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Transcranial direct current stimulation over posterior parietal
cortex modulates visuospatial localization
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Visual localization is based on the complex interplay of
bottom-up and top-down processing. Based on previous
work, the posterior parietal cortex (PPC) is assumed to
play an essential role in this interplay. In this study, we
investigated the causal role of the PPC in visual
localization. Specifically, our goal was to determine
whether modulation of the PPC via transcranial direct
current stimulation (tDCS) could induce visual
mislocalization similar to that induced by an exogenous
attentional cue (Wright, Morris, & Krekelberg, 2011). We
placed one stimulation electrode over the right PPC and
the other over the left PPC (dual tDCS) and varied the
polarity of the stimulation. We found that this
manipulation altered visual localization; this supports
the causal involvement of the PPC in visual localization.
Notably, mislocalization was more rightward when the
cathode was placed over the right PPC than when the
anode was placed over the right PPC. This mislocalization
was found within a few minutes of stimulation onset, it
dissipated during stimulation, but then resurfaced after
stimulation offset and lasted for another 10-15 min. On
the assumption that excitability is reduced beneath the
cathode and increased beneath the anode, these
findings support the view that each hemisphere biases
processing to the contralateral hemifield and that the
balance of activation between the hemispheres
contributes to position perception (Kinsbourne, 1977;
Szczepanski, Konen, & Kastner, 2010).

To determine the spatial position of an object,
observers must integrate position information from the
object’s components, such as edges, borders, and other
structural elements. This process is typically accurate
and the perceived position is close to the physical
position of the target (He & Kowler, 1991; Kowler &
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Blaser, 1995). However, there are many factors that
contribute to a divergence between the perceived and
physical position, including its retinal eccentricity
(Miisseler, van der Heijden, Mahmud, Deubel, &
Ertsey, 1999), its motion trajectory (Krekelberg, 2001;
Krekelberg & Lappe, 2001), changes in frame of
reference (Bridgeman, Peery, & Anand, 1997), and
adaptation (Whitaker, McGraw, & Levi, 1997). Visual
localization has also been shown to be modulated by
experimental manipulations of attention, which can
yield improved accuracy (Bocianski, Miisseler, &
Erlhagen, 2010; Fortenbaugh & Robertson, 2011) and
reliability (Prinzmetal, Amiri, Allen, & Edwards, 1998),
but also induce illusory shifts in position perception
(Kosovicheva, Fortenbaugh, & Robertson, 2010; Su-
zuki & Cavanagh, 1997; Tsal & Bareket, 1999; Wright,
Morris, & Krekelberg, 2011).

While the details of the neural circuitry underlying
visual localization are largely unknown, many studies
identify the posterior parictal cortex (PPC) as a key
area. For instance, the PPC has been linked to both
attention (Corbetta & Shulman, 2002) and spatial
processing (Fink et al., 2000; Morris, Chambers, &
Mattingley, 2007; Morris, Kubischik, Hoffmann, Kre-
kelberg, & Bremmer, 2012; Szczepanski & Kastner,
2013). In this study we investigated the causal
involvement of the PPC in visual localization. We used
transcranial direct current stimulation (tDCS) over the
PPC of healthy human volunteers and investigated how
the stimulation affected the centroid estimation of a
one-dimensional (1-D) horizontal random dot pattern
(RDP). We reasoned that an imbalance in the activity
of the PPC in the two hemispheres could—potentially
through the mechanisms of attention—induce spatial
mislocalization as suggested by theories of interhemi-
spheric competition (J. D. Cohen, Romero, Servan-
Schreiber, & Farah, 1994; Kinsbourne, 1977; Szcze-
panski et al., 2010). Current understanding of neural
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excitability modulation by tDCS (Nitsche & Paulus,
2000) suggests that excitability increases beneath the
anode, while excitability decreases beneath the cathode.
We placed one electrode over the left PPC and the
return electrode over the right PPC (dual tDCS) to
maximize the imbalance between left and right PPC
excitability (Giglia et al., 2011), and thereby maximize a
potential behavioral effect. Specifically, we reasoned
that an anode placed over the right PPC combined with
a cathode over the left PPC (we refer to this montage as
rPPCa) should increase excitability of the right PPC
and decrease excitability of the left PPC. If the
allocation of attention were driven by a linear
combination of the activation levels across both PPCs,
the rPPCa montage would increase the allocation of
attention to the left visual field and, based on our
previous behavioral findings (Wright et al., 2011),
induce leftward localization compared to stimulation
with the reverse polarity (rPPCc). Our experiments
confirmed this hypothesis and in the Discussion section
we interpret these findings in terms of interhemispheric
competition as well as other aspects of spatial
processing known to reside in the PPC.

The same, admittedly somewhat simplistic, logic
predicts that the rPPCa montage should induce
leftward localization when compared to a more
traditional sham stimulation control. Our experiments
did not confirm this prediction, and we present possible
explanations for this finding in the Discussion.

A final motivation for the experiments in this study
was our recent finding that alternating current stimu-
lation reduces visual adaptation and is particularly
effective when applied during but not before the
presentation of a visual stimulus (Kar & Krekelberg,
2014). This inspired us to not only use a typical tDCS
design that measured the aftereffects of stimulation by
applying stimulation before the start of the behavioral
trials, but also a design in which stimulation was
applied during the behavioral experiment. We found
that the behavioral effect was similar in amplitude
regardless of whether the stimulation was applied
before or during task performance. However, this
experiment revealed a novel and interesting time
course: The behavioral effects had a rapid onset and
then dissipated over ~10 min, even with continuing
stimulation. After tDCS offset the behavioral effects
resurfaced and then dissipated again in ~10-15 min.

This study consisted of two main experiments. In
both experiments, subjects located the centroid of a 1-D
RDP with different applications of tDCS over the PPC.
In the first experiment, we applied tDCS prior to all
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experimental trials (tDCS-Before) and in the second
experiment we applied tDCS concurrently with exper-
imental trials (tDCS-During). All experimental proce-
dures were approved by the Institutional Review Board
of Rutgers University and followed international
guidelines for the ethical treatment of human subjects
as expressed in the Declaration of Helsinki. All subjects
provided written informed consent and reported
normal or corrected-to-normal vision.

Participants

Twelve subjects (all right-handed; six male; age range
18-34 years) participated in both experiments. Subject
1 was an author (JMW); all other subjects were naive to
the purpose of the experiments.

In the tDCS-Before experiment, the performance of
one subject deviated largely from the remainder of the
subjects. This subject had an effect of tDCS that was
opposite in sign to 9 of the remaining 11 subjects and
more than 3 SDs from the population mean. Therefore,
we excluded this subject from all further data analysis
for the tDCS-Before experiment.

Transcranial direct current stimulation

We applied tDCS using an STG4002 stimulus
generator (Multi Channel Systems, Reutlingen, Ger-
many) with a pair of saline-soaked sponges attached to
conductive rubber electrodes (7.6-cm diameter). The
current was 1 mA for 15 min prior (tDCS-Before) or
during (tDCS-During) the presentation of visual
stimuli. This resulted in a maximum current density of
0.02 mA/cm?, which is within the current safety
guidelines (Iyer et al., 2005; Nitsche, Liebetanz et al.,
2003). We increased and decreased the current linearly
over a period of 10 s at the start and end of tDCS,
respectively, which has been shown to reduce subject
discomfort (Nitsche, Liebetanz, et al., 2003). We placed
the two electrodes (anode and cathode) over the
locations of P3 and P4 (in accord with the international
10-20 method for electroencephalographic (EEQG)
electrode placement). There was no separate reference
electrode in this dual montage. Given the large size of
the electrodes, the spread of current from these
electrodes (Datta et al., 2009; Kar & Krekelberg, 2012),
and the nominal location of the PPC (Dambeck et al.,
2006; Herwig, Satrapi, & Schonfeldt-Lecuona, 2003;
Hilgetag, Theoret, & Pascual-Leone, 2001; Pourtois,
Vandermeeren, Olivier, & de Gelder, 2001; Sack et al.,
2002), these montages are expected to generate
significant electric fields in each subject’s PPC.

There were three stimulation conditions and for
simplicity, we refer to the first two conditions based on
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Figure 1. Experimental paradigm. (A) In both experiments tDCS was applied for 15 min at the start of a session (top trace). In the
tDCS-Before experiment (middle trace) subjects completed at least two blocks of trials following tDCS offset. In the tDCS-During

experiment, trials began 20 s after tDCS onset and subjects completed an additional two blocks of trials after tDCS offset. (B) Example
trial (Left-Cue condition). Subjects fixated centrally until the RDP disappeared. A noninformative cue appeared at an eccentricity of
8.08° just prior to the onset of the RDP. After 750 ms from the offset of the RDP, a cursor appeared at the center of the grid and

subjects moved the cursor to the perceived centroid location.

the type of stimulation over P4; (a) cathode placed over
P3 and anode placed over P4 (right PPC anode, or
rPPCa, for short); (b) anode placed over P3 and
cathode placed over P4 (rPPCc), and (c¢) sham
stimulation. Sham stimulation consisted of a total of
20 s of stimulation; in the first 10 s the current intensity
increased to 1 mA and then decreased back to 0 mA in
the remaining 10 s. We surveyed four of the naive
subjects after each session and asked them to classify
what type of stimulation they received; they were
unable to distinguish between sham and stimulation
sessions.

Experimental procedure
Centroid localization task

In each of the experiments, the task was to estimate
the centroid of a 1-D RDP (Figure 1B). We manipu-
lated exogenous attention by cueing subjects to one side
of the visual display, either to the left (Left-Cue
condition) or right (Right-Cue condition) of fixation.
In a baseline condition, we cued subjects to both sides
of the display (Bilateral-Cue condition). This kept the
visual display and the temporal structure of the task as
similar as possible between the cue conditions, thus
avoiding confounding the influence of spatial attention
with temporal uncertainty (Morris et al., 2010).

Visual stimuli were shown on a Sony FD Trinitron
(GDM-C520; Sony, New York City, NY) CRT
monitor that measured 40° x 30° with a resolution of
1024 x 768 pixels and a refresh rate of 120 Hz. We
presented the stimuli using custom software, Neurostim
(http://neurostim.sourceforge.net), and subjects viewed
the display from a distance of 57 cm. A head-mounted
Eyelink II eye tracker system (SR Research, Missis-
sauga, Canada) recorded eye movements and tracked

the pupils of both eyes at a sample rate of 500 Hz. To
reduce head movements, subjects used individually
molded bite bars.

The 1-D RDP consisted of seven small white
(76 cd/m; squares (0.20° x 0.20°) on a black
(0.4 cd/m~) background. On each trial, seven unique
dot positions, selected from a grid of 32 possible dot
positions, appeared on the display. The grid extended
from —15.5° to 15.5° relative to the vertical midline at a
constant height of 3° above the horizontal midline.
Each dot location in the grid was 1° away from its
nearest horizontal neighbor(s). The actual centroids of
the RDPs across all trials approximated a normal
distribution with a mean of 0° and a standard deviation
of 1.5°

A green square outline (1° x 1°; line width: 0.12°)
served as an exogenous cue for attention. This cue
appeared at an eccentricity of 8.08° in either (or both)
the left or right visual field and was centered over two
grid locations; (—7.5°, 3°) and (7.5°, 3°), respectively.

The central fixation stimulus was a small red square
(0.16° x 0.16°), which remained visible for the duration
of each trial at the center of the display. Subjects
maintained fixation within a 2.5° x 2.5° square at the
center of the display until the RDP disappeared. Trials
in which subjects failed to fixate appropriately were
terminated immediately and repeated at a random time
later within the block. One block contained a minimum
of 120 trials with the three cue conditions interleaved.

Each trial began when the subject fixated the central
fixation point. After a variable delay (300-500 ms), the
attentional cue(s) appeared for 67 ms (eight frames) just
prior (134 ms) to the appearance of the RDP. This cue-
target interstimulus interval maximizes effects of
exogenous attention on behavioral performance (Cheal
& Lyon, 1991; Muller & Rabbitt, 1989) and induces
shifts in perceived centroid location (Wright et al.,
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2011). The RDP remained visible for 75 ms (nine
frames). A cursor (red vertical line 0.04° x 0.5°)
appeared at the center of the grid of dots (0°, 3°) 750 ms
after target offset. Subjects then located the centroid,
1.e., average position, of all dots presented on a trial by
moving the cursor to the centroid using a computer
mouse in their right hand and then clicking the left
button (Figure 1B).

Experiment 1: tDCS-Before

Each session began with subjects seated in a
darkened room for 15 min while receiving rPPCa,
rPPCc, or sham tDCS. During tDCS, subjects viewed a
black visual display (0.4 cd/m?) and were allowed to
listen to music. After the stimulation period, subjects
performed the centroid localization task in a minimum
of two blocks of trials for a total of at least 200 trials
(Figure 1A).

Experiment 2: tDCS-During

In these sessions, subjects received 15 min of tDCS
(rPPCa, rPPCc, or sham) while they performed the
centroid localization task after a short delay (20 s) at
the beginning of the session to avoid interference from
the initialization of stimulation. Subjects continued
completing experimental trials for 5 min following
tDCS offset (approximately 400-500 trials in total).
After this 20-min period for each stimulation type,
subjects completed two blocks of experimental trials
without stimulation for a total of at least 200 additional
trials (Figure 1A). The experimental task was the same
as in Experiment 1.

Session ordering

All subjects completed a minimum of 12 sessions: six
tDCS-Before and six tDCS-During sessions. We used a
repeated measures design, therefore, for each experi-
ment; subjects completed two sessions per stimulation
condition, i.e., rPPCa, rPPCc, and sham. Six subjects
completed all tDCS-Before sessions prior to tDCS-
During sessions. We used the same randomized order
of stimulation conditions per subject in each of these
experiments so that differences could not be attributed
to session ordering. However, we recognized that there
could be a training effect by completing all tDCS-
Before sessions prior to the tDCS-During sessions.
Therefore, in the remaining subjects we interleaved the
tDCS-Before and tDCS-During sessions and assigned
the stimulation conditions randomly across subjects
and experiments. We did not find any qualitative
differences due to session ordering between subject
groups; therefore, we analyzed all subjects together.
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Initially, subjects received between 1 to 2 hr (three to
six blocks) of training on the localization task. Data
collected during these training blocks are not reported
here; however, we ensured that accuracy and the
correlation of subject responses to the actual centroid
at the end of training were comparable to subsequent
measures during the experiment. After these practice
runs, subjects participated in only one session per day.

Data analysis
Population response error functions over time

We first determined the mean response error relative
to the actual centroid as a function of time per
stimulation session and subject. To do this, we grouped
behavioral responses in a single session into nonover-
lapping time bins of 250 s. We then determined the
mean response error for each time bin that contained at
least 30 trials. To account for time gaps introduced by
breaks between sessions, we used the interpl function
in Matlab 7.14 (MathWorks, Natick, MA) to interpo-
late between the bins using a shape-preserving piece-
wise cubic spline. We did not extrapolate beyond the
first or last time point in a session. We then used the
interpolated functions and averaged the mean re-
sponses per time point across sessions to generate one
time course per subject and montage.

To determine the difference in behavioral responses
between rPPCa and rPPCc stimulation, we subtracted
the subject-specific rPPCa interpolated time course
from the rPPCc interpolated time course. Therefore in
the resultant time course, positive values indicate that
the perceived centroid in the rPPCc stimulation
condition was more to the right relative to the rPPCa
stimulation condition. We performed a similar analysis
between the rPPCa (rPPCc) and sham conditions where
positive values indicate that the perceived centroid
during rPPCa or rPPCc stimulation was more to the
right relative to the sham condition. To view the effect
of stimulation across the population, we determined the
median response across subjects at each time point. We
only included time points with data from nine or more
subjects. The error bars represent the median absolute
difference between the subject response and the
population median scaled by the square root of the
number of subjects, and significance of individual data
points was tested with Wilcoxon signed-rank tests.

Significance tests

We first verified if our sample met conditions of
normality using the Jarque-Bera method (jbtest func-
tion in Matlab 7.14). If the sample violated assump-
tions of normality we used nonparametric significance
tests and report the median and range of the data in
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lieu of parametric measures. The main population level
analysis of significance was based on a repeated
measures ANOVA (rmANOVA) with the following
within-subject factors: stimulation type (rPPCa,
rPPCc), cue location (Left-, Right-, Bilateral-Cue), and
centroid position (more than 2.5° left, less than 2.5° left,
less than 2.5° right, more than 2.5° right of fixation).

Partial correlation difference

The location of the centroid and the bisection point
of the outermost dots are correlated in our stimulus.
Hence even if subjects actually performed a bisection
task, they could still perform reasonably well on the
centroid task. To disentangle the influence of the
centroid from the bisection point on the behavioral
responses of each subject, we calculated the pairwise
partial correlations between the behavioral response,
the centroid, and the bisection point. We reasoned that
the partial correlation with the highest value identified
the response strategy that subjects most likely utilized
across trials. To assess the statistical significance of the
difference between these partial correlation values, we
compared the actual difference in partial correlations
with a null distribution created by 1,000 random
shuffles of the behavioral responses per subject. A ped
was considered statistically significant if it exceeded the
95th percentile of this null distribution.

Subjects reported the centroid of a briefly presented
1-D RDP. We applied tDCS through electrodes placed
over the left and right PPC. There were three
stimulation conditions: anode over right-PPC com-
bined with cathode over left-PPC (rPPCa), anode over
left-PPC combined with cathode over right-PPC
(rPPCc), and sham stimulation.

Before showing the influence of tDCS, we first
present an analysis of the subjects’ performance on the
behavioral task that confirms they can reliably assess
the centroid of our 1-D dot stimulus, and that their
localization behavior is consistent with previous
reports.

Task performance: Sham

As a general measure of task performance, we
determined subject response bias and variability
relative to the actual centroid for the sham condition
regardless of cue condition. The response bias, defined
as the mean of the absolute difference between subject
responses and the actual centroid across trials, was
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Figure 2. Experiment 1: tDCS-induced mislocalization after tDCS,
comparing rPPCc and rPPCa stimulation. Bars show the
difference in average response errors between the rPPCc and
rPPCa conditions for each subject and the group average
(bottom bar). Positive values indicate rPPCc responses that
were shifted more to the right relative to the rPPCa responses.
One asterisk denotes individual significance with p < 0.05 and
two asterisks denotes p < 0.01 (see Methods, Significance
tests). The rPPCc montage shifted perceived centroid location
rightward compared to the rPPCa montage, supporting the
involvement of the PPC in localization.

0.38° (SE =0.10°) across subjects. The variable error,
defined as the standard deviation of the subject
response error across subjects, was 1.81° (SE = 0.06°).
Across subjects, the Pearson correlation between the
behavioral responses and the actual centroid ranged
from 0.74 to 0.91 (p < 0.001). This confirms that—
similar to two-dimensional (2-D) dot displays (Wright
et al., 2011)—subjects reliably estimated the centroid of
the 1-D stimulus. We also analyzed the subject response
error while maintaining the sign of the error and found
that most subjects showed a rightward bias, which was
individually significant in six subjects, #(>700) > 2.85,
p <0.01,d > 0.11. Three subjects showed a significant
leftward bias, #(>700) < —5.09, p < 0.01, d < —0.19.
This is similar to the variability seen in previous line
bisection studies (Jewell & McCourt, 2000).
Consistent with our previous findings using 2-D
RDPs (Wright et al., 2011), we found that the
attentional cue significantly shifted perceived location
as revealed by a main effect of cue location (rmANO-
VA; F[2,20]=4.22, p=0.03, np2 =29.68, see Methods).
Subjects’ responses were more leftward in the Left-Cue
condition (M = 0.06, SE = 0.09) relative to either the
Bilateral- (M = 0.25, SE = 0.10) or Right-Cue
conditions (M =0.29, SE=0.10). One of our goals was
to investigate whether this pattern of mislocalization
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Figure 3. Experiment 1: Time course of response errors after
tDCS. The black curve shows the response differences, rPPCc —
rPPCa, as a function of time, averaged across all subjects.
Positive values indicate that rPPCc stimulation shifted the
perceived centroid rightward relative to rPPCa stimulation. One
asterisk denotes significance at p < 0.05. The graph shows that
the aftereffect of tDCS dissipated over a period of ~15 min.

induced by exogenous cues could also be generated by
transcranial stimulation of the PPC. Finally, subjects
had a foveal bias as revealed by a main effect of
centroid position, F(3, 30) = 8.35, p < 0.001, 17,,2 =
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Figure 4. Experiment 1: tDCS-induced mislocalization after tDCS
comparing rPPCc (gray) and rPPCa (black) to sham stimulation
for each subject and the group average (bottom bars). Positive
values indicate rightward shifts relative to sham. Asterisks
indicate significance (*p < 0.05; **p < 0.01) for a specific
subject and stimulation condition compared to sham. This graph
shows that the sign of the behavioral effect differed across
subjects, but that rPPCc effects were typically more rightward
than rPPCa effects (see also Figure 2).
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Figure 5. Experiment 2: Time course of response errors during
and after tDCS. The black curve shows the response differences,
rPPCc — rPPCa, as a function of time, averaged across all
subjects (see Methods, Population response error functions
over time). Positive values indicate that rPPCc stimulation
shifted the perceived centroid rightward relative to the rPPCa
stimulation condition. The dashed line indicates tDCS offset.
One asterisk denotes significance with p < 0.05 and a cross
denotes a trend at p < 0.10. This figure shows that tDCS
induced both short-term effects that dissipated even while
current was applied and an aftereffect that lasted ~10 min (as
in Figure 3).

45.50. The magnitude of this foveal bias increased for
more peripheral centroids (M = 0.97, SE = 0.05)
compared to more foveal centroids (M = 0.56, SE =
0.04). Such a foveal bias has been reported previously
(Mateeff & Gourevich, 1983; O’Regan, 1984; Stork,
Musseler, & van der Heijden, 2010; van der Heijden,
van der Geest, de Leeuw, Krikke, & Musseler, 1999).

Experiment 1: tDCS-Before

Next, we investigated how tDCS over the PPC
affected localization. As discussed above, current views
of tDCS suggest that excitability is increased under-
neath the anode and excitability is decreased under-
neath the cathode. Furthermore, the current evidence
supports the view that each PPC mainly allocates
attention and responds predominantly to visual stimuli
in the contralateral visual hemifield (see Discussion).
Given these assumptions, the most sensitive analysis to
detect whether tDCS of the left and right PPC affects
localization is to compare the sessions where the anode
was placed over the right PPC and the cathode over the
left PPC (the rPPCa condition) with the sessions in
which the anode and cathode were reversed (rPPCc
condition). Below we will present those results first, and
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then drill down to further comparisons between
stimulation and sham.

In this experiment stimulation was applied before
subjects completed experimental trials. We subtracted
the average response error in the rPPCa condition from
the average response error in the rPPCc condition for
each subject. Positive differences indicate a shift in the
perceived centroid to the right under rPPCc stimulation
relative to rPPCa stimulation. A population level
repeated measures ANOVA (see Methods) revealed a
significant main effect of stimulation, F(1, 10) = 10.86,
p=0.008, ;11,2 = 52.06. At the single subject level, 9 out
of 11 subjects had a positive difference (M =0.09, SE=
0.03) and the effect was individually significant in three
subjects, #(>720) < —1.99, p < 0.05, d < —0.1 (Figure
2).

We did not find a significant interaction between
montage and cue-location, F(2, 20) =0.92, p =0.42,
111,2 =8.39, hence we found no evidence that stimulation
was more or less effective depending on the locus of
attention. This was further supported by a control
analysis in which we investigated only the Bilateral-Cue
condition and found that the influence of stimulation
was qualitatively the same as in the full data set.
Similarly, there was no significant interaction between
montage and centroid position, F(2, 20) =1.58, p =
0.22, ,” = 13.61. Given this lack of significant
interactions we pooled the data across cue-location and
centroid location for all further analyses.

Figure 3 shows the time course of the behavioral
effect of tDCS (see Methods, Population response error
functions over time). As before, positive values indicate
that the perceived centroid shifted more rightward
under rPPCc stimulation compared to rPPCa stimula-
tion. The aftereffects of stimulation dissipated within
approximately 15 min. In principle, this dissipation
could be confounded by fatigue or other stimulation-
independent factors that affected overall performance
on the task. To exclude this possibility, we compared
performance in the first and second block of trials in
the sham condition and found no significant differences
in the mean response error (Wilcoxon signed-rank test;
Z =—-0.78, p = 0.43) or the variable error (Z =—1.33,
p =0.18). We conclude that the temporal dissipation
shown in Figure 3 can be ascribed to the waning
influence of the tDCS stimulation.

The above-described mislocalizations may also result
if tDCS affected the subject’s eye position. We
monitored fixation and aborted trials in which eye
movement strayed beyond 1.25° from the fixation
point, but this leaves a window of error that allows for
small deviations in eye position. For example, if rPPCc
caused the eye position to deviate slightly to the left,
dot positions could appear more rightward yielding a
rightward mislocalization relative to rPPCa especially if
rPPCa induced opposite effects in eye position. We
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therefore examined the horizontal displacement in eye
position during the presentation of the RDP. A
population level repeated measures ANOVA (see
Methods) revealed no main effect of stimulation,

F(1, 10) =0.37, p = 0.56, 111,2 = 3.24; attention cue,
F(2,20)=1.93, p=0.17, 171,2 = 14.95; or centroid
position, F(3, 30) =0.85, p =0.48, np2 =7.19, on eye
position. Limiting the analysis only to trials within 15
min of tDCS offset also did not reveal any significant
effects. Therefore, we conclude that our results are not
a result of changes in eye position.

Figure 4 compares performance in the rPPCa and
rPPCc conditions to sham stimulation. Somewhat
surprisingly, we found that the sign of the directional
bias was the same in the rPPCa and rPPCc conditions
for most subjects. Across the population this effect was
highly significant (sign test; p < 0.01). Given that the
subjects also had idiosyncratic biases in the sham
condition (see Task Performance-Sham), we investi-
gated whether those biases could predict the effect of
tDCS. The correlation between the sign of the bias in
the sham condition (left/right) and the sign of the effect
of tDCS, however, was not significant, #(9) =0.24, p =
0.48.

Experiment 2: tDCS-During

In the first set of experiments, tDCS was applied
before the subjects performed the task. In other words,
the behavioral effects we reported were aftereffects of
tDCS. This mimics the typical use in many clinical
studies, but there is increasing evidence that tDCS
specifically targets populations of neurons that are
active (Kar & Krekelberg, 2013). Based on this we
performed a second set of experiments in which tDCS
was applied concurrently with the task.

Following the analysis of Figure 3 we again
determined the time course of the stimulation effect,
subtracting the effect of rPPCa from rPPCc stimulation
(Figure 5). The behavioral effect was largest at the start
of tDCS and dissipated over approximately 8 min of
ongoing stimulation. The behavioral effect increased
again once stimulation had ended, and lasted approx-
imately 10 min following stimulation. Even though the
latter phase of the tDCS-During experiment is not an
exact replication of the tDCS-Before experiment, its
time course (including the magnitude) is similar to that
shown in Figure 3.

Figure 6 shows the response error differences for
individual subjects in the early (A) and late (B) phases.
This graph shows that the rightward shift when
comparing rPPCc to rPPCa is found consistently across
subjects both during tDCS and immediately after
tDCS, F(1, 10)=10.69, p=10.008, 17,,2 =49.29. However,
separate population repeated measures ANOVAs on
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Figure 6. Experiment 2: tDCS-induced mislocalization during and after tDCS comparing rPPCc and rPPCa stimulation for each subject
and the group average (bottom bar). (A) Early phase during tDCS: 0—-8 min after tDCS onset and (B) late phase after tDCS offset: 2-10
min after tDCS offset). Positive values indicate rPPCc responses that were shifted more to the right relative to the rPPCa responses.
These graphs show that rPPCc tDCS typically induced rightward shifts compared to rPPCa tDCS across both the early and late phase.
One asterisk denotes individual significance with p < 0.05 and two asterisks denotes p < 0.01.

each phase revealed a significant effect of stimulation in
the early, F(1, 10) = 15.67, p = 0.002, 11,,2 = 58.75, but
not in the late phase, F(1, 10) = 0.83, p =0.38, 1," =

7.03, due to Subject 2 who displayed a large deviation,

more than 2 SDs, from the rest of the group. Given the
consistency in the overall direction of the effect, the
large intersubject variability in the comparison with
sham stimulation (Figure 7) is remarkable.
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Figure 7. Experiment 2: tDCS-induced mislocalization during and after tDCS comparing rPPCc (gray) and rPPCa (black) to sham

stimulation for each subject and the group average (bottom bars). (A) Early phase during tDCS: 0—-8 min after tDCS onset and (B) late
phase after tDCS offset: 2-=10 min after tDCS offset. Positive values indicate rightward shifts relative to sham. These graphs show a
large degree of intersubject variability when comparing stimulation to sham, but—as shown in Figure 6—a consistently rightward shift
when comparing rPPCc and rPPCa. One asterisk denotes individual significance with p < 0.05 and two asterisks denotes p < 0.01.
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Similar to the tDCS-Before experiment there were no
systematic deviations in eye position that would explain
these behavioral effects. We performed two population
level repeated measures ANOVAs (see Methods) to
demonstrate this. The first used trials in the early phase
(0—8 min following tDCS onset) and the second in the
late phase (2-10 min following tDCS offset). Both
analyses showed no mam effect of stimulation, F(1, 10)
<047, p > 0.51, 171, < 4.04; attention cue, F(2 20) <
2.04, p > 0.15, 17,, < 15.62; or centroid position,

F(3, 30) < 2. 07 p > 0.12, np < 15.81, on eye position.

Task strategy: Control analysis

Although we instructed subjects to determine the
centroid of each RDP, it is possible that subjects
instead utilized only the positions of the two outermost
dots and localized the bisection point. This would make
our task similar to traditional line bisection tasks.
Because the bisection point is correlated with the
centroid location, accurate performance on the cen-
troid task (shown above) does not exclude a bisection
strategy. The strategy followed by the subject is
relevant for our definition of localization error. For
instance, if a subject actually performed bisection, but
we defined errors with respect to the true centroid, our
measure could be insensitive, or even biased. We
performed a number of analyses to rule out such
possible confounds.

To determine which of the two strategies subjects
employed we used a partial correlation analysis (see
Methods, Partial correlation difference). We first used
the sham trials regardless of cue condition. In four
subjects the partial correlation between the behavioral
responses and the actual centroid was higher than the
partial correlation between the responses and the
bisection point (0.40 < ped < 1.05, p < 0.001). We
infer that these subjects most likely adopted a true
centroid localization strategy. Three subjects showed
the reverse pattern (—0.44 < pcd < —0.36, p < 0.001). It
is possible that these subjects adopted a bisection
strategy. The remaining four subjects showed no
significant difference (|pcd| < 0.09, p > 0.10).
Analyzing the partial correlation values across the
rPPCa and rPPCc conditions showed that the response
strategies typically remained consistent across mon-
tages (8 out of 11 subjects).

Finally, we investigated whether a subject-specific
definition of localization error (i.e., relative to the
bisection point for subjects that appear to follow a
bisection strategy, and to the centroid for subjects that
appear to follow a centroid strategy) affected any of
our results. It did not, neither for the tDCS-Before nor
for the tDCS-During experiment. For simplicity, we
therefore defined error for all subjects as the mismatch
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between the actual and the reported centroid for all
analyses.

Our experiments investigated the causal involvement
of the PPC in visual localization. We showed that tDCS
with electrodes placed over the left and right PPC
altered visual localization. Specifically, placing the
anode over the left PPC and the cathode over the right
PPC induced a rightward shift in perceived centroid
location relative to the reverse montage. This finding
was consistent across subjects and occurred whether the
stimulation was applied well before or during the
performance of the localization task. Surprisingly,
behavioral effects dissipated during the application of
tDCS, but resurged after stimulation offset to dissipate
again over a period of ~10-15 min.

Below we first discuss the novel insight our
experiments provide about tDCS, and how uncertain-
ties inherent in tDCS affect our interpretation of the
data. Finally, we discuss a number of potential
mechanisms that could underlie the behavioral effects
induced by tDCS.

The tDCS method

The behavioral effects of tDCS vary based on
multiple factors: electrode size, placement, current
amplitude, current duration, etc. (Nitsche et al., 2008).
For example, a recent study has shown that 2 mA of
tDCS for 20 min over the right intraparietal sulcus
altered selective attention, whereas 1 mA of current did
not (Moos, Vossel, Weidner, Sparing, & Fink, 2012).
Sparing and colleagues (2009), on the other hand,
found differences in visual detection and line bisection
with only 1 mA of tDCS for 10 min over the PPC. A
direct comparison is difficult since effects may be task-
specific, other stimulation parameters, such as electrode
size, differed between the experiments, and because
current flow within the brain depends on idiosyncratic
brain folding (Datta, Baker, Bikson, & Fridriksson,
2011; Wagner et al., 2007). We interpret these findings
as showing that a relatively large degree of variability is
expected both within and across tDCS studies.

In addition, the little that is known about the modes
of action of tDCS at the neural level leads one to expect
a high degree of complexity. For instance, cell
morphology and cell orientation with respect to the
applied field affects the outcome in terms of membrane
depolarization measured in-vitro (Radman, Ramos,
Brumberg, & Bikson, 2009). Our previous behavioral
findings (Kar & Krekelberg, 2014) as well as unpub-
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lished observations in the macaque monkey (Kar &
Krekelberg, 2013), furthermore suggest that electrical
stimulation affects cells in a state dependent (inactive/
active/adapted) manner. As a consequence, the net
effect of stimulation in-vivo is not easy to predict and
may well include neural changes that are not well
described by changes in excitability.

One specific potential explanation for the large
intersubject variability when comparing stimulation to
sham is that the electrical fields induced by tDCS are
idiosyncratic due to individual differences in brain
folding (Datta et al., 2009; Datta, Zhou, Su, Parra, &
Bikson, 2013; Wagner et al., 2007). If the orientation of
the induced field in a critical subregion of the PPC is
opposite to that induced in another subject, one would
predict quite different (potentially opposite) changes in
excitability and therefore potentially opposite behav-
ioral effects. The finding that the difference between
our two stimulation conditions is nevertheless consis-
tent across subjects can be attributed to the fact that the
fields generated in the rPPCa condition are oriented
approximately opposite to those generated in the
rPPCc condition (limited only by the accuracy of
electrode placement). Hence, for each subject, if
excitability in a subregion of the PPC increased during
rPPCa, one would expect it to decrease during rPPCc.
This neural consistency should be reflected in behav-
ioral consistency, which is indeed what we found
(Figures 2 and 6). Taken together this analysis suggests
that due to the idiosyncratic nature of induced electric
fields, a comparison of tDCS and sham conditions
across subjects should be interpreted with caution, but
that some intersubject variability can be removed by
comparing montages in which the anode and cathode
are reversed.

Effects of tDCS over time

Previous studies have shown that the aftereffects of
tDCS can last for a few minutes up to 2 hr (Miclke et
al., 2013; Nitsche, Nitsche, et al., 2003; Nitsche &
Paulus, 2001; but see Floel et al., 2012). The duration
appears to depend on the behavioral paradigm, the
electrode montage, as well as other stimulation param-
eters. In our experiments the aftereffects were relatively
short-lived (<15 min) and, even more interestingly, we
observed that the behavioral effects dissipated during
the application of tDCS. This time-course points to
mechanisms other than pure excitability changes and is
consistent with the idea that different mechanisms may
underlie the effect of tDCS applied during and before a
task (for a review see Stagg & Nitsche, 2011). We
speculate that the decline of the behavioral effect during
stimulation is due to homeostatic mechanisms that
compensate for the effects of tDCS by returning
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network activity to its baseline levels after a sustained

increase in excitability (Iyer, Schleper, & Wassermann,
2003; Turrigiano, Leslie, Desai, Rutherford, & Nelson,
1998). This clearly has implications for the use of tDCS
in a therapeutic setting.

If these homeostatic mechanisms are indeed trig-
gered by tDCS, one might expect to see an aftereffect of
opposite sign after tDCS offset. Instead, we found a
behavioral effect with the same sign after tDCS offset
(in both experiments). It is possible that our ability to
resolve behavioral effects temporally is too coarse to
see a negative aftereffect (especially because some
homeostatic mechanisms operate on a scale of seconds;
Benucci, Saleem, & Carandini, 2013). In addition,
however, other mechanisms such as synaptic plasticity
have been implicated in the aftereffects of tDCS
(Liebetanz, Nitsche, Tergau, & Paulus, 2002; Nitsche,
Fricke, et al., 2003; Nitsche et al., 2005), and these may
mask any aftereffects of homeostatic regulation. Direct
investigations at the cellular level are needed to resolve
these issues of mechanism.

Clearly, uncertainty about the mode of action of
tDCS limits the forcefulness with which we can draw
conclusions from our experiments, and it is possible
that some of our conclusions (and those of others) may
have to be revisited once a better mechanistic under-
standing of tDCS has been developed. With that
caveat, we continue the discussion based on the
common, but simplifying, assumption that excitability
is typically increased beneath an anode and decreased
beneath a cathode (Nitsche & Paulus, 2000).

Motor control

We placed the electrodes at P3 and P4 to maximize
the induced electric fields in the PPC, and to maximize
behavioral effects by increasing excitability in one
hemisphere and decreasing it in the other hemisphere.
Even though recent studies support the focality of
transcranial electrical stimulation to a particular brain
region by showing specific behavioral and/or BOLD
signal changes related to the stimulated area (Antal,
Polania, Schmidt-Samoa, Dechent, & Paulus, 2011;
Antal et al., 2004; Meinzer et al., 2012), we cannot
eliminate the possibility of current spread to regions
beyond the PPC (Wagner et al., 2007). Of particular
relevance in this context is the possibility that current
spread to motor cortex may have altered the subject’s
localization response (without changing their percept).
However, if current spread to motor cortex were the
sole cause of the behavioral effects, one would expect to
see changes in reaction time (Gandiga, Hummel, &
Cohen, 2006) or in the accuracy of the movements
(Vines, Nair, & Schlaug, 2006). We found no evidence
for this. Alternatively, if tDCS changed excitability in
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the motor region of the right hand, one may expect, for
instance, that anodal stimulation over the left PPC
would generate larger amplitude responses. Instead, we
found an overall foveal bias regardless of centroid
position. Therefore, we conclude that our effects are
not simply due to changes in the motor response but
reflect changes in perception driven by the modulation
of the PPC.

Mechanisms underlying the behavioral effect

Our data show that tDCS of the PPC induced
changes in perceived centroid position. Since the
involvement of the PPC in spatial localization is
complex, our stimulation protocol may have affected a
number of neural mechanisms that affected the
perceived centroid position. In our view a modulation
of the mechanisms underlying attention is the most
likely because the tDCS-induced mislocalization was
similar to the mislocalization induced by exogenous
attentional cues, but we also discuss alternative or
additional explanations here.

The interhemispheric competition theory of atten-
tion (ICT) provides a useful framework to interpret our
findings. The ICT states that homologous frontal
and/or parietal cortical regions across hemispheres
function as opponent processors through reciprocal
inhibition (J. D. Cohen et al., 1994; Kinsbourne, 1977).
An asymmetry of activation in these opponent pro-
cessors drives the allocation of attention (Reuter-
Lorenz, Kinsbourne, & Moscovitch, 1990; Szczepanski
& Kastner, 2013) such that the more activated
hemisphere biases attention and thereby localization
towards its contralateral visual field. This is consistent
with findings in hemispatial neglect (M. S. Cohen &
Bookheimer, 1994); a lesion of the right parietal cortex
disinhibits the left parietal cortex, which results in
increased attention to the right visual field, and
therefore a mislocalization towards that visual field (as
demonstrated in, for instance, a line bisection task;
Bisiach, Bulgarelli, Sterzi, & Vallar, 1983). A number of
previous stimulation studies also provide support for
the ICT. For instance, disruption of the right PPC with
transcranial magnetic stimulation induces leftward
errors in line bisection (Brighina et al., 2002; Fierro et
al., 2000) and anodal stimulation of the lesioned
hemisphere in neglect patients (or cathodal stimulation
of the nonlesioned hemisphere) reduces spatial deficits
in a line bisection task (Ko, Han, Park, Seo, & Kim,
2008; Sparing et al., 2009). Our main findings (Figure 2,
3, 5, and 6) provide additional support in healthy
observers by showing that dual (anodal/cathodal)
stimulation of the PPC in the two hemispheres induced
mislocalization towards the hemifield contralateral to
the anode. In our experiments there was no statistically
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significant interaction between the location of the
attentional cue and the effect of tDCS. In other words,
tDCS’ putative effect on the attentional opponency was
additive. We note, however, that the ICT also predicts
that mislocalization with rPPCa stimulation should
have the opposite sign of the mislocalization induced
with rPPCc relative to baseline (sham). This prediction
was rejected by our findings (Figures 4 and 7). If tDCS
indeed only generates an additive change in excitability
(see above), this implies that the competition/interac-
tion between the two hemispheres is not well described
by a simple linear subtraction. Given the large number
of parietal regions that are potentially involved in the
allocation of attention, and the complexity of their
interaction (Szczepanski & Kastner, 2013; Szczepanski
et al., 2010), this may not be too surprising.

A second possible mechanism is that tDCS may have
interfered with a preattentive visual representation of
the dot stimuli in the PPC. For instance, altering the
balance of activation between left and right PPCs may
have boosted signal or reduced noise (Vicario, Martino,
& Koch, 2013) in a lateralized manner, which could
result in mislocalization.

Finally, neurons in the PPC are known to have eye-
centered receptive fields (Hartmann, Bremmer, Al-
bright, & Krekelberg, 2011), which are modulated by
eye position (Andersen, Essick, & Siegel, 1985). Our
recent work in the macaque monkey has demonstrated
that these representations can account for a foveal bias
(Morris, Bremmer, & Krekelberg, 2013), as well as
mislocalization during eye movements (Morris et al.,
2012). This implies that modulating the activity of the
PPC by tDCS also modulates an internal eye position
signal (but not eye position itself, as shown above). For
instance if higher firing rates in the right PPC
correspond to eye positions to the right of the midline,
then increased excitability of the right PPC (rPPCa
montage) would result in a rightward error in the eye
position signal and therefore rightward mislocalization
(Morris et al., 2012). This argument hinges on the
assumption of a particular hemispheric bias in the eye
position signal; such biases have been found in primary
visual cortex (Durand, Trotter, & Celebrini, 2010), but
not in parietal cortex of the macaque (Bremmer,
Distler, & Hoffmann, 1997). A more quantitative
assessment of the viability of this mechanism therefore
requires more insight into the nature of eye position
signals in the human PPC (Merriam, Gardner, Mov-
shon, & Heeger, 2013).

Conclusions

Applying dual tDCS to the right and left PPC
generated mislocalizations similar to those found after
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the presentation of an exogenous visual cue. This
supports the causal involvement of the PPC in visual
localization and suggests that the balance of activation
between the hemispheres is a determining factor in
localization. We also found a novel time course for
tDCS-induced behavioral effects; there were short-term
effects that dissipated while tDCS was still being applied,
and aftereffects that arose after the offset of tDCS.

Keywords: visual localization, spatial attention,
transcranial electrical stimulation, interhemispheric
competition, position perception
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