 8 Scatter plots for a representative subject’s (subject 3) initial speed
in reaching the first peak before (black dots), during (red dots), after
(blue dots) tDCS, with correspondingly color coded standard deviations
from nine trials, versus the integrated muscle activity (AUC) for the left
WE and WF. The polarity of tDCS during these measurements is shown
at the top of each figure column. The effect of placing the anode (red
dashed square) over the nondominant (right) hemisphere on initial
speed is compared to the AUC of the left (a) WE and (b) WF. The
same is represented for the left (c) WE and (d) WF when the tDCS elec-
trode placement is switched. Color coded arrows show the direction of
statistically significant changes from before-to-during tDCS (black to
red) and from during-to-after tDCS (red to blue). Horizontal arrows
show the direction of changes in muscle activity and vertical arrows
show the direction of changes in task performance speed.

3.4 tDCS Effects on Torque Task Performance

Changes in the speed of reaching the first peak during wrist flex-
ion are shown as a function of WF and WE muscle activations
for the two different bi-hemispheric tDCS current polarities in
Fig. 8. Anodal placement over the right hemisphere that was
contralateral to wrist flexion [Figs. 8(a) and 8(b)], increased
WF activity during tDCS, increasing the initial speed to reach
the first peak compared to pre-tDCS values. The increases in
WF activation and speed during tDCS were not significant
in the group analysis, but increased significantly in the same
four subjects mentioned in Sec. 3.3. For the four subjects with
increased WF activity, the speed with which the first peak was

reached was higher by 25.33 &+ 5.67%. The increase in WF and
WE activities following tDCS [Figs. 7(c) and 7(d)] decreased
the speed to first peak during wrist flexion with statistical sig-
nificance (p < 0.05, 1 — f = 0.82). Four of the eight subjects
presented a significant improvement in accuracy after tDCS.
However, this did not show significance in the group analysis.
This observed decrease from the initial speed pre-tDCS may
result from the fact that WF and WE are antagonistic muscles,
pulling against each other and therefore slowing each other,
which ultimately may increase motor control leading to better
accuracy at the price of decreased speed.

The cathode over the hemisphere contralateral to wrist flex-
ion that increased WF activity after tDCS [Fig. 7(h)] also
significantly increased (p <0.05, 1 —f = 0.93) the speed of
wrist flexion [Figs. 8(c) and 8(d)], which was an effect not
found during tDCS. Yet, in this case, the WE did not increase
in activity after the contralateral hemisphere was suppressed.
The unchanged WE activity resulted in a reduced antagonist
effect to the excited WF, which in turn resulted in an increased
initial speed and no significant change in accuracy. Two pre-
vious studies also presented tDCS-induced changes in hand
task performance in healthy controls.’*®> In one study, the
time it took to perform multiple tasks decreased after uni-hemi-
spheric anodal stimulation,® while the sequential finger tapping
rate increased after uni-hemispheric and bi-hemispheric tDCS.**
In these studies, it was concluded that tDCS may have a stronger
effect on speed than on the accuracy, which is similar to what
was found in this study. Importantly, unlike previous studies,
this work demonstrates how the link between cortical activation
and muscle activity can explain observed changes in task per-
formance. Table 1 contains a summary of the cortical activity,
muscle activity, and task performance changes as a function of
tDCS current polarity.

4 Conclusions

This study compared altered hemodynamic patterns in the sen-
sorimotor cortex in response to two possible bi-hemispheric
tDCS polarities, and related these changes to concurrently
observed muscle group activity and task performance during a
wrist flexion task. fNIRS enabled mapping of the resting-state
connectivity during tDCS, using an SL metric, which has not
been previously studied with this imaging modality. Changes

Table 1 A summary of the cortical activity, muscle activity, and task performance results of the active condition compared to the rest condition. The
asterisks indicate those sSEMG and torque performance metrics that were found to be significant over the entire group. Those metrics without an asterisk
were found significant for at least four of the eight subjects but were not significant in the group analysis.

Cathode (leff)/anode (right) Cortical activity

Muscle activity Task performance

Before tDCS 1 Contralateral (right)
During tDCS

After tDCS

1 Contralateral (right), 1 Ipsilateral (left) T WF

1 Contralateral (right), | Ipsilateral (leff)

1 Speed; 1 Reaction Time*

T WEF*; 1 WE* | Speed*; 1 Accuracy

Anode (left)/cathode (right) Cortical activity

Muscle activity Task performance

Before tDCS 1 Contralateral (right)

During tDCS 1 Contralateral (right), 1 Ipsilateral (leff) — -
After tDCS 1 Contralateral (right), 1 Ipsilateral (left) 1+ WF* 1 Speed*
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in resting-state connectivity were task- and polarization-specific,
and persisted for over 40 min after the end of the stimulation.
These results show the effectiveness of bi-hemispheric tDCS to
alter inter-hemispheric balance and the laterality of cortical
activity, which in turn affects muscle activity, speed, and reac-
tion time in a manner dependant on current polarity. The com-
bination of tDCS, fNIRS, and sEMG with the task performance
measurements can become a much-needed multiparametric tool
for exploring how cortical plasticity changes muscle control,
particularly, during rehabilitative physical therapy interventions.
The presented methods could be used in future clinical studies to
tailor the stimulation parameters for tDCS-enhanced physical
therapy on an individual, per patient basis, which will be sig-
nificantly beneficial for patients with complex neurological
disorders such as stroke or traumatic brain injury.
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