1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cortex. Author manuscript; available in PMC 2018 March 01.

-, HHS Public Access
«

Published in final edited form as:
Cortex. 2017 March ; 88: 19-31. doi:10.1016/j.cortex.2016.11.016.

Transcranial direct-current stimulation modulates offline visual
oscillatory activity: A magnetoencephalography study

Elizabeth Heinrichs-Graham?P.¢, Timothy J. McDermott?, Mackenzie S. MillsP, Nathan M.
CoolidgeP, and Tony W. Wilsona.0.¢.CA

aDepartment of Neurological Sciences, University of Nebraska Medical Center (UNMC), Omaha,
NE, USA

bCenter for Magnetoencephalography, UNMC, Omaha, NE, USA

¢Department of Pharmacology and Experimental Neuroscience, UNMC, Omaha, NE, USA

Abstract

Transcranial direct-current stimulation (tDCS) is a noninvasive neuromodulatory method that
involves delivering low amplitude, direct current to specific regions of the brain. While a wealth of
literature shows changes in behavior and cognition following tDCS administration, the underlying
neuronal mechanisms remain largely unknown. Neuroimaging studies have generally used fMRI
and shown only limited consensus to date, while the few electrophysiological studies have
reported mostly null or counterintuitive findings. The goal of the current investigation was to
quantify tDCS-induced alterations in the oscillatory dynamics of visual processing. To this end,
we performed either active or sham tDCS using an occipital-frontal electrode configuration, and
then recorded magnetoencephalography (MEG) offline during a visual entrainment task.
Significant oscillatory responses were imaged in the time-frequency domain using beamforming,
and the effects of tDCS on absolute and relative power were assessed. The results indicated
significantly increased basal alpha levels in the occipital cortex following anodal tDCS, as well as
reduced occipital synchronization at the second harmonic of the stimulus-flicker frequency relative
to sham stimulation. In addition, we found reduced power in brain regions near the cathode (e.g.,
right inferior frontal gyrus) following active tDCS, which was absent in the sham group. Taken
together, these results suggest that anodal tDCS of the occipital cortices differentially modulates
spontaneous and induced activity, and may interfere with the entrainment of neuronal populations
by a visual-flicker stimulus. These findings also demonstrate the importance of electrode
configuration on whole-brain dynamics, and highlight the deceptively complicated nature of tDCS
in the context of neurophysiology.
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1. Introduction

Transcranial direct-current stimulation (tDCS) is a neuromodulatory method that involves
delivering low amplitude, direct-current to specific areas of the brain using sponges or small
electrodes. Typically, two electrodes are used and the low amplitude current creates a
current-loop through the brain running from one electrode (i.e., the anode) to the other
electrode (i.e., the cathode), altering the neural environment within the path of the loop. The
stimulation is not believed to induce action potentials, but does modulate the excitability of
the underlying neuronal tissue, likely by modifying the local ionic environment around
neurons (Coffman, Clark, & Parasuraman, 2014; Fertonani & Miniussi, 2016; Filmer, Dux,
& Mattingley, 2014; Liebetanz, Nitsche, Tergau, & Paulus, 2002; Nitsche, Nitsche, et al.,
2003; Nitsche & Paulus, 2000, 2001). However, importantly, the exact nature of these effects
seems to depend on many factors, including duration and intensity of stimulation, size of
electrode sponges, positioning of the anode and cathode (in absolute terms, as well as
relative to the other), the state of the cortical area being stimulated, and many other factors
(see (Fertonani & Miniussi, 2016)). tDCS is safe in humans, with only rare, minimal side
effects that include mild tingling or itching sensations under the electrodes, slight fatigue,
mild skin irritation, and headache (Nitsche, Liebetanz, et al., 2003; Poreisz, Boros, Antal, &
Paulus, 2007; Woods et al., 2016). These side effects quickly subside after termination of
tDCS.

Extensive behavioral studies have examined how tDCS affects visual processing. In healthy
participants, this work has shown that anodal tDCS applied to visual cortex enhances visual
detection (Kraft et al., 2010; Olma, Kraft, Roehmel, Irlbacher, & Brandt, 2011), reduces
phosphene detection thresholds (Antal, Kincses, Nitsche, & Paulus, 2003; Lang et al., 2007),
improves the perception of faces (Barbieri, Negrini, Nitsche, & Rivolta, 2016; Renzi et al.,
2015) and objects (Barbieri et al., 2016), increases visual working memory performance
(Barbieri et al., 2016; Makovski & Lavidor, 2014), and facilitates visuo-motor coordination
(Antal, Nitsche, et al., 2004). Further, recent work demonstrates that tDCS of the occipital
cortex may also have therapeutic benefits. For example, Ding and colleagues (2016) applied
tDCS to the occipital cortex of adults with amblyopia, a developmental visual disorder that
may result in the loss of visual acuity, depth perception, and contrast detection in the
affected eye, and found that anodal stimulation accentuated visual evoked potentials,
increased visual acuity, and improved contrast sensitivity in both controls and patients with
amblyopia (Z. Ding et al., 2016). The opposite pattern was shown after cathodal stimulation,
whereas no effects were seen after sham stimulation. Furthermore, visual acuity
improvements persisted 48 hours after anodal stimulation in patients (Z. Ding et al., 2016).
A similar but smaller study from the same group also found improved contrast sensitivity
following occipital anodal tDCS in patients with amblyopia, coupled with a reduction in
pathological asymmetry in occipital activation during visual stimulation, as measured by
fMRI (Spiegel, Byblow, Hess, & Thompson, 2013). Finally, tDCS studies in patients with

Cortex. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heinrichs-Graham et al. Page 3

hemianopia (i.e., blindness to one visual hemi-field following a brain insult) have shown
significantly greater visual field recovery following a combination of occipital anodal tDCS
and visual restoration therapy (VRT), compared to the effects of sham stimulation with VRT,
or VRT alone (Plow, Obretenova, Fregni, Pascual-Leone, & Merabet, 2012; Plow,
Obretenova, Jackson, & Merabet, 2012).

While it is clear that anodal tDCS over the occipital cortices consistently results in vision
enhancement, discovery of the neurophysiological underpinnings of such effects has proven
difficult. Investigators have attempted to quantify the nature of tDCS effects on physiology
using EEG (e.g., (Gall et al., 2015; Reinhart & Woodman, 2015; Reinhart, Zhu, Park, &
Woodman, 2015)), fMRI (e.g., (Alekseichuk, Diers, Paulus, & Antal, 2015; Amadi, llie,
Johansen-Berg, & Stagg, 2013; Antal, Polania, Schmidt-Samoa, Dechent, & Paulus, 2011;
Hilgenstock, Weiss, Huonker, & Witte, 2016; Hunter et al., 2015; Spiegel et al., 2013)), and
MEG (Garcia-Cossio et al., 2015; Hanley, Singh, & McGonigle, 2015; Marshall, Esterer,
Herring, Bergmann, & Jensen, 2015; Soekadar et al., 2013). However, there has been little
consensus across studies, especially those with similar task parameters. Basically, there are
several imaging studies that show little-to-no stimulation effect and, more importantly, the
literature is full of contradictory results with very few replications. Of particular relevance to
the current study, research shows that anodal tDCS over the occipital cortices increases
offline visual evoked potentials (Antal, Kincses, Nitsche, Bartfai, & Paulus, 2004; Strigaro,
Mayer, Chen, Cantello, & Rothwell, 2015), as well as online BOLD activation during visual
perception (Alekseichuk et al., 2015). However, two recent MEG-tDCS studies attempted to
identify online oscillatory alterations in the visual cortex during occipital tDCS, and both
reported largely null results (Hanley et al., 2015; Marshall et al., 2015). In fact, the eloquent
study by Hanley and colleagues showed that occipital gamma oscillations were only
modulated during tDCS when the stimulation was applied using an electrode configuration
distant from the occipital cortex (i.e., involving the motor and frontal cortices, (Hanley et al.,
2015)), whereas the study by Marshall et al. reported no differences in induced oscillatory
during anodal or cathodal occipital stimulation (Marshall et al., 2015). Only two other
studies have utilized tDCS and MEG, but the goal of these studies was to evaluate whether
online tDCS artifacts precluded accurate MEG source reconstruction (Garcia-Cossio et al.,
2015; Soekadar et al., 2013). Both studies found that tDCS artifacts could be effectively
removed from the MEG signals to enable accurate localization of responses (Garcia-Cossio
et al., 2015; Soekadar et al., 2013). Further, one of these studies found that tDCS applied to
the primary motor cortex altered slow wave activity (0-4 Hz) in several brain regions
(Garcia-Cossio et al., 2015). It is important to emphasize that these studies utilized a
concurrent MEG-tDCS or “online” design, and the lasting offline effects of tDCS on
neuromagnetic activity remain unresolved but are likely present (for a review, see (Stagg &
Nitsche, 2011)). For example, a recent study of motor activity showed that the maximal
effects of tDCS on motor-evoked potentials occurred at least 15 to 30 minutes after the
cessation of stimulation (Kuo et al., 2013). However, it is not clear whether this temporal
profile would be similar for sensory-specific areas or association cortices serving cognition.

The primary goal of the current study was to identify offline tDCS-induced alterations in the
oscillatory dynamics of visual entrainment. We utilized a visual entrainment task because it
enabled the parallel examination of strong neuronal responses in multiple frequency bands
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(Heinrichs-Graham & Wilson, 2012). To this end, we performed either active or sham tDCS
using an occipital-frontal electrode configuration on healthy participants who were viewing
an animated movie, and then recorded MEG during an offline visual entrainment task. We
used this occipital-frontal electrode configuration to maximize stimulation of the occipital
cortices, while minimizing electrical current shunting through the scalp. We also focused on
the offline effects of tDCS, as previous MEG studies have shown that online effects are
small or nonexistent (Hanley et al., 2015; Marshall et al., 2015) and some evidence suggests
that offline effects may be more robust (for a review, see (Stagg & Nitsche, 2011)). Finally,
the animated movie allowed us to control the context and engage occipital neurons
throughout tDCS. The resulting MEG data were transformed into the time-frequency
domain, and significant oscillatory responses were imaged using beamforming. The effects
of tDCS on absolute and relative power in specific brain circuits were then assessed. We
hypothesized that there would be oscillatory differences at the stimulation sites, as well as
regions that were functionally and anatomically connected to these sites.

2. Methods

2.1 Participant Selection

We studied 35 healthy participants (16 females; 3 left-handed), all of whom were recruited
from the local community. The mean age was 24.23, with a range of 20-32 years-old.
Exclusionary criteria included any medical illness affecting CNS function (e.g., HIV/AIDS),
neurological or psychiatric disorder, history of head trauma, current substance abuse, and the
MEG Laboratory's standard exclusion criteria (e.g., any type of ferromagnetic implanted
material). After complete description of the study was given to participants, written
informed consent was obtained following the guidelines of the University of Nebraska
Medical Center's Institutional Review Board, which approved the study protocol.

Once participants were consented, they were randomly assigned to sham (16 participants, 8
female) and active (19 participants, 8 female) stimulation groups. Participants were blinded
to their group identification. The two groups were matched on age (sham: 24.0 years; active:
24.4 years), sex, handedness, ethnicity, and educational level. With the exception of
stimulation (active or sham), all participants completed the same experimental protocol.

2.2 Transcranial Direct-Current Stimulation (tDCS)

The 5 x 7 cm anode pad was positioned over midline occipital cortex near the calcarine
fissure, while the 5 x 7 cm cathode pad was positioned over the right prefrontal cortices,
near the area generally referred to as supraorbital in most tDCS studies. Each tDCS sponge
was soaked in 12 mL of saline solution and positioned on the head using the International
10/20 system (Jasper, 1958; Klem, Luders, Jasper, & Elger, 1999) (Jasper, 1958), which is
commonly employed in EEG, fNIRS, and tDCS studies (e.g., (Wilson, Kurz, & Arpin,
2014)). First, the distance from the nasion to the inion was measured and a mark was made
on the scalp at the 50% point, then the distance between the left and right periauricles was
measured and the midpoint was marked. The intersection of the inion/nasion plane and the
periaruicle plane is, by definition, Cz. In our experiment, the anode was positioned on the
midline and centered about 12.5% above the inion, which corresponds to ~2.5% superior to
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Oz, while the cathode was centered directly lateral to Fp2 by ~7.5%. This electrode
configuration was based on calculations from a series of studies by Okamoto and colleagues
(Okamoto et al., 2004; Okamoto & Dan, 2005), who developed a method for transforming
the scalp-based International 10-20 coordinate system to Montreal Neurological Institute
(MNI) based coordinates. Briefly, using a data from a large sample of healthy adults, they
developed a probabilistic distribution of the cortical projection points in MNI space that
corresponds to input coordinates from the International 10-20 system (Okamoto et al.,
2004). Based on their data, coordinates in the International 10-20 system (i.e., scalp-based)
can be estimated in MNI space with an average standard deviation of 8 mm (Okamoto et al.,
2004), which is almost negligible given the size of our 5 x 7 cm tDCS sponges. Thus, we
computed the coordinates of each of our sponges in the International 10-20 system, and then
used the transformation methods provided by Okamoto et al. (Okamoto et al., 2004) to
obtain the MNI coordinates that corresponded to these scalp based locations. These data
indicated that the anode was near the calcarine fissure, while the cathode was over right
prefrontal cortices.

Participants in the active stimulation group underwent 20 minutes of 2.0 mA direct-current
stimulation, plus ~30 s ramp-up and ramp-down periods, while passively viewing an
animated movie. The sham group received the same passive visual experience for 20
minutes, but no stimulation outside of the ~30 s ramp periods, which were meant to mimic
the tingling effects of active stimulation so that participants were not privy to their group
identification. A Soterix Medical (New York, New York, USA) tDCS system was used for
stimulation. Following active/sham stimulation, participants were prepared for MEG
recording and seated with their head positioned within the MEG helmet. The overall setup
took about 15 minutes from the stop of stimulation to the initiation of the MEG session. This
time interval was by design and likely reasonable for detecting post-stimulation effects,
given the findings of Kuo et al. (Kuo et al., 2013). Briefly, this study found that the level of
cortical excitability in the motor cortex peaks 15 to 20 minutes after the cessation of tDCS,
and then slowly dissipates over the next 70 minutes. Thus, we aligned our MEG recording
session to coincide with this period of maximal excitability, although we acknowledge that
Kuo et al.'s findings may not directly extend beyond the motor cortex.

2.3 Experimental paradigm and stimuli

During MEG recording, participants were seated in a nonmagnetic chair within the
magnetically-shielded room (MSR) with both arms resting on a table attached to the chair
body. Ambient lighting in the MSR was equal throughout and slightly dimmed. Participants
were instructed to remain still and fixate on a small white circle that flickered at 15 Hz. The
white circle was 3.8 cm in diameter and presented centrally on a black background. The 15
Hz flicker train lasted for 1.5 s, and the inter-stimulus interval was 2.5 s to 3.0 s. Each
participant completed 120 trials, which resulted in a total recording time of about 9 minutes.

2.4 MEG data acquisition & coregistration with structural MRI

All recordings were conducted in a one-layer magnetically-shielded room with active
shielding engaged. Neuromagnetic responses were sampled continuously at 1 kHz with an
acquisition bandwidth of 0.1-330 Hz using a 306-sensor Elekta MEG system (Elekta,
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Helsinki, Finland). MEG data from each individual were corrected for head motion and
subjected to noise reduction using the signal space separation method with a temporal
extension (tSSS; (Taulu & Simola, 2006; Taulu, Simola, & Kajola, 2005)). Each participant's
MEG data were then coregistered with high-resolution structural T1-weighted MRI data
prior to the application of source space analyses (i.e., beamforming) using BESA MRI
(\ersion 2.0). These neuroanatomic images were acquired with a Philips Achieva 3T X-
series scanner using an eight-channel head coil and a 3D fast field echo sequence with the
following parameters: TR: 8.09 ms; TE: 3.7 ms; field of view: 24 cm; slice thickness: 1 mm
with no gap; in-plane resolution: 1.0 x 1.0 mm; sense factor: 1.5. The structural volumes
were aligned parallel to the anterior and posterior commissures and transformed into
standardized space. Following the beamformer analyses, each subject's functional images
were transformed into standardized space by using the transform that was previously applied
to the structural MRI volume and spatially resampled.

2.5 MEG preprocessing, time-frequency transformation, & sensor-level statistics

Cardio-artifacts were removed from the data using signal-space projection (SSP), which was
accounted for during source reconstruction (Uusitalo & limoniemi, 1997). The continuous
magnetic time series was divided into epochs of 3.6 s duration, with the baseline defined as
-0.6 to 0.0 s before stimulus onset. Epochs containing artifacts were rejected based on a
fixed threshold method, supplemented with visual inspection. Artifact-free epochs were
transformed into the time-frequency domain using complex demodulation (resolution: 0.5
Hz, 100 ms from 5 to 80 Hz; (Papp & Ktonas, 1977)), and the resulting spectral power
estimations per sensor were averaged over trials to generate time-frequency plots of mean
spectral density. These sensor-level data were normalized by dividing the power value of
each time-frequency bin by the respective bin's baseline power, which was calculated as the
mean power during the —0.6 s to 0.0 s pre-stimulus time period.

The specific time-frequency windows used for imaging were determined by statistical
analysis of the sensor-level spectrograms across the entire array of gradiometers and all
participants. Each data point in the spectrogram was initially evaluated using a mass
univariate approach based on the general linear model (GLM). To reduce the risk of false
positive results while maintaining reasonable sensitivity, a two stage procedure was followed
to control for Type 1 error. In the first stage, one-sample t-tests were conducted on each data
point and the output spectrogram of t-values was thresholded at p < 0.05 to define time-
frequency bins containing potentially significant oscillatory deviations across all
participants. In stage two, time-frequency bins that survived the threshold were clustered
with temporally and/or spectrally neighboring bins that were also above the (p < 0.05)
threshold and a cluster value was derived by summing all of the t-values of all data points in
the cluster. Nonparametric permutation testing was then used to derive a distribution of
cluster values, and the significance level of the observed clusters (from stage one) were
tested directly using this distribution (Ernst, 2004; Maris & Oostenveld, 2007). For each
comparison, at least 10,000 permutations were computed to build a distribution of cluster
values. Based on these analyses, time-frequency windows that contained a significant
oscillatory event across all participants were subjected to the beamforming analysis.
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2.6 MEG imaging & statistics

Cortical networks were imaged through an extension of the linearly constrained minimum
variance vector beamformer (Gross et al., 2001; Van Veen, van Drongelen, Yuchtman, &
Suzuki, 1997), which employs spatial filters in the frequency domain to calculate source
power for the entire brain volume. The single images were derived from the cross spectral
densities of all combinations of MEG gradiometers averaged over the time-frequency range
of interest, and the solution of the forward problem for each location on a grid specified by
input voxel space. Following convention, the source power in these images was normalized
per participant using a separately averaged pre-stimulus noise period of equal duration and
bandwidth (Hillebrand, Singh, Holliday, Furlong, & Barnes, 2005). MEG pre-processing
and imaging used the Brain Electrical Source Analysis (BESA version 6.0) software.

Normalized source power was computed for the selected time-frequency bands over the
entire brain volume per participant at 4.0 x 4.0 x 4.0 mm resolution. The resulting 3D maps
of brain activity were statistically evaluated using a random-effects, mass univariate
approach based on the GLM. Task effects were examined separately in each group using
one-sample t-tests, whereas the effect of group (i.e., active vs. sham) was determined using
two-tailed independent-samples t-tests per time-frequency bin. All output statistical maps
were displayed as a function of alpha level, and adjusted for multiple comparisons using a
spatial extent threshold (i.e., cluster restriction; A= 300 contiguous voxels) based on the
theory of Gaussian random fields (Poline, Worsley, Holmes, Frackowiak, & Friston, 1995;
1999; Worsley et al., 1996). Maps of task effects were thresholded at p < 0.001, corrected,
while group difference maps were thresholded at p < .01, corrected.

2.7 Peak voxel extraction and analysis

We extracted virtual sensors corresponding to the peak voxel for significant effects in the
occipital region, as these cortices were closest to the anode and showed robust group
differences. Briefly, we identified the peak voxel by conducting a one-sample t-test across
both groups for each frequency band. This t-test yielded a SPM and we selected the voxel in
each hemisphere with the highest t-value per significant cluster for virtual sensor extraction.
To create the virtual sensors, we applied the sensor weighting matrix derived through the
forward computation to the preprocessed signal vector, which yielded a time series for the
specific coordinate in source space. Note that this virtual sensor extraction was done per
participant, once the coordinates of interest (i.e., one per cluster) were known. Once these
virtual sensors were extracted, absolute and relative activity values were computed and
subjected to statistical analyses.

3. Results

All participants completed the task successfully. One sham and two active participants were
excluded from all statistical analyses due to excessive artifacts in their MEG data. There
were no significant differences between the final groups in regards to sex, x2(1, N=32) =
1.05, p=.31, or age, #30) =0.321, p=.75.
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3.1 Sensor-level results

Sensor-level time-frequency spectrograms across all participants indicated significant
oscillatory responses in a large number of posterior sensors at the flicker frequency (14-16
Hz, 0.1-2.0 s; p< .0001, corrected), as well as the second harmonic (29-31 Hz, 0.1-2.0 s; p
<.0001, corrected), third harmonic (44-46 Hz, 0.2-2.0 s; p< .0001, corrected), and the fifth
harmonic (74-76 Hz, 0.3-2.0 s; p < .0001, corrected), all of which were increases or
synchronization (ERS) responses. Of note, we were unable to resolve a significant response
at 60 Hz, potentially because this is the mains power frequency in the United States. There
were also significant alpha (10-13 Hz) and beta (17-22 Hz) desynchronization (ERD)
responses that emerged from 0.2 s to 2.1 s in a large portion of posterior sensors (both p's <.
0001, corrected). All of these responses are shown in Figure 1. Time-frequency bins
containing the maximum power for each response (fundamental: 14-16 Hz, 0.9-1.5 s; second
harmonic: 29-31 Hz, 0.9-1.5 s; third harmonic: 44-46 Hz, 0.9-1.5 s; fifth harmonic: 74-76
Hz, 0.9-1.5 s; alpha ERD: 10-13 Hz, 0.4-0.8 s; beta ERD: 17-22 Hz, 0.4-0.8 s), and a
window of equal bandwidth and duration from the baseline period, were independently
imaged per participant using beamforming to determine the precise brain regions generating
each significant oscillatory response. All further analyses, including tDCS effects, were
examined in source space.

3.2 Beamforming results

3.2.1 Visual flicker responses at the fundamental and harmonic frequencies—
As described in the methods, one-sample t-tests were performed on each group and time-
frequency bin to investigate task effects, while two-sample t-tests were used to probe group
effects. Analysis of task effects showed significant ERS responses in the bilateral medial
occipital cortices at the fundamental, second harmonic, third harmonic, and fifth harmonic
frequencies in both groups (all g's < .001, corrected; Figure 2). These neuronal responses
involved highly overlapping areas of occipital cortices across both groups and all four
frequency bins. Interestingly, only the second harmonic (30 Hz) showed between-group
differences, with the active group having a significantly reduced response compared to the
sham group (p < .01, corrected; Figure 3). In addition, both groups exhibited significant ERS
in the cerebellum bilaterally (p < .001, corrected) for each harmonic, yet not the fundamental
(15 Hz) response. However, like the medial occipital ERS, group differences were only
observed for the second harmonic (30 Hz) and these reflected stronger ERS responses in the
left cerebellum of the sham relative to the active stimulation group (p < .01, corrected).

There were also many significant responses distant from the anodal stimulation region,
which are all described in Table 1. For example, at the fundamental flicker frequency, there
was a significant ERD in the right inferior frontal gyrus (IFG) of the active group that was
absent in the sham group, which resulted in a significant group effect in this area (p< .01,
corrected; Figure 4). At the second harmonic, the sham group had significant ERS responses
in the left superior frontal gyrus, left prefrontal cortex (PFC), medial PFC, supplementary
motor area bilaterally, right superior parietal cortex, and other brain regions (see Table 1; p
<.001, corrected). The active group had a similar pattern of responses, although activity was
weaker in several brain regions and this resulted in significant between-group differences in
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the regions described above (i.e., occipital and cerebellum), as well as the right parietal
cortices, left medial PFC, and the left SMA (all gs < .01, corrected).

At the third harmonic, both groups showed ERS responses in the posterior cingulate and
right posterior parietal cortex (both pg's < .001, corrected), with the sham group having
significantly stronger ERS activity relative to the active group in the parietal cortex (p < .01,
corrected). As with the fundamental, the active group exhibited a significant ERD in the
right IFG (p < .001, corrected) at the third harmonic frequency (45 Hz), which resulted in a
significant between-groups effect in this region (v < .01, corrected; Figure 4). At the fifth
harmonic, the active group again showed significant ERD activity in the right IFG (p< .001,
corrected), which was absent in the sham group resulting in another group effect in this
region (p< .01, corrected; Figure 4). There were also significant between-group differences
in the right precentral gyrus (p < .01, corrected), where the sham group showed an additional
ERS peak (p < .001, corrected) that was absent in the active group.

3.2.2 Visual flicker side-band response—As mentioned above, there were significant
responses in the side bands above and below the fundamental response, which were
essentially alpha (below) and beta (above) ERD responses. Imaging these two bands
revealed significant activity throughout the occipital, parietal, and cerebellar cortices
bilaterally, with peak responses found in the lateral occipital and cerebellar cortices (p< .
001, corrected). None of these alpha and beta responses differed between groups.
Interestingly, the alpha and beta ERD appeared to “wrap around” the fundamental and
harmonic ERS responses (see Figure 2). Finally, in the beta frequency range, there were
significant group effects in the left medial PFC and other regions, which resulted from the
active group exhibiting significant ERD in these regions that were absent in the sham group.
Additional regions that were significantly active in one or both groups are shown in Table 1,
where significant task and group effects are listed.

3.2.3 Effects of tDCS on basal activity levels—Virtual sensors were extracted from
peak brain responses in the occipital cortices (i.e., near the anode). Briefly, for each
frequency bin, a one-sample t-test was conducted across all participants and the peak voxel
was extracted from each hemisphere (i.e., left and right occipital cortices). At the alpha ERD
peaks, the active group had significantly greater absolute alpha activity (i.e., not baseline-
corrected) bilaterally compared to the sham group across the whole time series (all p’s< .02,
corrected; see Figure 5), which suggests a major shift in basal alpha activity. Conversely,
induced alpha activity (i.e., relative to baseline) did not differ between groups. In other
words, active stimulation resulted in a global increase in alpha activity in the occipital
cortices, but this did not affect task-induced modulations (Figure 5). Interestingly, we also
noted trending correlations between basal alpha activity and level of induced 30 Hz
entrainment in the left occipital cortex, A32) = -.299, p=.066, and right occipital cortex,
n(32) = -.313, p=.081. No other group comparisons (basal or induced) in any other
frequency bins were significant.
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4. Discussion

In this study, we investigated the impact of tDCS on oscillatory activity in the occipital
cortices (near the anode) and distant brain regions during a visual entrainment task that
elicits simultaneous, robust neural responses in multiple discrete frequency bands
(Heinrichs-Graham & Wilson, 2012). Participants received either active or sham tDCS using
an occipital-frontal electrode configuration, and then underwent MEG during an offline
visual entrainment task. We found that, after both active and sham stimulation, participants
showed significant and widespread oscillatory entrainment at the fundamental flicker
frequency (15 Hz), as well as multiple higher harmonics, similar to our previous work
(Heinrichs-Graham & Wilson, 2012). Overall, the active group showed weaker
synchronization (i.e., ERS) at the second harmonic (30 Hz) in occipital cortices, as well as
altered oscillatory responses at 30 Hz in other brain regions (e.g., parietal), and in different
brain regions at other frequencies. For example, the active tDCS group had significant
desynchronization near the cathode at the fundamental, third harmonic, and fifth harmonic,
which was absent in the sham group resulting in a significant group effect in the right IFG.
The visual entrainment task also elicited robust ERD responses in the side-bands below
(alpha) and above (beta) the fundamental frequency, which were generated primarily by the
lateral occipital, parietal, and cerebellar cortices. Finally, virtual sensor analysis of peak
activity in the occipital cortices showed a global increase in basal alpha activity in the active
stimulation group compared to sham, which was not reflected in the stimulus-induced
oscillatory responses (i.e., relative to baseline). Below we discuss the implications of this
work for understanding the effects of tDCS on neurophysiology.

Before discussing our tDCS findings, we think it is important to consider the overall
neurophysiological responses induced by this visual entrainment task. Our MEG analyses
indicated that all participants (active and sham) had robust alpha and beta desynchronization
(ERD), with significant synchronization (ERS) at the fundamental and higher harmonics of
the visual flicker frequency, shortly after the onset of the visual stimulus in the occipital
cortices. Greater ERD power was found in the lateral occipital cortices, while ERS
entrainment responses peaked in the medial occipital cortices near the calcarine fissure.
Given the highly synchronous spontaneous alpha rhythm that occurs in the occipital cortices
at rest (Betti et al., 2013; Brookes et al., 2011), it is possible that a subpopulation of neurons
in this region desynchronized at the alpha frequency and simultaneously became entrained at
the fundamental frequency or higher harmonics during visual processing. Interestingly, the
peak alpha/beta desynchronization responses occurred lateral to the peaks of the entrainment
frequencies, which would be expected since the visual stimulation was presented centrally
(foveal). Presumably, neurons in lateral occipital cortices were desynchronized from their
spontaneous alpha rhythm at the onset of visual stimulation, but were not directly driven by
the visual stimulus due to their receptive field, and thus did not entrain at the flicker
frequency or its harmonics. Rather, these lateral neurons may have remained desynchronized
at the alpha/beta frequency because they were receiving feed-forward visual data from
neurons directly driven by the flicker stimulation. Alternatively, these more lateral occipital
neurons may remain desynchronized simply because the visual system is being actively
stimulated, yet this stimulation is outside of their receptive fields.
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As far as tDCS-related effects, anodal stimulation of the occipital cortices resulted in a
global (basal) increase in alpha activity within these cortices. However, this increase in alpha
did not affect the alpha desynchronization power induced by the stimulus (relative to
baseline). Recently, it has been suggested that the amplitude of tDCS effects may be
modulated by what the participant is doing during the stimulation (Fertonani & Miniussi,
2016). Participants were watching an animated movie during tDCS in the current study, and
movie-watching has been shown to modulate alpha activity in the occipital cortices (Betti et
al., 2013). Thus, the frequency specificity of this basal alpha finding may reflect that
occipital alpha oscillations were directly modulated during stimulation, which resulted in a
significant and broad change in the basal power at this frequency following the stimulation.
This pattern compliments earlier findings from Marshall and colleagues (2015), who
demonstrated that cathodal stimulation of the occipital cortices decreased basal alpha power,
but did not impact induced activity. Interestingly, there was no significant difference in
occipital alpha power between sham and anodal stimulation in their study, nor was there any
region that showed differences in induced activity as a function of tDCS stimulation (i.e.,
anodal vs. cathodal vs. sham; (Marshall et al., 2015). However, their study employed 15
consecutive, pseudo-randomized blocks of either anodal, cathodal, or sham tDCS at 2 mA
for only 2 minutes at a time, before shifting to a different stimulation condition (e.g., anodal
tDCS stimulation for 2 minutes, followed by cathodal stimulation for 2 minutes, etc.). As
such, it is possible that the duration and/or amplitude of stimulation in this study may have
been insufficient to elicit neurophysiological effects in the oscillatory domain (Fertonani &
Miniussi, 2016). Further, this study utilized a concurrent tDCSMEG protocol, whereas prior
work has shown that the effect of tDCS may peak about 15-20 minutes after stimulation has
stopped (Kuo et al., 2013; Nitsche et al., 2007), although these studies focused on
excitability in the motor cortices and it is unclear how this temporal profile compares across
anatomical targets.

The current findings also included significant reductions in ERS activity in occipital and
parietal cortices in the active group compared to sham. Basically, the sham group showed a
much more widespread synchronization throughout occipital and parietal regions at both the
second and third harmonic, whereas activity in these frequency bands was much more
limited in the active group. This contributed to the significantly reduced entrainment in the
occipital cortices at the second harmonic (30 Hz) in the active compared to the sham group,
which is particularly intriguing because visual entrainment at the second harmonic has been
shown to be modulated by attention (Kim, Grabowecky, Paller, & Suzuki, 2011).
Unfortunately, the functional role of the second and higher-order harmonics remains elusive,
and most paradigms involving harmonic responses to date uses them as a stimulus-tagging
method (Andersen, Fuchs, & Muller, 2011; Andersen, Muller, & Hillyard, 2015; J. Ding,
Sperling, & Srinivasan, 2006; Itthipuripat, Garcia, & Serences, 2013; Muller et al., 2006;
Ordikhani-Seyedlar, Sorensen, Kjaer, Siebner, & Puthusserypady, 2014; Scherbaum, Frisch,
& Dshemuchadse, 2016; Toffanin, de Jong, Johnson, & Martens, 2009), with little
discussion of their specific role in brain function. Nonetheless, taken together it is possible
that the basal increase in absolute alpha amplitude, while not directly affecting the induced
alpha oscillatory response amplitude, might have impeded the simultaneous entrainment of
neurons to fundamental and harmonic frequencies. In other words, with stronger baseline
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alpha synchrony, it is less likely that neurons would become entrained at other frequencies
during stimulus presentation. This is somewhat supported by our finding of a relationship
between basal alpha activity and induced 30 Hz ERS entrainment, though these correlations
were only trending. Regardless, this hypothesis, while preliminary, could explain some of
the variability in the tDCS results reported in neuroimaging research (see (Fertonani &
Miniussi, 2016; Filmer et al., 2014; Horvath, Forte, & Carter, 2015)). At the very least, our
data suggests that tDCS differentially modulates basal activity levels (e.g., during the
baseline) and induced responses, and highlights the deceptively complicated nature of tDCS
in the context of neurophysiology.

Finally, we also found multi-band desynchronizations in the right IFG in the active group
that were absent in the sham group. This is an especially interesting finding and was likely
due to cathodal stimulation of this region, as the cathode was placed directly above the right
IFG. Importantly, electrode placement at this supraorbital region is often utilized as the
“reference” in tDCS studies that focus on anodal effects (Fridriksson, Richardson, Baker, &
Rorden, 2011; Grundmann et al., 2011; Hanley et al., 2015; Pavlova, Kuo, Nitsche, & Borg,
2014; Pellicciari, Brignani, & Miniussi, 2013; Penolazzi, Pastore, & Mondini, 2013;
Raimundo, Uribe, & Brasil-Neto, 2012; Zheng, Alsop, & Schlaug, 2011), many others).
These inferior frontal areas have been shown to be crucial to attention, especially in the
context of visual attention and cognitive control (Cieslik, Mueller, Eickhoff, Langner, &
Eickhoff, 2015). Thus, we hypothesize that numerous tasks that require attention, decision-
making, or a quick reaction to a stimulus may be affected by such an electrode
configuration, due to an unwanted change in the neurophysiology of the frontal cortices.
More broadly, these results illuminate the importance of carefully considering the electrode
configuration, and may hold implications for understanding some of the divergent findings
in the tDCS literature on frontal lobe tasks (Tremblay et al., 2014). Future work should focus
on understanding how the specific tDCS electrode montage may impact brain areas
underlying and between both the anode and the cathode, especially when both electrodes are
placed on the scalp (versus an extracephalic area such as the arm).

In conclusion, this study is the first to show that occipital tDCS significantly modulates
neural oscillatory activity during an offline visual entrainment task. We found that anodal
stimulation increased basal alpha power within the occipital cortices, but that this increase
did not significantly affect oscillatory alpha responses. In addition, we found a significant
reduction in neural entrainment at harmonics of the flicker frequency in the active compared
to sham group, as well as significant ERD responses in the right inferior frontal cortices,
proximal to the cathode, in the active group that were absent in the sham group. Taken
together, it is possible that anodal tDCS of the occipital cortices results in an increase in
spontaneous alpha activity, which may interfere with the entrainment of neuronal
populations in response to the flicker frequency. These results also highlight the importance
of carefully considering the impact of different electrode configurations on whole-brain
dynamics. Limitations of the current study include no quantification of measures of attention
during visual stimulation, and a lack of baseline (pre-stimulation) activity in both groups.
Both of these measures would help clarify the mechanistic and functional role of active
tDCS on visual oscillatory activity, and future studies should address these issues. Future
work should also directly investigate the relationship between changes in spontaneous
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oscillatory activity and induced oscillatory activity following tDCS, as well as the impact of
electrode configuration, tDCS amplitude, and duration of stimulation on oscillatory rhythms.
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Figure 1. Group-averaged time-frequency spectra during visual entrainment
Time (s) is denoted on the x-axis, with 0.0 s defined as stimulus onset. Frequency (Hz) is

shown on the y-axis. All signal power data is expressed as a percent difference from
baseline, with the color legend shown to the far right. The baseline was defined as 0.6 to
0.0 s before stimulus onset. Data represent a group-averaged gradiometer near the medial
occipital cortex averaged across all participants (the same sensor was selected in each
participant) in the active and sham groups. As can be discerned, the visual flicker stimulus
resulted in entrainment at the fundamental frequency (15 Hz), as well as the second
harmonic (30 Hz), third harmonic (45 Hz), and fifth harmonic (75 Hz). Significant
entrainment was unable to be resolved at 60 Hz, likely because this is the mains power
frequency in the United States. There were also significant desynchronization responses
found in the alpha and beta frequencies. Dotted boxes denote the time-frequency bins that
were imaged using beamforming for the a) alpha ERD, b) fundamental, ¢) beta ERD, d)
second harmonic, €) third harmonic, and f) fifth harmonic.
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Figure 2. Spatial relationship of occipital responses at alpha and fundamental frequencies
Mean beamformer images (pseudo-¢ see color bars) of the alpha ERD (0.4 t0 0.8 s, 10-13

Hz) and fundamental ERS (0.9 to 1.5 s, 14-16 Hz) collapsed across the two groups. As can
be discerned, fundamental ERS responses peaked in the medial occipital cortices, while the
alpha ERD responses peaked more laterally. Of note, the peaks for the beta ERD were
similar to those of the alpha ERD, while the harmonic ERS responses (not shown) were
spatially-concordant with the fundamental ERS response.
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Figure 3. Effects of tDCS on the second harmonic ERS response
A) Group mean beamformer images (pseudo-£, see left color bar) of the 30 Hz ERS response

are shown for the active (left image) and sham (middle image) groups individually, while the
statistical map (active vs. sham) is shown on the right (corrected p-values; see right color
bar). The active group had significantly reduced ERS responses compared to the sham group
in the medial occipital cortices (p < .01, corrected; right image). Axial slices are shown in
radiologic convention (right = left). B) Virtual sensor time series data is shown for the peak
voxel of the statistical map, with the sham group data appearing in blue and the active group
shown with a red line. Shaded areas denote SEM.
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Figure 4. Effects of cathodal stimulation on the right frontal cortices
Color bars to the right denote image thresholds (p-values) and all images reflect areas of

stronger ERD in the active compared to the sham group. Coronal slices are shown in
radiologic convention (right = left). Participants in the active group had a significant ERD in
the right inferior frontal gyrus at the fundamental (15 Hz), third harmonic (45 Hz) and fifth
harmonic (75 Hz), which resulted in significant group effects in this region at these
frequencies (p < .01, corrected).
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Figure 5. Absolute and relative temporal evolution of the alpha visual response
Voxel time series were extracted from the peak voxels of the left occipital cortex (top panel)

and right occipital cortex (bottom panel) to more precisely examine the dynamics of the
alpha ERD in the active (red line) and sham groups (blue line). Time (in s, stimulus onset =
0.0 s) is denoted on the x-axis, while power is shown on the y-axis. The left panel shows
each response as a percentage relative to baseline (=0.6 to 0.0 s), while the right panel shows
the absolute power (in NAm?). Participants in the active group had significantly stronger
basal alpha power (p < .001, corrected), but this did not impact task-induced oscillatory
alpha responses (relative to baseline). The shaded area around each line denotes the SEM.
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Significant ERS and ERD Responses.

Table 1

Page 23

Response Task Effects: Active ERD/ERS Task Effects: Sham ERD/ERS  Group Difference Direction
14-16 Hz, R occipital ERS R occipital ERS n.s.
09-15s L occipital ERS L occipital ERS n.s.
R inferior frontal gyrus ERD -- -- p<.01 Active ERD, Sham n.s.
29-31 Hz, R occipital ERS R occipital ERS p<.01 ERS: Sham > Active
09-15s L occipital ERS L occipital ERS p<.01 ERS: Sham > Active
R cerebellum ERS R cerebellum ERS n.s.
L cerebellum ERS L cerebellum ERS n.s.
L superior frontal gyrus ERS L superior frontal gyrus ERS n.s.
- - L dorsolateral PFC ERS ns.
-- - L SMA ERS p<.01 Sham ERS, Active n.s.
- - R SMA ERS n.s.
- - Medial PFC ERS p<.01 Sham ERS, Active n.s.
-- -- R precentral gyrus ERS n.s.
- - R posterior parietal ERS p<.01 Sham ERS, Active n.s.
-- - R middle occipital gyrus ERS ns.
44-46 Hz, R occipital ERS R occipital ERS n.s.
09-15s L occipital ERS L occipital ERS n.s.
R cerebellum ERS R cerebellum ERS ns.
L cerebellum ERS L cerebellum ERS ns.
Posterior cingulate ERS Posterior cingulate ERS n.s.
R posterior parietal ERS R posterior parietal ERS p<.01 ERS: Sham > Active
R inferior frontal gyrus ERD -- - p<.01 Active ERD, Sham n.s.
74-76 Hz, R occipital ERS R occipital ERS n.s.
09-15s L occipital ERS L occipital ERS n.s.
R cerebellum ERS R cerebellum ERS n.s.
L cerebellum ERS L cerebellum ERS n.s.
R inferior frontal gyrus ERD -- - p<.01 Active ERD, Sham n.s.
- - R precentral gyrus ERS p<.01 Sham ERS, Active n.s.
R dorsolateral PFC ERD -- -- n.s.
10-13 Hz, R occipital ERD R occipital ERD n.s.
0.4-08s L occipital ERD L occipital ERD n.s.
R cerebellum ERD R cerebellum ERD ns.
L cerebellum ERD L cerebellum ERD ns.
R parietal ERD R parietal ERD n.s.
L parietal ERD L parietal ERD n.s.
17-22 Hz, R occipital ERD R occipital ERD n.s.
0.4-08s L occipital ERD L occipital ERD ns.
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Response Task Effects: Active ERD/ERS Task Effects: Sham ERD/ERS  Group Difference Direction

R cerebellum ERD R cerebellum ERD ns.
L cerebellum ERD L cerebellum ERD n.s.
R parietal ERD R parietal ERD n.s.
L parietal ERD L parietal ERD n.s.

Medial PFC ERD - - p<.01 Active ERD, Sham n.s.

- -- L inferior temporal gyrus ERD p<.01 Sham ERD, Active n.s.
- - R inferior temporal gyrus ERD n.s.
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