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The Behavioral Effects of tDCS on Visual Search Performance Are Not Influenced by the Location of the Reference Electrode
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We investigated the role of reference electrode placement (ipsilateral v contralateral frontal pole) on conjunction visual search task performance when the transcranial direct current stimulation (tDCS) cathode is placed over right posterior parietal cortex (rPPC) and over right frontal eye fields (rFEF), both of which have been shown to be causally involved in the processing of this task using TMS. This resulted in four experimental manipulations in which sham tDCS was applied in week one followed by active tDCS the following week. Another group received sham stimulation in both sessions to investigate practice effects over 1 week in this task. Results show that there is no difference between effects seen when the anode is placed ipsi or contralaterally. Cathodal stimulation of rPPC increased search times straight after stimulation similarly for ipsi and contralateral references. This finding does not extend to rFEF stimulation. However, for both sites and both montages, practice effects as seen in the sham/sham condition were negated. This can be taken as evidence that for this task, reference placement on either frontal pole is not important, but also that care needs to be taken when contextualizing tDCS “effects” that may not be immediately apparent particularly in between-participant designs.
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INTRODUCTION

Transcranial direct current stimulation (tDCS) involves passing an electrical current from an anode to a cathode (Been et al., 2007; Sparing and Mottaghy, 2008) resulting in a change in neuronal excitability. Anodal stimulation increases the likelihood of neuronal firing under that electrode, widely believed to lead to improvements in task performance (Kincses et al., 2003; Nitsche et al., 2003c; Fregni et al., 2005; Bolognini et al., 2010). Conversely, cathodal stimulation reduces neuronal firing (Nitsche and Paulus, 2000; Antal et al., 2006; Been et al., 2007) and is associated with deficits in performance or increasing thresholds for phosphene detection by reducing excitability (Nitsche and Paulus, 2000, 2001; Antal et al., 2003; Nitsche et al., 2003a; Berryhill et al., 2010).

The use of tDCS to understand the neural function in cognitive tasks typically however takes a bipolar non-balanced approach (Nasseri et al., 2015), investigating the region of interest over which the cathode or anode is placed. The complementary electrode is termed simply the reference electrode and is placed most often over the contralateral frontal pole (Nitsche et al., 2008; Stagg and Nitsche, 2011). This approach, at best denigrates, or at worst ignores, the possible involvement that modulation of the underlying frontal regions may have in the processing of the cognitive task at hand. Furthermore, modulation of activity in this region may contribute to the detriment/improvement in function following stimulation. In the experiment reported in this paper, we sought to evaluate the role of the reference electrode in a task which has been extensively investigated with respect to neurostimulation and underpinning functional networks.

Imaging studies have shown that the effects of tDCS are not limited to the sites of the two electrodes but rather widespread brain regions are modulated (Lang et al., 2005; Priori et al., 2009; Polanía et al., 2010; Pena-Gomez et al., 2011; Ellison et al., 2014), and given the number of factors influencing neuronal modulation, computer models have been critical to understanding the patterns of neuronal firing following tDCS (Bikson and Datta, 2012). Ranging in complexity these models take into account both anatomical differences (for example, Sadleir et al., 2010) and experimenter defined stimulation parameters (Wagner et al., 2007; Datta et al., 2008). While maximum current is discharged directly below the electrodes (Bai et al., 2012) the placement of both the active and reference electrodes affects neuromodulation under the active electrode (Bikson et al., 2010).

While computer models have been invaluable in directing stimulation practices and allowing predictions to be made about the regions of effect for different electrode placements, and electrode montage categories (for example, Nasseri et al., 2015) it is not clear what the consequences of different electrode placements are on behavior. One study evaluating the behavioral consequences of electrode placement on MEP thresholds, found a negative correlation between the distance between the two electrodes and the degree of neuronal modulation (Moliadze et al., 2010), mirroring model predictions (Datta et al., 2008, 2009). However, data looking at the effect of electrode placement on cognitive behavior are lacking. Here we sought to evaluate the behavioral consequences of cathodal stimulation in both a unilateral-bipolar montage and a bilateral bipolar-nonbalanced montage. Two regions of interest were investigated (right frontal eye fields [rFEF] and right posterior parietal cortex [rPPC]) in one behavioral task (conjunction visual search).

Both the frontal eye fields (FEFs) and the right posterior parietal cortex (rPPC) are involved in visual search as shown by imaging studies (Corbetta et al., 1991; Corbetta and Shulman, 1998; Donner et al., 2002). Furthermore, transcranial magnetic stimulation (TMS) studies have demonstrated that these areas have a causal involvement in visual search, particularly in conjunction searches (Ashbridge et al., 1997; Ellison et al., 2003; Muggleton et al., 2003; O'Shea et al., 2006; Anderson et al., 2007; Lane et al., 2011, 2012). We have previously demonstrated (using a contralateral frontal pole electrode) that while the effects of anodal stimulation to both rPPC and rFEF are no different than those in a sham stimulation condition, the application of cathodal stimulation to these two areas resulted in different effects (Ball et al., 2013). When applied to rPPC, cathodal stimulation resulted in a slowing in search times for trials completed when the stimulation was being applied and the typical search time benefit of practice over subsequent blocks was not observed after the stimulation had ceased. Conversely, when cathodal stimulation was applied to rFEF search times were no different to sham search times.

Given these observations, the current study is restricted to cathodal stimulation only.

For both sites, the anode was either above the participant's left supraorbital cortex (contralateral to the cathode) or above the participant's right supraorbital cortex (ipsilateral to the cathode) to allow us to investigate whether search behavior is influenced by the position of the reference electrode. Placing the reference electrode over the supraorbital cortices was chosen due to the prevalence of this montage in the current transcranial electrical stimulation literature (see Stagg and Nitsche, 2011).

METHODS

Participants

Thirty five participants (14 male) took part in this experiment took part in this experiment (age range 18–41 years, mean age 23.7, SD = 5.7, 27 right handers). Participants were randomly assigned to one of five conditions. All participants were from Durham University and had normal or corrected-to-normal vision. Participant selection complied with the current guidelines for repetitive tDCS research and this study was carried out in accordance with the recommendations of Durham University Ethics committee with written informed consent from all participants. All participants gave written informed consent in accordance with the Declaration of Helsinki and with the approval of Durham University Ethics Advisory Committee.

Stimuli Presentation

The experiment was run on an IBM compatible personal computer with a 16-inch monitor (1,024 by 768 resolution, refresh rate 60 Hz) and was programmed using E-prime (Psychology Software Tools Inc., Pittsburgh, PA, USA). The viewing distance was 57 cm and the center of the screen was at eye level, with a chin rest being used to ensure that this was maintained. The experiment was completed in a dark room.

Visual Search Task

The search arrays consisted of red and green lines on a black background (Figure 1). The target was always a red forward slash (oriented at 45° from vertical) and distractors were green forward slashes and red backslashes (oriented at −45° from vertical). Search arrays contained 12 items: in target present trials there was one target and 11 distractors (five red backslashes and six green forward slashes), and in target absent trials there were 12 distractors (six red backslashes and six green forward slashes). The target was present on 50% of trials and appeared on the left and right side of the array equally. Each line measured 2.5° of visual angle in length and 0.4° of visual angle in width. The whole screen measured 32° of visual angle horizontally and 24° vertically. The 12 items in each search array were randomly placed into a 10 × 6 virtual grid to prevent items overlapping.
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FIGURE 1. Schematic of the experimental procedure and timing information. Note, the solid lines and dashed lines were solid red and solid green lines respectively in the displays presented to participants.



Procedure

At the beginning of each trial a white fixation cross (0.5° of visual angle) was presented centrally for 500 ms. This was followed immediately by the search array. Participants had to decide as quickly and as accurately as possible whether the target was present or absent, and make the corresponding key-press response (Cedrus RB-620 button box, San Pedro, California). The search array remained on the screen until the participant responded. A blank screen was then presented for a variable duration (from 3,000 to 5,000 ms) before the next trial was initiated. No feedback about whether the correct response was made was given. Participants completed two testing sessions, separated by 1 week. In each session participants completed five blocks of visual search trials (30 target present and 30 target absent trials randomly presented per block). Each block took approximately 6 min to complete. Upon completion of the first block of the session participants received 15 min of tDCS (or sham stimulation depending on session), after which they completed the remaining four blocks of trials at 15 min intervals. The timeline of the experiment is illustrated in Figure 1. In the time between blocks participants sat quietly until they were instructed to start the next block. All participants received Sham stimulation in week 1, providing each participant with their own baseline to which their search times after tDCS were compared.

Transcranial Direct Current Stimulation

The two rubber electrodes were placed in two sponge pouches (7 × 5 cm) which had been soaking in a physiologically active saline solution. A rubber strap was used to hold the two electrodes in place. tDCS was applied using a Magstim Eldith DC stimulator for 15 min at a current intensity of 1.0 mA. This level of stimulation was selected given previous reports that 1.0 mA is sufficient at inducing measureable changes in performance (Rogalewski et al., 2004; Fregni et al., 2006; Stagg et al., 2009). Stimulation protocol complied with the current safety guidelines for tDCS (Nitsche et al., 2003b). In the second testing session, participants in all but the sham condition, received 15 minutes of stimulation, whereby the cathode (active) electrode was placed over either the right posterior parietal cortex (rPPC) or the right frontal eye field (rFEF). The anode (reference) electrode was placed either above the participant's left supraorbital cortex (contralateral to the cathode) or above the participant's right supraorbital cortex (ipsilateral to the cathode). In the first testing session all participants received stimulation for only 30 s; consequently they experienced the initial itching sensation associated with real stimulation but insufficient current for any neuronal modulation; therefore, participants were not aware which stimulation condition they were experiencing in each week. A between-groups design was used whereby participants only completed one condition: rPPC with an ipsilateral reference, rPPC with a contralateral reference, rFEF with an ipsilateral reference, rFEF with a contralateral reference, or sham stimulation (Sham) whereby participants received sham stimulation in both sessions.

The rPPC was measured as being 9 cm dorsal and 6 cm lateral to the right of the mastoid-inion as this corresponds with the angular gyrus known for its role in visual search tasks using TMS (Ashbridge et al., 1997; Ellison and Cowey, 2009). The rFEF site was located at 5 cm lateral toward the right and 4 cm anterior from the vertex, corresponding with the confluence of the right pre-central gyrus and right superior frontal gyrus, the location of rFEF (Paus, 1996). The locations of the two brain sites are shown in Figure 2. The area of stimulation was defined by the size of the electrodes (Peterchev et al., 2011), thus, precise functional localization of the sites of interest was not necessary and centring the electrode over the known regions was sufficient.
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FIGURE 2. Locations of tDCS sites: (A) Right FEF and (B) Right PPC.



RESULTS

Data Analysis

Analyses were carried out on reaction times for target present trials only. Participants were correct on 95.9% of target present trial and this was not significantly different between testing sessions [Session 1: M = 95.3%; Session 2: M = 96.4%, t(34) = −1.898, p = 0.066] Responses to incorrect trials were removed, as were search times more than two standard deviations above or below the individual's mean (9.6% of correct present trials were excluded on these grounds). All data were tested for normality using the Shapiro–Wilk statistic; the data were normal unless otherwise stated. Inferential statistics used a significance level of p < 0.05, except when multiple comparisons were performed, when a Bonferonni correction was applied.

Global Analysis

A mixed model ANOVA with the between group factors of Site (rFEF, rPPC) and Reference Placement (Contralateral, Ipsilateral) and the within group factors of Block (1–5) and Session (1, 2) was performed (this analysis did not include the data from the participants who “received” sham stimulation in both sessions). The analysis revealed significant main effects of Session, F(1, 24) = 30.12; p < 0.05, and Block, F(4, 96) = 5.29; p < 0.05. The interaction between Session and Block was also significant, F(4, 96) = 6.17; p < 0.05. As all participants received sham stimulation in session 1 and cathodal tDCS in session 2 this interaction suggests that search times in the second session are being modulated by either the effect of practice or by the application of tDCS. The main effect of Site was not statistically significant (p = 0.441), and of interest the main effect of Reference Placement (p = 0.144), along with all other interactions, were not significant.

To investigate the Session x Block interaction, an analysis regarding the equivalence of sham reaction times across groups was first performed, followed by separate analyses for each stimulation condition.

Session 1 Search Times

Each participant completed two testing sessions with all participants receiving sham stimulation in the first session, thus each participant has their own sham data enabling within participant comparisons to be made. To ensure that the sham data across the five participant groups are equivalent an ANOVA with the within groups factor of Block (1–5) and the between group factor of Stimulation Condition (rPPC Ipsilateral, rPPC Contralateral, rFEF Ipsilateral, rFEF Contralateral, and Sham) was performed on search times from the first testing session only. The analysis revealed a significant main effect of Block, F(4, 120) = 10.33; p < 0.05, a non-significant main effect of Stimulation Condition (p = 0.323), and a non-significant interaction between Block and Stimulation Condition (p = 0.311). Therefore, we can be confident that the Sham data for each condition are not significantly different from each other. Furthermore, a one-factor ANOVA for the five stimulation conditions found no difference in search times at Block 1 (p = 0.164).

Sham Stimulation in Both Sessions

Analyzing only the search times of those participants who received sham stimulation in both sessions allows us to separate the effects of practice and the effects of tDCS on search times. This data is shown in Figure 3A. A 2 × 5 repeated measures ANOVA with the factors of Session (1, 2) and Block (1–5) revealed a significant main effect of Session, F(1, 6) = 7.31; p < 0.05, such that search times were slower in Session 1 (M = 916.59, SE = 47.2) compared to Session 2 (M = 837.55, SE = 25.8). While the main effect of Block was also significant, F(4, 24) = 5.35; p < 0.05, the interaction between Session and Block was not statistically significant (p = 0.317). To provide an overall measure of search performance search time comparisons are made between the first and fifth blocks of each session. In both sessions participants became significantly faster between the first and fifth blocks of trials [Session 1: t(6) = 3.77; p = 0.009, mean reduction of 135.83 ms, SE = 36.1, r2 = 0.703; Session 2: t(6) = 3.17; p = 0.019, mean reduction of 55.53 ms, SE = 17.5, r2 = 0.626]. Given that a reduction in search times, albeit a smaller reduction, was observed in the second session, which we credit to further practice with the task, we compare search times for each site and electrode montage separately.
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FIGURE 3. Graphs showing the mean search times (ms) for the five stimulation conditions: (A) Sham group; (B) cathode over rPPC and a contralateral reference; (C) cathode over rPPC and an ipsilateral reference; (D) cathode over rFEF and a contralateral reference; (E) cathode over rFEF and an ipsilateral reference. The solid lines and filled circles represent session 1 data (all participants received sham stimulation in this session). The dashed lines and open circles represent session 2 data. A one factor ANOVA found no difference between the five stimulation conditions at the first block in Session 2 (p = 0.235). Error bars represent ±1 standard error of the mean for each condition.



Stimulation of rPPC with a Contralateral Reference Electrode

The ANOVA with the factors of Session (1, 2) and Block (1–5) revealed a significant main effect of Session, F(1, 6) = 13.6; p < 0.05, such that search times were slower in Session 1 (M = 1,019.97, SE = 60.4) compared to Session 2 (M = 940.13, SE = 63.8). While the main effect of Block was not significant (p = 0.077), the Session by Block interaction was significant, F(4, 24) = 3.31; p < 0.05, indicating that search performance was different across the two sessions (see Figure 3B). Comparing search times between the first and fifth blocks, while participants became significantly faster across the five blocks in Session 1, t(6) = 2.77; p = 0.032, r2 = 0.561, with a mean reduction of 141.14 ms (SE = 51.1), in Session 2 search times did not change (p = 0.654, increase of 15.97 ms, SE = 33.9). Based on the data of participants who received sham stimulation in both sessions (presented in Figure 3A) a reduction in search times was expected across the five blocks of session 2; therefore, it appears that the application of cathodal tDCS to rPPC with a contralateral reference electrode is negating the practice effect. tDCS was applied after the first block of the second session and the slowing in search times between blocks 1 and 2 of the second session is statistically significant, t(6) = 4.28; p < 0.05 (mean slowing of 61.82 ms, SE = 14.5). This is seen in Figure 3B.

Stimulation of rPPC with an Ipsilateral Reference Electrode

The ANOVA with the factors of Session (1, 2) and Block (1–5) revealed a significant main effect of Session, F(1, 6) = 7.47; p < 0.05, such that search times were slower in Session 1 (M = 836.52, SE = 38.9) compared to Session 2 (M = 769.57, SE = 32.2). While the main effect of Block was not significant (p = 0.126), the Session by Block interaction was again significant, F(4, 24) = 4.06; p < 0.05. Comparing search times between the first and fifth blocks, while participants became significantly faster across the five blocks in Session 1, t(6) = 2.53; p = 0.045, r2 = 0.516 with a mean reduction of 43.97 ms (SE = 17.4), in Session 2 search times did not change between the first and fifth blocks (p = 0.659, reduction of 14.56 ms, SE = 31.4). Again, it would appear that cathodal tDCS is negating the expected speeding in search times (see Figure 3C). Similar to the rPPC contralateral data, there was a significant slowing of search time between the first two blocks of the second session, t(6) = 2.85; p < 05, r2 = 0.575 (M = 73.10 ms, SE = 25.6).

Stimulation of rFEF with a Contralateral Reference Electrode

The ANOVA with the factors of Session (1, 2) and Block (1–5) revealed a significant main effect of Session, F(1, 6) = 7.14; p < 0.05, such that search times were slower in Session 1 (M = 888.91, SE = 60.1) compared to Session 2 (M = 807.70, SE = 63.2). The main effect of Block was not significant (p = 0.165), and likewise the Session by Block interaction (p = 0.240). Comparing search times between the first and fifth blocks of a session, while participants became faster across the five blocks in Session 1, t(6) = 2.45; p = 0.050 (which does not survive correction for multiple comparisons) with a mean reduction of 64.55 ms (SE = 26.3, r2 = 0.500), in Session 2 search times were no different between Blocks 1 and 5 (p = 0.332, increase of 18.90 ms, SE = 17.9, see Figure 3D). There was no significant difference in search times between the first two blocks of the second session (p = 0.088, M = 52.61 ms, SE = 25.9).

Stimulation of rFEF with an Ipsilateral Reference Electrode

The ANOVA with the factors of Session (1, 2) and Block (1–5) revealed a marginally non-significant main effect of Session (p = 0.068, with search times slower in Session 1: M = 870.21, SE = 96.7; compared to the Session 2: M = 804.34, SE = 74.3). The main effect of Block was non-significant (p = 0.290), and likewise there was non-significant Session by Block interaction (p = 0.847). Participants were faster in the fifth block of Session 1 with respect to the first with a mean reduction of 71.65 ms (SE = 35.6) however this did not reach significance (p = 0.091). The comparable difference in Session 2 was 35.52 (SE = 44.8, p = 0.458, see Figure 3E). There was no significant difference in search times between the first two blocks of the second session (p = 0.652, M = 15.23 ms, SE = 32.1).

Comparing Electrode Placements: Normalized Effects—Immediate tDCS Effects

With the exception of the participants who received Sham stimulation in both sessions, all other participants received tDCS in the second session. The first block of trials of the second session was completed before the stimulation; therefore, providing a within session baseline of search performance, and the second block of trials of this session was completed immediately after the stimulation had ceased. Comparing search times for these two blocks of trials provide a measure of the immediate within-participant effects of tDCS. We calculated the percentage change in search times between these two blocks to provide a normalized immediate tDCS effect allowing between group comparisons to be made. For each participant the following equation was used: (Block 2 search time—Block 1 search time)/(Block 1 search time) × 100/1, with a positive number indicating that search times became slower between Blocks 1 and 2. The mean normalized immediate tDCS effect was then calculated for each group of participants. Independent samples t-tests found no difference between the immediate tDCS effects for the two rPPC groups (Contralateral: M = 6.83, SE = 1.6, Ipsilateral: M = 9.92, SE = 3.4, p = 0.431), or between the two rFEF groups (Contralateral: M = 5.93, SE = 2.8, Ipsilateral: M = 2.28, SE = 3.3, p = 0.414, see left hand panel of Figure 4). This further suggests that the tDCS effects were not modulated by reference electrode placement.
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FIGURE 4. Normalized tDCS effects expressed as a percentage of search times to Block 1 of session 2 (the block prior to the application of tDCS). Immediate tDCS effects compare search times between blocks 1 and 2 and long-term tDCS effects compare search times between blocks 1 and 5. A positive number indicates slower search times following tDCS. *p < 0.05. Error bars represent ± 1 standard error of the mean for each condition.



There was a significant difference between the normalized immediate tDCS effects in the rPPC Ipsilateral and Sham groups (Sham: M = −3.40, SE = 3.0, t(12) = 2.90; p = 0.013, Cohen's d: 1.55), and likewise between the rPPC Contralateral and Sham groups, t(12) = 3.00; p = 0.011, Cohen's d: 1.602. There was no difference between the normalized immediate tDCS effects in the rFEF Ipsilateral and Sham groups (p = 0.225), and between the rFEF Contralateral and Sham groups [t(12) = 2.25; p = 0.044, not significant when correcting for multiple comparisons].

Comparing Electrode Placements: Normalized Effects—Long-term tDCS Effects

The percentage change in search times between the first and fifth blocks of session 2 was calculated to provide with a normalized long-term tDCS effect. The following equation was used for each participant (Block 5 search time—Block 1 search time)/(Block 1 search time) × 100/1, with a positive number indicating that search times became slower between Blocks 1 and 5. Independent samples t-tests found no difference between the long-term tDCS effects for the two rPPC groups (p = 0.403), or between the two rFEF groups (p = 0.336, see right hand panel of Figure 4).

There was no difference between the long-term tDCS effects in the rPPC Ipsilateral and Sham groups (p = 0.369), and likewise between the rPPC Contralateral and Sham groups (p = 0.054), rFEF Ipsilateral and Sham groups showed no significant difference between the immediate tDCS effects (p = 0.543); however, between the rFEF Contralateral and Sham groups, there was a significant difference in the magnitude of the normalized long-term tDCS effects [t(12) = 2.840, p = 0.015, Cohen's d: 2.213].

DISCUSSION

Our primary question related to whether or not the placement of the reference electrode, which in this case was the anode, on either the ipsilateral or contralateral frontal pole, would modulate task performance when the cathode was placed either over rFEF or rPPC, two sites known to be causally involved in conjunction visual search (Ellison et al., 2003; Kalla et al., 2008). Whilst tDCS only had an immediate effect in the cathodal rPPC condition, the effect was similar when the reference (anode) was placed ipsilaterally and contralaterally. Previously we reported the same slowing in search times when participants were performing the search task with concurrent cathodal rPPC stimulation (Ball et al., 2013); however, here the same effects were observed for searches completed immediately after the stimulation period. This demonstrates that the effect of stimulation is robust to online and offline effects (see Stagg and Nitsche, 2011) in addition to the reference montage.

However, in each condition (site or montage), tDCS negated any decreases in search time associated with practice. As tDCS can modulate neuronal firing patterns for up to 90 minutes after the end of the stimulation period (Nitsche and Paulus, 2001; Nitsche et al., 2003a) participants completed four blocks of trials at 15 min intervals after stimulation ceased. For both electrode montages, search times were no different between the block of trials preceding stimulation and the block of trials that started 45 min after the end of stimulation. Whilst on the face of it this lack of a change in search times before and after stimulation appears to suggest that cathodal stimulation had no lasting behavioral effect on search performance, it is necessary to consider the task we used in greater detail. Participants completed two testing sessions, each consisting of five blocks of trials, and cathodal stimulation was applied in the second session only. While search times decreased significantly across the five blocks of the first session for both the contralateral and ipsilateral placements, search times were no different across the five blocks in the second testing sessions. Based on the data we collected from participants who did not receive any stimulation in either session, a speeding in search times was expected in both sessions. Therefore, while it appears that cathodal stimulation is not having a behavioral effect in the second session, it is actually the case that the stimulation is negating the practice effect in the second testing session, replicating previous findings (Ball et al., 2013).

Previously, we observed that for cathodal stimulation to rFEF across the four blocks of the testing session search times became speeded (Ball et al., 2013), thus the finding here that search times did not change suggesting tDCS negated the excepted benefit of practice on search times, is contrary to our previous data. One notable difference between the two studies is that here participants completed two testing sessions with tDCS being applied in the second session only, while in the Ball et al. (2013) study, participants completed only one testing session. Practice with a visual search task will lead to an improvement in performance, typically observable by a reduction in search times, and with practice slow serial searches can become less laborious and become parallel searches in nature (Ahissar and Hochstein, 1997; Ellison and Walsh, 1998). It is possible that over the course of one testing session of visual search trials the benefits of practice on search times are more powerful than any effect of tDCS on search times, hence why we saw no effect of tDCS in our previous one session experiment compared to the current two session experiment. Data from the sham-sham participant group here demonstrates that the greatest benefits are seen in the first session where search times became on average 136 ms faster between the first and fifth blocks of the session, compared to a more modest, although still statistically significant, reduction of 56 ms across the second session. It is increasingly apparent that a thorough understanding of the cognitive task being investigated is critical to evaluating the apparent varying effects of tDCS, especially for cathodal stimulation; for example, the apparent beneficial effect of cathodal stimulation stemming from filtering out noise from distracting stimuli and thus leading to an improvement in task performance (Weiss and Lavidor, 2012) and likewise here while at first glance it would appear cathodal stimulation is having no effect, this is not actually the case. Our theory of the behavioral effects of within- vs. between-participant designs should be however replicated with a larger sample size.

While clearly the route of the current is different for ipsilateral and contralateral reference electrode placement this had no effect on search behavior. Such counterbalancing of reference electrode provides an elegant control for any possible effects anodal stimulation of the frontal pole may be having in a visual search task. We can now say that changes in reaction time behavior seen following cathodal stimulation of rFEF and rPPC in a conjunction visual search task are related to activity in these regions, and not ancillary modulation of the left frontal pole. As the same effects were seen when the anode (reference) was placed over the left and right frontal poles, it is reasonable to assume that these regions are not involved in the processing of the visual search task to the point where increasing the likelihood that these neurons will fire will affect behavior in this task. Equally, it may mean that both areas have the same involvement. We believe there is more evidence to suggest the former is the more parsimonious explanation (see Nobre et al., 2003; Ellison et al., 2014). Our fMRI study which employed cathodal tDCS with contralateral pole reference placement before scanning the participant to investigate activations during the same visual search task showed widespread distal decreases in frontal activation only some of which might be related to the reference electrode (Ellison et al., 2014). It would therefore be important to replicate this and extend to ipsilateral placement of the reference to investigate differences in activity that may belie this apparently similar behavioral consequence bearing in mind the correlative nature of these activations.

As shown by Ellison et al. (2014), multi-technical approaches can been used to excellent effect to manage the correlation problem. We are now at a stage when the neuronal processes that underpin various aspects of visuospatial performance, from perception (Tseng et al., 2012) through to response selection (Yu et al., 2015) and inhibition (Liang et al., 2014) and visuospactial working memory (Hsu et al., 2014) can be elucidated using concurrent tDCS and EEG (employing multiscale entropy analyses) or tDCS and fMRI (for review see Juan et al., 2017). Only by modulating neural activity and recording changes directly in the brain may we begin to understand how behavior is modulated.

CONCLUSION

In answer to our research question of whether there is there a difference between ipsilateral and contralateral reference electrode placements, our findings demonstrate that there is not. In recent years with the increase in tDCS research it has become apparent that the “cathodal impairs and anodal improves” dichotomy is no longer appropriate especially when investigating cognitive performance (Jacobson et al., 2012). Alongside this it is critical to fully understand task you are using, including but not restricted to, the effects of practice, at an observable behavioral level but also at the neural level.

AUTHOR CONTRIBUTIONS

AE designed the experiments, helped with data collection, advised on analysis and co-wrote the paper. KB helped design the experiments, carried out data collection and analysis and co-wrote the paper. AL helped design the experiments, advised on analysis and co-wrote the paper.

ACKNOWLEDGMENTS

This work was supported by Animal Free Research UK.

REFERENCES

 Ahissar, M., and Hochstein, S. (1997). Task difficulty and the specificity of perceptual learning. Nature 387, 401–406. doi: 10.1038/387401a0

 Anderson, E. J., Mannan, S. K., Husain, M., Rees, G., Sumner, P., Mort, D. J., et al. (2007). Involvement of prefrontal cortex in visual search. Exp. Brain Res. 180, 289–302. doi: 10.1007/s00221-007-0860-0

 Antal, A., Kincses, T. Z., Nitsche, M. A., and Paulus, W. (2003). Modulation of moving phosphene thresholds by transcranial direct current stimulation of v1 in human. Neuropsychologia 41, 1802–1807. doi: 10.1016/S0028-3932(03)00181-7

 Antal, A., Nitsche, M. A., and Paulus, W. (2006). Transcranial direct current stimulation and the visual cortex. Brain Res. Bull. 68, 459–463. doi: 10.1016/j.brainresbull.2005.10.006

 Ashbridge, E., Walsh, V., and Cowey, A. (1997). Temporal aspects of visual search studied by transcranial magnetic stimulation. Neuropsychologia 35, 1121–1131. doi: 10.1016/S0028-3932(97)00003-1

 Bai, S., Loo, C., Al Abed, A., and Dokos, S. (2012). A computational model of direct brain excitation induced by electroconvulsive therapy: Comparison among three conventional electrode placements. Brain Stimul. 5, 408–421. doi: 10.1016/j.brs.2011.07.004

 Ball, K., Lane, A. R., Smith, D. T., and Ellison, A. (2013). Site-dependent effects of tdcs uncover dissociations in the communication network underlying the processing of visual search. Brain Stimul. 6, 959–965. doi: 10.1016/j.brs.2013.06.001

 Been, G., Ngo, T. T., Miller, S. M., and Fitzgerald, P. B. (2007). The use of tdcs and cvs as methods of non-invasive brain stimulation. Brain Res. Rev. 56, 346–361. doi: 10.1016/j.brainresrev.2007.08.001

 Berryhill, M. E., Wencil, E. B., Coslett, H. B., and Olson, I. R. (2010). A selective working memory impairment after transcranial direct current stimulation to the right parietal lobe. Neurosci. Lett. 479, 312–316. doi: 10.1016/j.neulet.2010.05.087

 Bikson, M., and Datta, A. (2012). Guidelines for precise and accurate computational models of tdcs. Brain Stimul. 5, 430–431. doi: 10.1016/j.brs.2011.06.001

 Bikson, M., Datta, A., Rahman, A., and Scaturro, J. (2010). Electrode montages for tdcs and weak transcranial electrical stimulation: Role of “return” electrode's position and size. Clin. Neurophysiol. 121, 1976–1978. doi: 10.1016/j.clinph.2010.05.020

 Bolognini, N., Fregni, F., Casati, C., Olgiati, E., and Vallar, G. (2010). Brain polarization of parietal cortex augments training-induced improvement of visual exploratory and attentional skills. Brain Res. 1349, 76–89. doi: 10.1016/j.brainres.2010.06.053

 Corbetta, M., Miezin, F. M., Dobmeyer, S., Shulman, G. L., and Petersen, S. E. (1991). Selective and divided attention during visual discriminations of shape, colour, and speed: functional anatomy by positron emission tomography. J. Neurosci. 11, 2383–2402.

 Corbetta, M., and Shulman, G. L. (1998). Human cortical mechanisms of visual attention during orienting and search. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353, 1353–1362. doi: 10.1098/rstb.1998.0289

 Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., and Bikson, M. (2009). Gyri-precise head model of transcranial direct current stimulation: Improved spatial focality using a ring electrode versus conventional rectangular pad. Brain Stimul. 2, 201–207. doi: 10.1016/j.brs.2009.03.005

 Datta, A., Elwassif, M., Battaglia, F., and Bikson, M. (2008). Transcranial current stimulation focality using disc and ring electrode configurations: fem analysis. J. Neural Eng. 5, 163–174. doi: 10.1088/1741-2560/5/2/007

 Donner, T. H., Kettermann, A., Diesch, E., Ostendorf, F., Villringer, A., and Brandt, S. A. (2002). Visual feature and conjunction searches of equal difficulty engage only partially overlapping frontoparietal networks. Neuroimage 15, 16–25. doi: 10.1006/nimg.2001.0951

 Ellison, A., Ball, K. L., Moseley, P., Dowsett, J., Smith, D. T., Weis, S., et al. (2014). Functional interaction between right parietal and bilateral frontal cortices during visual search tasks revealed using functional magnetic imaging and transcranial direct current stimulation. PLoS ONE 9:e93767. doi: 10.1371/journal.pone.0093767

 Ellison, A., and Cowey, A. (2009). Differential and co-involvement of areas of the temporal and parietal streams in visual tasks. Neuropsychologia 47, 1609–1614. doi: 10.1016/j.neuropsychologia.2008.12.013

 Ellison, A., Rushworth, M., and Walsh, V. (2003). The parietal cortex in visual search: a visuomotor hypothesis. Clin. Neurophysiol. 56, 321–330.

 Ellison, A., and Walsh, V. (1998). Perceptual learning in visual search: Some evidence of specificities. Vision Res. 38, 333–345. doi: 10.1016/S0042-6989(97)00195-8

 Fregni, F., Boggio, P. S., Nitsche, M., Bermpohl, F., Antal, A., Feredoes, E., et al. (2005). Anodal transcranial direct current stimulation of prefrontal cortex enhances working memory. Exp. Brain Res. 166, 23–30. doi: 10.1007/s00221-005-2334-6

 Fregni, F., Boggio, P. S., Santos, M. C., Lima, M., Vieira, A. L., Rigonatti, S. P., et al. (2006). Noninvasive cortical stimulation with transcranial direct current stimulation in parkinson's disease. Move. Disord. 21, 1693–1702. doi: 10.1002/mds.21012

 Hsu, T. Y., Tseng, P., Liang, W. K., Cheng, S. K., and Juan, C. H. (2014). Transcranial direct current stimulation over right posterior parietal cortex changes prestimulus alpha oscillation in visual short-term memory task. Neuroimage 98, 306–313. doi: 10.1016/j.neuroimage.2014.04.069

 Jacobson, L., Koslowsky, M., and Lavidor, M. (2012). Tdcs polarity effects in motor and cognitive domains: a meta-analytical review. Exp. Brain Res. 216, 1–10. doi: 10.1007/s00221-011-2891-9

 Juan, C. H., Tseng, P., and Hsu, T. Y. (2017). Elucidating and modulating the neural correlates of visuospatial working memory via noninvasive brain stimulation. Curr. Dir. Psychol. Sci. 26, 165–173. doi: 10.1177/0963721416677095

 Kalla, R., Muggleton, N. G., Juan, C. H., Cowey, A., and Walsh, V. (2008). The timing of the involvement of the frontal eye fields and posterior parietal cortex in visual search. Neuroreport 19, 1067–1071. doi: 10.1097/WNR.0b013e328304d9c4

 Kincses, T. Z., Antal, A., Nitsche, M. A., Bartfai, O., and Paulus, W. (2003). Facilitation of probabilistic classification learning by transcranial direct current stimulation of the prefrontal cortex in the human. Neuropsychologia 42, 113–117. doi: 10.1016/S0028-3932(03)00124-6

 Lane, A. R., Smith, D. T., Schenk, T., and Ellison, A. (2011). The involvement of posterior parietal cortex in feature and conjunction visuomotor search. J. Cogn. Neurosci. 23, 1964–1972. doi: 10.1162/jocn.2010.21576

 Lane, A. R., Smith, D. T., Schenk, T., and Ellison, A. (2012). The involvement of posterior parietal cortex and frontal eye fields in spatially primed visual search. Brain Stimul. 5, 11–17. doi: 10.1016/j.brs.2011.01.005

 Lang, N., Siebner, H. R., Ward, N. S., Lee, L., Nitsche, M. A., Paulus, W., et al. (2005). How does transcranial dc stimulation of the primary motor cortex alter regional neuronal activity in the human brain? Eur. J. Neurosci. 22, 495–504. doi: 10.1111/j.1460-9568.2005.04233.x

 Liang, W. K., Lo, M. T., Yang, A. C., Peng, C. K., Cheng, S. K., Tseng, P., et al. (2014). Revealing the brain's adaptability and the transcranial direct current stimulation facilitating effect in inhibitory control by multiscale entropy. Neuroimage 90, 218–234. doi: 10.1016/j.neuroimage.2013.12.048

 Moliadze, V., Antal, A., and Paulus, W. (2010). Electrode-distance dependent after-effects of transcranial direct and random noise stimulation with extracephalic reference electrodes. Clin. Neurophysiol. 121, 2165–2171. doi: 10.1016/j.clinph.2010.04.033

 Muggleton, N. G., Juan, C. H., Cowey, A., and Walsh, V. (2003). Human frontal eye fields and visual search. J. Neurophysiol. 89, 3340–3343. doi: 10.1152/jn.01086.2002

 Nasseri, P., Nitsche, M. A., and Ekhtiari, H. (2015). A framework for categorizing electrode montages in transcranial direct current stimulation. Front. Hum. Neurosci. 9:54. doi: 10.3389/fnhum.2015.00054

 Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A., et al. (2008). Transcranial direct current stimulation: state of the art 2008. Brain Stimul. 1, 206–223. doi: 10.1016/j.brs.2008.06.004

 Nitsche, M. A., Fricke, K., Henschke, U., Schlitterlau, A., Liebetanz, D., Lang, N., et al. (2003a). Pharmacological modulation of cortical excitability shifts induced by transcranial direct current stimulation in humans. J. Physiol. 553, 293–301. doi: 10.1113/jphysiol.2003.049916

 Nitsche, M. A., Liebetanz, D., Lang, N., Antal, A., Tergau, F., and Paulus, W. (2003b). Safety criteria for transcranial direct current stimulation (tdcs) in humans. Clin. Neurophysiol. 114, 2220–2222. doi: 10.1016/S1388-2457(03)00235-9

 Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human motor cortex by weak transcranial direct current stimulation. J. Physiol. 527, 633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

 Nitsche, M. A., and Paulus, W. (2001). Sustained excitability elevations induced by transcranial dc motor cortex stimulation in humans. Neurology 57, 1899–1901. doi: 10.1212/WNL.57.10.1899

 Nitsche, M. A., Schauenburg, A., Lang, N., Liebetanz, D., Exner, C., Paulus, W., et al. (2003c). Facilitation of implicit motor learning by weak transcranial direct current stimulation of the primary motor cortex in the human. J. Cogn. Neurosci. 15, 619–626. doi: 10.1162/089892903321662994

 Nobre, A. C., Coull, J. T., Walsh, V., and Frith, C. D. (2003). Brain activations during visual search: contributions of search efficiency versus feature binding. Neuroimage 18, 91–103. doi: 10.1006/nimg.2002.1329

 O'Shea, J., Muggleton, N. G., Cowey, A., and Walsh, V. (2006). On the roles of the human frontal eye fields and parietal cortex in visual search. Vis. Cogn. 14, 934–957. doi: 10.1080/13506280500197363

 Paus, T. (1996). Location and function of the human frontal eye-field: a selective review. Neuropsychologia 34, 475–483. doi: 10.1016/0028-3932(95)00134-4

 Pena-Gomez, C., Sala-Lonch, R., Junque, C., Clemente, I. C., Vidal, D., Bargallo, N., et al. (2011). Modulation of large-scale brain networks by transcranial direct current stimulation evidenced by resting-state functional MRI. Brain Stimul. 5, 252–263. doi: 10.1016/j.brs.2011.08.006

 Peterchev, A. V., Wagner, T. A., Miranda, P. C., Nitsche, M. A., Paulus, W., Lisanby, S. H., et al. (2011). Fundamentals of transcranial electric and magnetic stimulation dose: definition, selection, and reporting practices. Brain Stimul. 5, 435–453. doi: 10.1016/j.brs.2011.10.001

 Polanía, R., Paulus, W., Antal, A., and Nitsche, M. A. (2010). Introducing graph theory to track for neuroplastic alterations in the resting human brain: a transcranial direct current stimulation study. Neuroimage 54, 2287–2296. doi: 10.1016/j.neuroimage.2010.09.085

 Priori, A., Hallett, M., and Rothwell, J. C. (2009). Repetitive transcranial magnetic stimulation or transcranial direct current stimulation? Brain Stimul. 2, 241–245. doi: 10.1016/j.brs.2009.02.004

 Rogalewski, A., Breitenstein, C., Nitsche, M. A., Paulus, W., and Knecht, S. (2004). Transcranial direct current stimulation disrupts tactile perception. Eur. J. Neurosci. 20, 313–316. doi: 10.1111/j.0953-816X.2004.03450.x

 Sadleir, R. J., Vannorsdall, T. D., Schretlen, D. J., and Gordon, B. (2010). Transcranial direct current stimulation (tdcs) in a realistic head model. Neuroimage 51, 1310–1318. doi: 10.1016/j.neuroimage.2010.03.052

 Sparing, R., and Mottaghy, F. M. (2008). Noninvasive brain stimulation with transcranial magnetic or direct current stimulation (tms/tdcs) - from insights into human memory to therapy of its dysfunction. Methods 44, 329–337. doi: 10.1016/j.ymeth.2007.02.001

 Stagg, C. J., and Nitsche, M. A. (2011). Physiological basis of transcranial direct current stimulation. Neuroscientist 17, 37–53. doi: 10.1177/1073858410386614

 Stagg, C. J., O'Shea, J., Kincses, Z. T., Woolrich, M., Matthews, P. M., and Johansen-Berg, H. (2009). Modulation of movement-associated cortical activation by transcranial direct current stimulation. Eur. J. Neurosci. 30, 1412–1423. doi: 10.1111/j.1460-9568.2009.06937.x

 Tseng, P., Hsu, T. Y., Chang, C. F., Tzeng, O. J., Hung, D. L., Muggleton, N. G., et al. (2012). Unleashing potential: transcranial direct current stimulation over the right posterior parietal cortex improves change detection in low-performing individuals. J. Neurosci. 32, 10554–10561 doi: 10.1523/JNEUROSCI.0362-12.2012

 Wagner, T., Fregni, F., Fecteau, S., Grodzinsky, A., Zahn, M., and Pascual-Leone, A. (2007). Transcranial direct current stimulation: a computer-based human model study. Neuroimage 35, 1113–1124. doi: 10.1016/j.neuroimage.2007.01.027

 Weiss, M., and Lavidor, M. (2012). When less is more: evidence for a facilitative cathodal tdcs effect in attentional abilities. J. Cogn. Neurosci. 24, 1826–1833. doi: 10.1162/jocn_a_00248

 Yu, J., Tseng, P., Hung, D. L., Wu, S. W., and Juan, C. H. (2015). Brain stimulation improves cognitive control by modulating medial-frontal activity and preSMA-vmPFC functional connectivity. Hum. Brain Mapp. 36, 4004–4015. doi: 10.1002/hbm.22893

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Ellison, Ball and Lane. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-11-00520-g003.gif
gegeaee

IR EEER]





OPS/images/fnins-11-00520-g004.gif





OPS/images/fnins-11-00520-g001.gif
)






OPS/images/fnins-11-00520-g002.gif





OPS/images/cover.jpg
’ frontiers
in Neuroscience

The Behavioral Effects of tDCS on
Visual Search Performance Are Not
Influenced by the Location of the
Reference Electrode









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neuroscience





