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Recent research indicates that anodal transcranial direct current stimulation (tDCS) applied over the frontal eye field (FEF) can improve saccadic eye movement control in healthy young adults. The current research set out to determine whether similar results can be produced using a clinically practical protocol, whether tDCS applied over the dorsolateral prefrontal cortex (DLPFC) might also afford benefits, and whether benefits extend to older adults. Twenty young and 10 older adults completed two active (FEF and DLPFC) and one sham stimulation session. To aid clinical translation, the method of positioning the electrodes entailed simple measurements only. Saccadic performance following anodal tDCS applied over the FEF or DLPFC did not differ from the sham condition in either age group. Additionally, saccadic performance contralateral to the active electrodes showed no evidence of benefits over ipsilateral performance. These results call into question whether the protocol utilized can be applied effectively using only simple measurements to localize the relevant frontal subregion. Future efforts to develop a clinically practical tDCS protocol to improve saccadic eye movement control should include a sham control condition and consider adjusting the tDCS electrode montage and current strength to optimize the chances of conferring benefits in the population under study.
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Over the past 10 years, transcranial direct current stimulation (tDCS) has been widely used to modulate cortical excitability to the benefit of cognitive and motor functions, in both healthy and clinical populations (Stagg & Nitsche, 2011). However, studies investigating the effects of tDCS on control over eye movements have been scarce. Only recently evidence has emerged demonstrating that positively charged anodal tDCS applied over the frontal eye field (FEF) can be used to  improve saccadic eye movement control in healthy young adults (Kanai, Muggleton, & Walsh, 2012). Given that healthy aging and a large number of age-related clinical conditions (e.g., mild cognitive impairment and Alzheimer’s and Parkinson’s disease) are associated with reduced control over the eye movement system, particularly when a high level of strategic control is required (Avila et al., 2015; Bos & Machado, 2013; Peltsch, Hemraj, Garcia, & Munoz, 2011, 2014), findings in Kanai et al. (2012) are exciting as they suggest that anodal tDCS may be a useful therapeutic tool for improving voluntary control over the oculomotor system in impaired populations. Received January 30, 2017; Published June 5, 2017.
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Voluntary control over saccadic eye movements involves complex underlying neuromechanisms by which cortical oculomotor regions must be able to impose top-down regulation over subcortical oculomotor regions (Johnston & Everling, 2008). The antisaccade paradigm (Hallett, 1978) is a tool commonly used for behavioral measurement of voluntary control over saccadic eye movements. A successful antisaccade involves moving the eyes in the opposite direction when a stimulus suddenly appears in the peripheral visual field. This capability involves two control processes: 1) suppressing an unwanted reflexive prosaccade toward the peripheral stimulus; 2) voluntarily generating an eye movement away from the peripheral stimulus to the mirror position (Machado & Rafal, 2000; Munoz & Everling, 2004). The frontal subregions most commonly posited to underpin accurate performance of antisaccades are the FEF and dorsolateral prefrontal cortex (DLPFC; Luna, Velanova, & Geier, 2008; Pierrot-Deseilligny, Muri, Nyffeler, & Milea, 2005). However, as reviewed in Chen and Machado (2016), the contributions of the FEF and DLPFC to the suppression of reflexive prosaccades and the generation of correct antisaccades remain unclear. While the literature is in agreement that the FEF is the key region supporting generation of volitional eye movements, there is disagreement as to which frontal subregion supports suppression of reflexive eye movements. Specifically, some have reported evidence implicating the FEF as the key region supporting suppression of reflexive eye movements (Machado & Rafal, 2004), while others have claimed that DLPFC (Brodmann’s area 46) plays the main role in suppressing reflexive eye movements, as reviewed in Pierrot-Deseilligny, Milea, and Muri (2004). 
The one study (Kanai et al., 2012) that assessed the influences of tDCS over cerebral cortex on oculomotor behavior found that in healthy young adults anodal tDCS over the FEF influenced subsequent antisaccade performance such that reflexive errors were reduced contralaterally without any effect on correct antisaccade latencies, and in addition subsequent correct prosaccade latencies were shortened contralaterally. These findings indicate that while anodal tDCS over the FEF facilitates suppression of unwanted contraversive reflexive eye movements, it also speeds the latencies of wanted contraversive reflexive eye movements. These anodal tDCS benefits peaked 10 to 30 minutes post stimulation. In this seminal study, electrode positioning over the FEF was determined based on predefined standardized coordinates using structural magnetic resonance imaging (MRI) of each individual. In the current study, we tested whether the benefits reported in Kanai et al. (2012) can be induced using a more clinically practical protocol that does not entail expensive tools or time consuming procedures (e.g., MRI) to determine electrode positioning, as using such tools falls outside available resources in many clinical settings. 
In addition to assessing anodal tDCS over the FEF, in the current study we assessed whether applying anodal tDCS over DLPFC might also benefit saccadic eye movement control, especially with respect to suppressing unwanted reflexive saccades, as one might predict based on human brain lesion studies (Pierrot-Deseilligny et al., 2003; Pierrot-Deseilligny, Rivaud, Gaymard, & Agid, 1991; Ploner, Gaymard, Rivaud-Pechoux, & Pierrot-Deseilligny, 2005). Furthermore, in the current study, we assessed whether saccadic eye movement control benefits extend to older adults. Ample evidence from non-oculomotor studies indicates tDCS confers more robust cognitive benefits in older adults (Hsu, Ku, Zanto, & Gazzaley, 2015), presumably due to far more room for improvement and thus greater potential for benefit. However, no studies to date have assessed whether the same applies to saccadic eye movement control. In testing the efficacy of tDCS to improve saccadic eye movement control, we compared oculomotor behavior ipsilateral versus contralateral to the anodal electrode (as per Kanai et al., 2012) and we also included a sham control condition (in contrast to Kanai et al., 2012). This enabled us to determine whether performance contralateral to the FEF and DLPFC electrodes was superior to ipsilateral performance, and also whether it was superior to performance contralateral to sham stimulation.
In sum, the purpose of the current study was threefold: 1) determine whether benefits of anodal tDCS on saccadic eye movement behavior can be induced using a clinically practical protocol; 2) determine whether anodal tDCS over DLPFC also benefits saccadic eye movement control; 3) determine whether benefits extend to older adults. 
Methods
Participants
Thirty adult males, 20 young (age range = 20-25 years, mean = 22.2, SD = 1.0; education range = 15-18 years, mean = 16.2, SD = 1.2) and 10 older (age range = 65-70 years, mean = 68.6, SD = 1.1; education range = 10-31 years, mean = 15.1, SD = 5.4) from the Dunedin community, New Zealand, participated and were reimbursed NZ$15 per session. Participants were all right-handed according to the Measurement of Handedness (Chapman & Chapman, 1987). All participants reported having normal or corrected vision; no pace maker, implanted electronic device or metal implants; no history of, and not currently taking any medications for neurological or psychiatric problems; no chronic skin conditions; and abstained from recreational drugs and alcohol in excess of three units during the 24 hours prior to their testing session. Participants also completed a depression inventory the Center for Epidemiologic Studies Depression Scale (CES-D; Radloff, 1977), which has a maximum score of 60. Of the young adults, 11 scored below 16, indicating they had no clinical symptoms of depression and nine scored between 16 and 22, indicating subthreshold depression symptoms. Of the older adults, five scored below 16, indicating they had no clinical symptoms of depression and five scored between 16 and 21, indicating subthreshold depression symptoms. Older adults were also screened for dementia using the Mini-Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975); all scored at least 26 out of 30, which indicates none were demented. This study was approved by the University of Otago Human Ethics Committee (H13/123) and was performed in accordance with the relevant guidelines and regulations. All participants gave informed consent prior to participation. 
Design
The current study employed a randomized, single-blind, sham-controlled, crossover experimental design. As per Kanai et al. (2012), in the current study half of the participants in each age group were randomly assigned to have the anodal electrode positioned over the left hemisphere and half over the right. All participants completed three sessions of stimulation: active over each frontal subregion (FEF and DLPFC) and sham over an intermediate frontal subregion, with the order of the stimulation conditions counterbalanced across participants within each age group, and each session separated by a minimum of 7 days. Each session lasted about 1 hr. 
Electrodes Positioning
The 10-20 system for electroencephalography (EEG; Homan, Herman, & Purdy, 1987) was used to determine the placement of the anodal electrode over the assigned hemisphere. The anodal electrode was positioned for the FEF condition 1.5 cm anterior and 20% laterally from the vertex (Ro, Cheifet, Ingle, Shoup, & Rafal, 1999; Ro, Farne, & Chang, 2002), for the DLPFC condition 5 cm anterior and 20% laterally from the vertex (Pascual-Leone & Hallett, 1994; Pascual-Leone, Rubio, Pallardó, & Catalá, 1996), and for the sham condition 2.5 cm anterior and 20% laterally from the vertex (between the FEF and DLPFC positions). In all cases, the reference electrode (cathode) was positioned on the upper arm (just below the shoulder) ipsilateral to anodal electrode. Prior to proceeding, inspection of all sites of stimulation confirmed there were no lesions or signs of skin irritation. 
tDCS Protocol
A constant current 9 volt battery driven device (ActivaDose II) delivered 1 mA direct current through carbon rubber electrodes placed in sponge pockets soaked in saline solution. As per Kanai et al. (2012), the anodal electrode, which was 3 x 3 cm, delivered a current density of 0.11 mA/cm2, and the reference electrode, which was 5 x 7 cm, delivered a current density of 0.03 mA/cm2. The intensity of the current slowly ramped up to 1 mA over the initial 10 s of stimulation. During active stimulation current was delivered for 10 minutes, and during sham stimulation the device was turned off 30 s after the start of stimulation. At the end of each stimulation period, participants completed a questionnaire designed to monitor adverse effects. No adverse effects were reported, as might be expected given that the current density was 50 times lower than the previously studied safety threshold (Liebetanz et al., 2009), and was also lower than the current densities used in many studies that were well tolerated and considered to be safe (Bikson, Datta, & Elwassif, 2009). When questioned at the end of their final session, no participants could differentiate between the active and sham conditions.
Eye Movement Testing
Figure-01 summarizes the eye movement testing protocol, which was adapted from Antoniades et al. (2013). In order to target the post-stimulation time period that showed anodal tDCS benefits in Kanai et al. (2012), in the current study eye movement testing commenced 10 minutes post stimulation. Participants completed five eye movement blocks in this order: one block of prosaccades, three blocks of antisaccades, and then a second block of prosaccades. Between blocks, participants were provided with a 1 minute break. Between blocks of different types, the experimenter informed participants of the type of saccades required and instructed them in how to respond. Participants wore a head-mounted eye tracker (Model 310, Applied Science Laboratories, Massachusetts, USA) and sat 57 cm away from a computer screen in a dimly lit room, with distance maintained via a chinrest. The experimenter calibrated the eye-tracking system before each block. Stimuli were presented on a white background via MATLAB (The MathWorks, Natick, MA) and The Psychophysics Toolbox (Brainard, 1997; Pelli, 1997). 
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Figure-01. Eye movement testing protocol. Each session entailed completion of five eye movement blocks, which differed only in the required response: look at the peripheral stimulus during prosaccade blocks and look at the mirror opposite position during antisaccade blocks. Responses were coded relative to the position of the anodal electrode (saccade directed ipsilaterally or contralaterally).

For prosaccade and antisaccade blocks, each trial commenced with the appearance of a black fixation dot extending 0.3° of visual angle and centered on the screen. After a variable interval (700, 900, 1100, 1300, or 1500 ms), the fixation dot disappeared and a black square subtending 1° appeared 8.5° to the left or right of center (measured to the center of the square). Fixation dot offset and peripheral square onset occurred simultaneously. Participants were instructed to respond to the appearance of the square as quickly as they could without compromising accuracy by looking at it during prosaccade blocks and by looking in the opposite direction during antisaccade blocks. During practice trials, a 900 Hz error tone sounded for 300 ms if participants made no response, responded in the wrong direction, or responded in less than 50 ms or more than 1000 ms after saccade signal onset (i.e., the appearance of the peripheral square). The screen went blank for 500 ms between trials. Saccade signal position (left or right) and fixation duration (700, 900, 1100, 1300, or 1500 ms) were randomly selected for each trial with the constraint that each combination of conditions was equally likely to occur across the test trials. Each prosaccade test block had 60 trials and each antisaccade test block had 40 trials, and participants were given 10 practice trials at the beginning of the first block of each saccade type. Practice trials were repeated upon request by participants or if the experimenter identified the participant did not understand the instruction.
Horizontal position of the right eye was sampled at 1100 Hz. When the right eye exceeded the horizontal velocity of 50°/s with at least 1° amplitude, the movement was defined as a saccade. The program then recorded the latency of saccade onset (by backtracking until the velocity dropped below 10°/s) and the direction of movement. During the trials, the experimenter manually rejected responses contaminated by blinking or other factors such as sneezing or coughing. In addition, trials were excluded from analysis if eye position at the time of saccade signal onset deviated from center by more than 3°, or if the latency was shorter than 50 ms or longer than 1000 ms.
Statistical Analyses
For each participant, the measured variables of interest were correct median reaction times (RTs) and percentage of reflexive errors during antisaccade blocks as a function of stimulation condition (FEF, DLPFC, or sham) and saccade direction (ipsilateral or contralateral to the anodal electrode). Shapiro-Wilk test was used to determine the normality of each data set. When assumptions of parametric tests were violated, non-parametric tests confirmed the parametric results. In cases where sphericity was violated (p < .05), a Greenhouse-Geisser correction was applied when Epsilon ranged from .70 to .90, otherwise a multivariate test (Pilai’s Trace) was applied. The alpha level was p < .05. The sample size was chosen based on Kanai et al. (2012), which reported significant results for contralateral versus ipsilateral performance in a group of 16 young adults; a power analysis computed using G*Power 3.1.9.2 (Faul, Erdfelder, Lang, & Buchner, 2007) indicated our study had 87% power to detect a similar effect size (dz = 0.5875), and thus beta was 0.13. Note that stimulation was always applied unilaterally, and the results were coded based on whether the saccade was directed ipsilaterally or contralaterally to the stimulated hemisphere (see Figure-01, lower right panel, for examples). 
Results
[image: ]To determine if performance varied across the blocks, initial repeated-measures analyses of variance (ANOVAs), with stimulation condition, saccade direction, and saccade block as factors, were performed for each of the measured variables of interest (prosaccade latencies, antisaccade latencies, and reflexive error rates during antisaccades). The results revealed no main effect of block for the latency variables, but there was a main effect of block for reflexive error rates during antisaccades, F(2, 58) = 9.398, p < .001, r = .495, reflecting increasing reflexive error rates across blocks, presumably due to fatigue. However, since saccade block did not interact with stimulation condition or saccade direction for any of the measured variables of interest (all ps > .200), the data were collapsed across blocks in the mixed ANOVAs reported below, all of which included age group as a between-participant factor, and stimulation condition and saccade direction as within-participant factors. Regardless of the ANOVA results, paired samples t tests assessed hemispheric asymmetries in the active conditions and differences against sham stimulation. In addition, in light of individual differences in responsiveness to brain stimulation (Wiethoff, Hamada, & Rothwell, 2014), to determine whether a subset of the participants benefitted from active stimulation, each individual’s data was checked for any apparent asymmetries in the active stimulation conditions consistent with superior performance contralateral versus ipsilateral, and if so contralateral active versus sham; paired-samples t tests tested whether any of the differences reached significance. Table 1 summarizes the mean of the median correct response latencies and reflexive error rates during antisaccades for each stimulation condition in each age group. Tables S1 and S2 (in Appendix) detail the results of each group-level t test.
Prosaccade Latencies 
Figure-02 summarizes the latency data for the prosaccade blocks. The mixed ANOVA revealed a significant main effect of age group, F(1, 28) = 16.102, p < .001, r = .604, reflecting longer latencies in older than young adults. The expected two-way interaction between stimulation condition and saccade direction approached significance, F(2, 56) = 2.455, p = .095, r = .285; however, in contrast to the expected shortening of contralateral relative to ipsilateral prosaccade latencies, contralateral latencies tended to be longer particularly in the FEF stimulation condition, although a paired-samples t test showed that this trend for an asymmetry in the FEF stimulation condition did not reach significance (p = .159). The three way interaction did not approach significance, F(2, 56) = 1.684, p = .195, r = .239, and as can be seen in Figure-02 neither age group exhibited the predicted pattern of faster contralateral prosaccades. No other main effects or interactions approached significance (all ps > .100). Paired-samples t tests computed for the full age-mixed sample confirmed no ipsilateral versus contralateral latency differences in either active stimulation condition (FEF or DLPFC) and no differences relative to the sham stimulation condition (all ps > .100; see Table S1 for details). Similarly, t tests computed for each age group confirmed no ipsilateral versus contralateral latency differences in either active stimulation condition and no differences relative to the sham stimulation condition (all ps > .100; see Table S2 for details).
[image: Figure-02]Figure-02. Prosaccade latencies ipsilateral versus contralateral to the stimulated hemisphere for each stimulation condition in each age group. Neither of the active stimulation conditions shortened latencies contralaterally relative to ipsilaterally. Bars indicate standard errors.
Consideration of each individual’s data also indicated a lack of benefits. In the FEF stimulation condition, only three of the 20 young adults and none of the older adults showed significantly faster contralateral relative to ipsilateral latencies, consistent with the pattern reported in Kanai et al. (2012), and only one of these three reached significance when compared with contralateral latencies in the sham stimulation condition, t(57) = 2.552, p = .013, Cohen’s d = 0.676. In the DLPFC stimulation condition, only one of the 20 young adults and none of the older adults showed this asymmetry pattern, and the comparison with the sham stimulation condition did not reach significance (p > .050).
Antisaccade Latencies
Figure-03 summarizes the latency data for the antisaccade blocks. The mixed ANOVA revealed a significant main effect of age group, F(1, 28) = 26.643, p < .001, r = .699, again reflecting longer latencies in older than young adults. Of specific relevance here, the interaction between stimulation condition and saccade direction did not approach significance, F(2, 56) = 0.555, p = .577, r = .138, which indicates that the different stimulation conditions did not differentially influence contralateral versus ipsilateral latencies. Furthermore, stimulation condition and saccade direction did not significantly interact with age group, F(2, 56) = 1.905, p = .158, r = .253. As can be seen in Figure-03, neither age group showed stimulation effects (i.e., asymmetries specific to active stimulation). No other main effects or interactions approached significance (all ps > .100). Paired-samples t tests confirmed no ipsilateral versus contralateral latency differences in either active stimulation condition (FEF or DLPFC) and no differences relative to the sham stimulation condition (all ps > .400; see Table S1 for details). Similarly, t tests computed for each age group confirmed no ipsilateral versus contralateral latency differences in either active stimulation condition and no differences relative to the sham stimulation condition (all ps > .100; 
see Table S2 for details).

[image: Figure-03]
Figure-03. Antisaccade latencies ipsilateral versus contralateral to the stimulated hemisphere for each stimulation condition in each age group. The different stimulation conditions did not differentially influence contralateral versus ipsilateral latencies. Bars indicate standard errors.

Consideration of each individual’s data also indicated a lack of benefits. In the FEF stimulation condition, only one of the 20 young adults and one of the 10 older adults showed significantly faster contralateral relative to ipsilateral latencies, and only the young participant reached significance when compared with contralateral latencies in the sham stimulation condition, t(38) = 3.017, p = .005, Cohen’s d = 0.979. In the DLPFC stimulation condition, one of the young adults and none of the older adults showed this asymmetry pattern, and the comparison with the sham stimulation condition did not reach significance (p > .050).
Reflexive Error Rates During Antisaccade Blocks
Figure-04 summarizes the reflexive error rates during the antisaccade blocks. The mixed ANOVA revealed that, although the data showed the expected trend for higher reflexive error rates in older compared to young adults, the main effect of age group did not approach significance, F(1, 28) = 1.252, p = .273, r = .207, which could be due to the small sample size in the older age group (n = 10). Of specific relevance here, the expected two-way interaction between stimulation condition and saccade direction did not approach significance, F(2, 56) = 1.731, p = .194, r = .241, which indicates that the different stimulation conditions did not differentially influence contralateral versus ipsilateral reflexive errors. In addition, stimulation condition and saccade direction did not interact with age group, F(2, 56) = 0.381, p = .685, r = .114, which suggests that the lack of stimulation effects applies to both age groups. As shown in Figure-04, the pattern of reduced reflexive error rates contralaterally relative to ipsilaterally emerged in all three stimulation conditions, including sham, in both age groups. No other main effects or interactions approached significance (all  ps > .100). Paired-samples t tests confirmed no ipsilateral versus contralateral performance differences in the active FEF stimulation condition and no differences in either active stimulation condition (FEF or DLPFC) relative to the sham stimulation condition (all ps > .100); however, fewer reflexive errors were made toward contralateral than ipsilateral saccade signals in the active DLPFC stimulation condition (p = .036; see Table S1 for details), but this asymmetry is unlikely to reflect the tDCS given that performance in the active DLPFC stimulation condition did not differ from performance in the sham condition and moreover that contralateral reflexive error rates were higher in the active DLPFC condition (10.2%) than in the sham condition (9.2%). Separate consideration of each age group showed no ipsilateral versus contralateral latency differences in either active stimulation condition and no differences relative to the sham stimulation condition (all ps > .100; see Table S2 for details).
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Figure-04. Reflexive error rates toward antisaccade signals positioned ipsilateral or contralateral to the stimulated hemisphere for each stimulation condition in each age group. The same pattern arose for all three stimulation conditions, indicating that neither of the active stimulation conditions was effective at improving suppression of unwanted reflexive prosaccades. Bars indicate standard errors.
Discussion
Using a more clinically practical protocol, the current study tested whether anodal tDCS over the FEF can induce oculomotor benefits similar to those reported in young adults in Kanai et al. (2012), and in addition assessed whether applying anodal tDCS over DLPFC might also benefit oculomotor behavior and whether these benefits extend to older adults, who are known to have saccadic eye movement control deficits (Chen & Machado, 2016). Overall the results revealed no evidence of oculomotor benefits following anodal tDCS, despite the sample size in the current study exceeding that used in Kanai et al. (2012). Specifically, group analyses showed no differences in the active stimulation conditions relative to sham stimulation, and an asymmetry in saccadic eye movement behavior arose only in the active DLPFC stimulation condition (for reflexive errors in the full mixed-age sample), but this did not reflect better performance relative to sham performance, and the sham condition showed a similar pattern. Analyses of individual participants backed up the null results at the group level, with significant effects relative to sham stimulation occurring in less than 5% of the participants (which is consistent with chance levels, as alpha was set to .05). These results indicate that neither active stimulation site (FEF or DLPFC) afforded better saccadic eye movement control. The absence of oculomotor benefits arose in both age groups, despite the older adults exhibiting the expected saccadic eye movement control deficits that indicate ample room for improvement. These negative outcomes indicate that the clinically practical protocol utilized in the current study was ineffective. 
One of the main findings reported in Kanai et al. (2012) was that anodal tDCS over the FEF reduced reflexive error rates toward contralateral relative to ipsilateral antisaccade signals. This pattern was also demonstrated in the current study, although the asymmetry did not reach significance. However, as shown in Figure-04, the same pattern also occurred in the sham stimulation condition. Given that Kanai et al. (2012) did not include a sham stimulation condition, it is not possible to determine whether the lower rate of contralateral versus ipsilateral reflexive errors occurred as a result of the tDCS. To determine this, one would need to replicate the protocol used in Kanai et al. (2012) with the addition of a sham stimulation condition. The fact that the current study showed similar asymmetric patterns in the active and sham conditions highlights the need for a sham control comparison condition to confirm whether any observed asymmetries are specifically attributable to tDCS. The other main finding reported in Kanai et al. (2012) is that anodal tDCS over the FEF shortened prosaccade latencies contralateral versus ipsilateral to the stimulated hemisphere. This pattern was not demonstrated in the current study in either age group (see Figure-02). Furthermore, none of the older adults and only three of the 20 young adults showed this pattern, and only one of these three reached significance when compared with sham stimulation, which was not assessed in Kanai et al. (2012). 
A number of factors could potentially explain the discrepant outcomes. One of the main differences in the design of the current study relative to Kanai et al. (2012) was the lack of precise localization of the FEF. To speed application to better suit clinical environments, in the current study we simplified the tDCS protocol by using basic EEG-based measurements to position the FEF electrode, in accordance with Ro et al. (1999) and Ro et al. (2002). However, there were several other design differences that may have influenced the results. For example, the saccade paradigm used in the current study (adapted from Antoniades et al., 2013) differed from that used in Kanai et al. (2012), in that in their study permanent boxes marked the possible saccade signal locations (where as the saccade signal locations were unmarked in the current study), the fixation dot overlapped with the saccade signal (where as the fixation dot disappeared when the saccade signal appeared in the current study), the fixation duration varied from 300-700 ms (700-1500 ms in the current study), the response period varied from 50-400 ms (50-1500 ms in the current study), the saccade velocity threshold was 28.6°/s (50°/s in the current study), and eye position was sampled at 250 Hz (1100 Hz in the current study). Also, the reference electrode was placed on the shoulder (deltoid muscle) in Kanai et al. (2012) but on the upper arm in the current study. Although these design differences may have influenced the results, none of these design differences should affect performance asymmetrically, and thus they cannot explain asymmetries present in Kanai et al. (2012) but not in the current study. Hence, the use of basic measurements to position the electrodes seems the most likely factor underpinning the discrepant results.
The lack of benefits in older adults came as a particular surprise given that they have far more room for improvement and past research indicates that tDCS can confer greater benefits in older adults (Hsu et al., 2015). One factor that may have contributed to the failure to induce improvements in saccadic eye movement control in the older adults pertains to age-related increases in cerebral spinal fluid (Good et al., 2001), which can attenuate electric field strength (Laakso, Tanaka, Koyama, De Santis, & Hirata, 2015). Another factor that may have reduced the chances of inducing benefits in the older adults is that the tDCS protocol used may not suit older adults due to age-related changes in brain activation patterns (Bierre, Lucas, Guiney, Cotter, & Machado, 2017). As reviewed in Dayan, Censor, Buch, Sandrini, and Cohen (2013), small electrodes stimulate more focally, which can be beneficial in some circumstances. However, given that older adults normally show widespread prefrontal activation not seen in young adults especially when engaged in higher level cognitive processing (see Chen & Machado, 2016, for a review), focal stimulation may not be optimal to induce pervasive physiological changes necessary to enhance saccadic eye movement control in older adults. 
Another factor that may have contributed more generally to the lack of tDCS effects pertains to the spatial distribution of the induced electric field. As demonstrated in Moliadze, Antal, and Paulus (2010), the reference electrode positioning determines the direction of current flow whilst the distance between the electrodes determines where the peak electric field is focused. Given that current passes between the two electrodes, an anode placed over the frontal region and a cathode (i.e., reference electrode) placed over the deltoid muscle or upper arm leads to the current flowing in from the anodal electrode site, passing through the brainstem and the spinal cord, and diffusing at the site of the reference electrode (Im, Park, Shim, Chang, & Kim, 2012). This tDCS montage, used in the current study and in Kanai et al. (2012), should have resulted in the electric field concentration (i.e., the “hotspot”) being distributed outside of prefrontal regions, roughly around the neck region. Thus, the electrode positions used here and in Kanai et al. (2012) may not be optimal for inducing physiological changes in prefrontal regions. 
With respect to developing a tDCS protocol that is more likely to induce physiological changes required to improve functioning, especially in older adults, future studies should take into consideration using a contralateral encephalic reference electrode (e.g., over the forehead or cheek), which should optimize the electric field in prefrontal regions (Jones, Stephens, Alam, Bikson, & Berryhill, 2015). This arrangement, usually involving a large active electrode over prefrontal cortex combined with a contralateral encephalic reference electrode, has shown promise in a large number of studies that reported improvements in non-oculomotor cognitive functions in older adults (Prehn & Flöel, 2015; Teixeira-Santos, Nafee, Sampaio, Leite, & Carvalho, 2015). This more typical montage may be worthy of assessment in relation to oculomotor functions as well. 
Conclusions
In conclusion, the current study found no evidence that anodal tDCS over frontal subregions improves saccadic eye movement behavior. The failure to produce benefits using a more clinically practical protocol, adapted from Kanai et al. (2012), suggests that localization of the FEF may be necessary for this small-electrode tDCS protocol to be effective. Future efforts to develop a clinically practical protocol should consider using a larger active electrode and positioning the active and reference electrodes such that the maximally stimulated brain regions are relevant to the functions targeted in the population under study. In addition, a sham stimulation control condition should always be included to enable confirmation that any apparent benefits in active stimulation conditions are attributable to the tDCS.
Ethics and Conflict of Interest
The authors declare that the contents of the article are in agreement with the ethics described in http://biblio.unibe.ch/portale/elibrary/BOP/jemr/ethics.html and that there is no conflict of interest regarding the publication of this paper. 
Acknowledgements
This research was supported by the University of Otago and the Neurological Foundation of New Zealand (grant number 1410-SPG). 
References
[bookmark: _ENREF_1]Antoniades, C., Ettinger, U., Gaymard, B., Gilchrist, I., Kristjansson, A., Kennard, C., . . . Carpenter, R. H. (2013). An internationally standardised antisaccade protocol. Vision Research, 84, 1-5. doi:10.1016/j.visres.2013.02.007
[bookmark: _ENREF_2]Avila, E., van der Geest, J. N., Kengne Kamga, S., Verhage, M. C., Donchin, O., & Frens, M. A. (2015). Cerebellar transcranial direct current stimulation effects on saccade adaptation. Neural Plasticity, 2015, 968970. doi:10.1155/2015/968970
[bookmark: _ENREF_3]Bierre, K. L., Lucas, S. J., Guiney, H., Cotter, J. D., & Machado, L. (2017). Cognitive Difficulty Intensifies Age-related Changes in Anterior Frontal Hemodynamics: Novel Evidence from Near-infrared Spectroscopy. Journals of Gerontology. Series A: Biological Sciences and Medical Sciences, 72(2), 181-188. doi:10.1093/gerona/glw061
[bookmark: _ENREF_4]Bikson, M., Datta, A., & Elwassif, M. (2009). Establishing safety limits for transcranial direct current stimulation. Clinical Neurophysiology, 120(6), 1033-1034. doi:10.1016/j.clinph.2009.03.018
[bookmark: _ENREF_5]Bos, H., & Machado, L. (2013). Aging delays strategic modulation of the fixation reflex. Psychology and Aging, 28(3), 796-801. doi:10.1037/a0032015
[bookmark: _ENREF_6]Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial Vision, 10(4), 433-436. 
[bookmark: _ENREF_7]Chapman, L. J., & Chapman, J. P. (1987). The measurement of handedness. Brain and Cognition, 6(2), 175-183. doi:10.1016/0278-2626(87)90118-7
[bookmark: _ENREF_8]Chen, P. L., & Machado, L. (2016). Age-related deficits in voluntary control over saccadic eye movements: consideration of electrical brain stimulation as a therapeutic strategy. Neurobiology of Aging, 41, 53-63. doi:10.1016/j.neurobiolaging.2016.02.010
[bookmark: _ENREF_9]Dayan, E., Censor, N., Buch, E. R., Sandrini, M., & Cohen, L. G. (2013). Noninvasive brain stimulation: from physiology to network dynamics and back. Nature Neuroscience, 16(7), 838-844. doi:10.1038/nn.3422
[bookmark: _ENREF_10]Faul, F., Erdfelder, E., Lang, A. G., & Buchner, A. (2007). G*Power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behavior Research Methods, 39(2), 175-191. 
[bookmark: _ENREF_11]Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). "Mini-mental state". A practical method for grading the cognitive state of patients for the clinician. Journal of Psychiatric Research, 12(3), 189-198. 
[bookmark: _ENREF_12]Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N., Friston, K. J., & Frackowiak, R. S. (2001). A voxel-based morphometric study of ageing in 465 normal adult human brains. Neuroimage, 14(1 Pt 1), 21-36. doi:10.1006/nimg.2001.0786
[bookmark: _ENREF_13]Hallett, P. E. (1978). Primary and secondary saccades to goals defined by instructions. Vision Research, 18, 1279-1296. 
[bookmark: _ENREF_14]Homan, R. W., Herman, J., & Purdy, P. (1987). Cerebral location of international 10-20 system electrode placement. Electroencephalography and Clinical Neurophysiology, 66(4), 376-382. doi:10.1016/0013-4694(87)90206-9
[bookmark: _ENREF_15]Hsu, W. Y., Ku, Y., Zanto, T. P., & Gazzaley, A. (2015). Effects of noninvasive brain stimulation on cognitive function in healthy aging and Alzheimer's disease: a systematic review and meta-analysis. Neurobiology of Aging, 36(8), 2348-2359. doi:10.1016/j.neurobiolaging.2015.04.016
[bookmark: _ENREF_16]Im, C. H., Park, J. H., Shim, M., Chang, W. H., & Kim, Y. H. (2012). Evaluation of local electric fields generated by transcranial direct current stimulation with an extracephalic reference electrode based on realistic 3D body modeling. Physics in Medicine and Biology, 57(8), 2137-2150. doi:10.1088/0031-9155/57/8/2137
[bookmark: _ENREF_17]Johnston, K., & Everling, S. (2008). Neurophysiology and neuroanatomy of reflexive and voluntary saccades in non-human primates. Brain and Cognition, 68(3), 271-283. doi:10.1016/j.bandc.2008.08.017
[bookmark: _ENREF_18]Jones, K. T., Stephens, J. A., Alam, M., Bikson, M., & Berryhill, M. E. (2015). Longitudinal neurostimulation in older adults improves working memory. PloS One, 10(4), e0121904. doi:10.1371/journal.pone.0121904
[bookmark: _ENREF_19]Kanai, R., Muggleton, N., & Walsh, V. (2012). Transcranial direct current stimulation of the frontal eye fields during pro- and antisaccade tasks. Front Psychiatry, 3, 45. doi:10.3389/fpsyt.2012.00045
[bookmark: _ENREF_20]Laakso, I., Tanaka, S., Koyama, S., De Santis, V., & Hirata, A. (2015). Inter-subject variability in electric fields of motor cortical tDCS. Brain Stimul, 8(5), 906-913. doi:10.1016/j.brs.2015.05.002
[bookmark: _ENREF_21]Liebetanz, D., Koch, R., Mayenfels, S., Konig, F., Paulus, W., & Nitsche, M. A. (2009). Safety limits of cathodal transcranial direct current stimulation in rats. Clinical Neurophysiology, 120(6), 1161-1167. doi:10.1016/j.clinph.2009.01.022
[bookmark: _ENREF_22]Luna, B., Velanova, K., & Geier, C. F. (2008). Development of eye-movement control. Brain and Cognition, 68(3), 293-308. doi:10.1016/j.bandc.2008.08.019
[bookmark: _ENREF_23]Machado, L., & Rafal, R. (2000). Control of eye movement reflexes. Experimental Brain Research, 135(1), 73-80. doi:10.1007/s002210000494
[bookmark: _ENREF_24]Machado, L., & Rafal, R. D. (2004). Control of fixation and saccades during an anti-saccade task: an investigation in humans with chronic lesions of oculomotor cortex. Experimental Brain Research, 156(1), 55-63. doi:10.1007/s00221-003-1765-1
[bookmark: _ENREF_25]Moliadze, V., Antal, A., & Paulus, W. (2010). Electrode-distance dependent after-effects of transcranial direct and random noise stimulation with extracephalic reference electrodes. Clinical Neurophysiology, 121(12), 2165-2171. doi:10.1016/j.clinph.2010.04.033
[bookmark: _ENREF_26]Munoz, D. P., & Everling, S. (2004). Look away: the anti-saccade task and the voluntary control of eye movement. Nature Reviews: Neuroscience, 5(3), 218-228. doi:10.1038/nrn1345
[bookmark: _ENREF_27]Pascual-Leone, A., & Hallett, M. (1994). Induction of errors in a delayed response task by repetitive transcranial magnetic stimulation of the dorsolateral prefrontal cortex. Neuroreport, 5(18), 2517-2520. 
[bookmark: _ENREF_28]Pascual-Leone, A., Rubio, B., Pallardó, F., & Catalá, M. D. (1996). Rapid-rate transcranial magnetic stimulation of left dorsolateral prefrontal cortex in drug-resistant depression. The Lancet, 348(9022), 233-237. doi:10.1016/s0140-6736(96)01219-6
[bookmark: _ENREF_29]Pelli, D. G. (1997). The VideoToolbox transforming software numbers for visual into movies. Spatial Vision, 10(4), 437-442. 
[bookmark: _ENREF_30]Peltsch, A., Hemraj, A., Garcia, A., & Munoz, D. P. (2011). Age-related trends in saccade characteristics among the elderly. Neurobiology of Aging, 32(4), 669-679. doi:10.1016/j.neurobiolaging.2009.04.001
[bookmark: _ENREF_31]Peltsch, A., Hemraj, A., Garcia, A., & Munoz, D. P. (2014). Saccade deficits in amnestic mild cognitive impairment resemble mild Alzheimer's disease. European Journal of Neuroscience, 39(11), 2000-2013. doi:10.1111/ejn.12617
[bookmark: _ENREF_32]Pierrot-Deseilligny, C., Milea, D., & Muri, R. M. (2004). Eye movement control by the cerebral cortex. Current Opinion in Neurology, 17(1), 17-25. 
[bookmark: _ENREF_33]Pierrot-Deseilligny, C., Muri, R. M., Nyffeler, T., & Milea, D. (2005). The role of the human dorsolateral prefrontal cortex in ocular motor behavior. Annals of the New York Academy of Sciences, 1039, 239-251. doi:10.1196/annals.1325.023
[bookmark: _ENREF_34]Pierrot-Deseilligny, C., Muri, R. M., Ploner, C. J., Gaymard, B., Demeret, S., & Rivaud-Pechoux, S. (2003). Decisional role of the dorsolateral prefrontal cortex in ocular motor behaviour. Brain, 126, 1460-1473. doi:10.1093/brain/awg148
[bookmark: _ENREF_35]Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., & Agid, Y. (1991). Cortical control of reflexive visually-guided saccades. Brain, 114, 1473-1485. 
[bookmark: _ENREF_36]Ploner, C. J., Gaymard, B. M., Rivaud-Pechoux, S., & Pierrot-Deseilligny, C. (2005). The prefrontal substrate of reflexive saccade inhibition in humans. Biological Psychiatry, 57(10), 1159-1165. doi:10.1016/j.biopsych.2005.02.017
[bookmark: _ENREF_37]Prehn, K., & Flöel, A. (2015). Potentials and limits to enhance cognitive functions in healthy and pathological aging by tDCS. Frontiers in Cellular Neuroscience, 9, 355. doi:10.3389/fncel.2015.00355
[bookmark: _ENREF_38]Radloff, L. S. (1977). The CES-D Scale: A self-report depression scale for research in the general population. Applied Psychological Measurement, 1(3), 385-401. doi:10.1177/014662167700100306 
[bookmark: _ENREF_39]Ro, T., Cheifet, S., Ingle, H., Shoup, R., & Rafal, R. (1999). Localization of the human frontal eye fields and motor hand area with transcranial magnetic stimulation and magnetic resonance imaging. Neuropsychologia, 37, 225-231. 
[bookmark: _ENREF_40]Ro, T., Farne, A., & Chang, E. (2002). Locating the human frontal eye fields with transcranial magnetic stimulation. Journal of Clinical and Experimental Neuropsychology, 24(7), 930-940. doi:10.1076/jcen.24.7.930.8385
[bookmark: _ENREF_41]Stagg, C. J., & Nitsche, M. A. (2011). Physiological basis of transcranial direct current stimulation. Neuroscientist, 17(1), 37-53. doi:10.1177/1073858410386614
[bookmark: _ENREF_42]Teixeira-Santos, A. C., Nafee, T., Sampaio, A., Leite, J., & Carvalho, S. (2015). Effects of transcranial direct current stimulation on working memory in healthy older adults: a systematic review. Principles and Practice of Clinical Research, 1(3), 73-81. 
[bookmark: _ENREF_43]Wiethoff, S., Hamada, M., & Rothwell, J. C. (2014). Variability in response to transcranial direct current stimulation of the motor cortex. Brain Stimul, 7(3), 468-475. doi:10.1016/j.brs.2014.02.003












[image: ][image: ]Appendix
1
		
2
DOI xx.xxx/xx.xx.xx		ISSN 1995-8692
13
	
image1.png




image10.png




image2.tiff
Block sequence

Prosaccade Antisaccade Antisaccade Antisaccade Prosaccade
10 60 10 40 40 40 60
practice test practice test test test test
trials trials trials trials trials trials trials
Post-stimulation timing of each saccade block (in minutes) -
~10-15 ~16-19 ~20-22 ~23-25 ~26-30
Trial sequence Saccade direction
blank screen Ipsilateral Contralateral
500 ms
0 "
saccade signal m
until response
fixation Time

700 — 1500 ms





image3.PNG
Table 1. Saccade latencies (in milliseconds) and reflexive errors (in percentage) during antisaccades in young (1 = 20) and older (1 = 10) adults

FEF DLPFC Sham
Tpsi Contra Ipsi Contra Ipsi Contra
Prosaccades (ms)
Young 197 (26) 199 (18) 197 (26) 200 (22 197 (24) 197 (21)
old 227(25) 245 (41) 230 (32) 236 (42) 236 (34) 240 (42)
Aging Effect p=.007 p=.001 p=.010 p=.017 p=.003 p=.002
Antisaccades (ms)
Young 264 (32) 29) 270 (33) 266 (29) 263 (28) 261 (27)
old 314(37) 314(32) 312(20) 322(39) 317(43) 321(37)
Aging Effect p=.002 p<.001 p=.001 p=.001 p=.001 p<.001

Reflexive Erors (%)

Young 10.8(11.5) 9.5 (10.1) 13.0(12.6) 9.6 (10.2) 10.0(9.5) 73(6.8)
old 142 (12.8) 133 (17.0) 16.7(14.9) 113(7.8) 153 (12.8) 13.0 (12.4)
Aging Effect p=2353 p=.740 p=452 p=.320 p=.250 p=214

Note. Ipsi = saccade direction ipsilateral to stimulated hemisphere; Contra = saccade direction contralateral to stimulated hemisphere. Standard deviations are listed in parentheses. Aging
effect p-values are based on Mann-Whitney tests
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Table S2. Group 7 test resuls: , p, and Cohen’s d for each comparison in young (7 = 20) and older (n = 10) adults.

FEF

DLPFC

Ipsi vs. Sham

Contra vs. Sham

Ipsi vs. Contra

Ipsi vs. Sham

Contra vs. Sham

Ipsi vs. Contra

Prosaccades
Young -0.121; .905; 0.000
old -1.784; .108; 0.302

Antisaccades
Young 0.159; .876; 0.033
old -0.395;.702; 0.075

Reflexive Errors

Young 0.484; .634; 0.076

Oold -0.473; .647; 0.086

0.694; .496; 0.102

0.510; .622; 0.120

0.240; .813; 0.036

-0.814; .437; 0.202

1.605; .125; 0.256

0.168; .870; 0.020

-0.730; .474; 0.089

-1.253; .242;0.530

0.395; .698; 0.065

<.001; 1.000; 0.000

0.691; .498; 0.120

0.221; .830; 0.060

-0.278; .784; 0.000

-1.250; .243; 0.182

1.274; 218; 0.229

-0.480; .643; 0.149

1.316; .204; 0.269

0.446; .666; 0.101

0.996; .332; 0.130

-0.670; .520; 0.095

1.114; .279; 0.178

0.046; .965; 0.026

1.418;.172; 0.265

-0.412; .690; 0.164

-1.379; .184; 0.125

-0.662; .525; 0.161

1.437;.167; 0.129

-0.976; .355; 0.323

1.451;.163; 0.297

1.748; .114; 0.454

Note. Ipsi = saccade direction ipsilateral to stimulated hemisphere; Contra = saccade direction contralateral to stimulated hemisphere. For each comparison, the values for 7, p, and d are listed, separated by

semicolons.
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Table S1. Group / test resuls: , p, and Cohen’s d for each comparison in the mixed-age sample (7 = 30).

FEF DLPFC
Ipsi vs. Sham Contra vs. Sham Ipsi vs. Contra Ipsi vs. Sham Contra vs. Sham Ipsi vs. Contra
Prosaccades -1.138; .265; 0.097 0.825; .416; 0.086 -1.444; .159; 0.249 -1.091; .284; 0.062 0.131;.897; 0.000 -1.279; .211; 0.121
Antisaccades -0.104; .918; 0.024 -0.399; .693; 0.049 0.252; .803; 0.025 0.623; .538; 0.103 0.766; .450; 0.095 -0.118;.907; 0.026
Reflexive Errors 0.120; .905; 0.009 1.396; .173; 0.135 0.662; .513; 0.098 1.365; .183; 0.199 0.554;.584; 0.108 2.195;.036; 0.350

Note. Ipsi = saccade direction ipsilateral to stimulated hemisphere; Contra = saccade direction contralateral to stimulated hemisphere. For each comparison, the values for 7, p, and d are listed, separated by
semicolons.




