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ABSTRACT 

This investigation studied the effects of transcranial direct current stimulation (tDCS) on 

learning of a difficult visual search task.  We also examined the effects of several variables 

relating to context in which the task was performed, and the relationship of these variables 

to the effects of tDCS.  For this discovery-learning task, participants were trained for one 

hour to detect objects hidden in a virtual environment. Anodal tDCS was applied over the 

right inferior frontal cortex at 0.1 mA or 2.0 mA for 30 minutes during training.  

Participants were tested immediately before and after training and again one hour later. 

Some test stimuli were repeated during training and testing, while others were novel but 

contained hidden objects similar to those presented during training.  In Experiment 1 we 

present a reanalysis of our previously published data (Clark et al., 2010) and replication 

data from an additional group of subjects using an optimized task design. Higher tDCS 

current was associated with increased test performance for both novel and repeated test 
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stimuli. In addition, participants’ responses were more accurate for repeated than novel test 

stimuli.  An interaction was found between tDCS current and image type, indicating that 

tDCS performance enhancement was greater for repeated than novel stimuli. These effects 

were replicated in our second experiment using balanced numbers of novel and repeated 

test stimuli and a double-blind rather than single-blind design. These results indicate that 

anodal tDCS over right inferior frontal cortex during training most strongly enhances 

performance for recognition of objects hidden in images repeated between training and 

testing, and also enhances the generalization of learned object detection to novel images. In 

Experiment 2, we examine the effect of high magnetic field on tDCS enhancement of 

learning by comparing participants tested in active fMRI, at a magnetic field of 3 Tesla, to 

those tested in a mock MRI scanner, with no active magnetic field. In Experiment 3, we 

examined the effects of the MRI environment on learning and performance both when 

participants were trained and received tDCS at a workstation PC and when they were 

trained and received tDCS in the mock MRI scanner. Results from Experiments 2 and 3 

indicate that participants may have been unable or unwilling to perform the task in an MRI 

environment, and that it is unlikely that either the magnetic field or changed environments 

from training to test, per se, led to differences in the effects of tDCS present between 

participants tested inside the MRI scanner environment and those tested at an office 

workstation PC. The effects of tDCS in these Experiments indicate that learning can be 

enhanced in participants learning a difficult object detection task when participants are 

willing and able to perform the task. Enhanced learning in the general population could aid 

millions of people suffering from disability and could even lead to accelerated advancement 

of society in general. 
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GENERAL INTRODUCTION 

Greater understanding of processes involved in learning and memory has potential 

to aid in the treatment of clinical disorders which compromise memory or the ability to 

learn. Furthermore, enhancement of normal learning and memory processes in healthy 

individuals could have many applications in the complex society that exists today. 

Enhanced learning has been studied using caffeine (Erikson et al, 1985), hormone therapy 

(Buchanan & Lovallo, 2001), and other drug treatments (McGaugh, 1989). Memory 

enhancement has been studied by such means as altering the learning environment (Dreyer 

& Nell, 2003), emotional modulation (LaBar and Cabeza, 2006), and even genetic 

alteration (Routtenberg et al, 2000; Tang et al, 1999). New methods to enhance the speed 

and stability of visual learning could offer a number of benefits in learning complicated 

tasks which take a great amount of time to master.  This might also have clinical 

applications, such as enhanced learning and memory in dementia and other disorders. 

In recent years, transcranial direct current stimulation (tDCS) has garnered 

increasing interest for its application in cognitive enhancement in healthy subjects:  tDCS 

has been shown to facilitate working memory (Fregni et al., 2006), motor learning (Antal et 

al., 2004; Reis et al., 2008; Reis et al., 2009; Galea & Celnik, 2009), simple somatosensory 

and visual motion perception learning (Ragert et al., 2008), and memory for word lists 

(Marshall et al., 2004).  The first documented use of tDCS was in 1868, where it was 

suggested as a potential therapeutic intervention for neuralgia, convulsions, and paralysis 

(Benedikt, 1868). In the ensuing 140 years, there has been an expansion in ideas about the 

application of tDCS, and vast improvements in the understanding of the mechanisms which 

underlie the effects and methods for delivery of tDCS. TDCS is being examined as a 
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potential treatment for multiple neurological and psychiatric disorders including addiction 

(Boggio et al., 2008a, 2009a), Alzheimer’s disease (Boggio et al., 2009b), anorexia (Hecht, 

2010), depression (Boggio et al., 2007, 2008b), epilepsy (Liebetanz et al., 2006), migraine 

(Chadaide et al., 2007), multiple sclerosis (Mori et al., 2010), pain management (Antal et 

al., 2008a), Parkinson’s disease (Boggio et al., 2006a), and rehabilitation after stroke (Ko et 

al., 2008). In normal cohorts, tDCS is also being investigated by multiple groups as a 

method for enhancing learning and memory (Floel et al., 2008), perception (Antal & 

Paulus, 2008b), cognition (Fertonani et al., 2010), and motor function (Furubayashi et al., 

2008). Quantifying the effects of tDCS on brain function is essential to understand and 

implement treatment and experimentation in this vigorous, growing field.  

TDCS is one of several methods (i.e. pharmaceuticals, transcranial magnetic 

stimulation, intracranial electrical cortical stimulation, etc.) that can be used to exogenously 

influence brain function. Typical current strengths are 1 - 2 milliamperes (mA) delivered 

for up to 30 minutes (Nitsche, 2008). Theoretical and empirical evidence suggest that the 

cortex underlying the anode becomes more excitable during stimulation and for at least a 

short time after stimulation ends (Liebetanz et al., 2002). In contrast, cathodal stimulation 

of the brain is thought to reduce the excitability of the cortex (Dieckhofer et al., 2006). The 

mechanisms of the effects of tDCS in humans have been examined in simulations, as well 

as studies of electrophysiology, neurochemistry, and neuroanatomy.  

  Modeling and simulation studies illustrate the current levels and distributions in the 

brain during the delivery of tDCS (Faria et al., 2009). The current distribution in the brain 

changes with the arrangement of the electrodes; specific areas of the brain can be targeted 

for delivery of anodal currents that increase the excitability or cathodal stimulation that 
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decreases excitability of the underlying cortex (Nitsche et al, 2008; Datta et al., 2009). 

Additional modeling studies suggest that specific neurons (the long layer IV and V 

pyramidal cells) are most affected by tDCS (Radman et al., 2009).  Animal studies show 

that DC stimulation of hippocampal slices at low current levels decreases the threshold for 

neuronal firing (Bikson et al., 2004). When these results are extended to humans, tDCS at 

the current intensities used in the proposed work is thought to change the resting membrane 

potential by approximately +1.5 mV with anodal stimulation and -1.5 mV with cathodal 

stimulation (Radman et al., 2009).  

Some hemodynamic and neurochemical effects of tDCS have also been 

documented. Anodal stimulation resulted in an increase in the concentration of 

oxyhemoglobin in the cortex near the electrode (Merzagora et al., 2010). The 

concentrations of the neurotransmitters GABA and glutamate are also altered in the region 

of the electrodes as measured by magnetic resonance spectroscopy. Our lab has 

demonstrated increased glutamate activity in participants receiving tDCS using stimulation 

parameters similar to those in the present study (Clark et al, 2011). Stagg and colleagues 

(2009) also showed that anodal stimulation reduces GABA, but not glutamate, activity. 

This change in the ratio of glutamate to GABA activity is thought to relate, at least in part, 

to the increase in cortical excitability seen with anodal stimulation. Additional evidence 

suggests that the lasting effects of tDCS are dependent on the NMDA glutamate receptor 

subtype (Liebetanz et al., 2002; Paulus, 2004). The administration of drugs that alter 

neuronal sodium and calcium currents have also been observed to modulate the effects of 

tDCS (Nitsche et al., 2003). 
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We reported previously that tDCS can increase learning in a complex visual search 

task involving the detection of objects hidden in a virtual environment (Clark et al., 2010). 

In this study participants were trained to detect objects hidden in complex images of 

simulated environments and classify those images as containing or not containing objects. 

Participants received anodal tDCS during training, which was directed near the 10-10 EEG 

position F10; over the right sphenoid bone lying above inferior frontal cortex. Large 

improvements in classification learning occurred in participants receiving tDCS using 10 

cm2 electrodes. Similar to results presented by Iyer et al. (2005), these effects were dose-

dependent, with learning increases dependent upon current strength, with those receiving 

2.0 mA achieving accuracy scores significantly higher than those receiving 0.6 or 0.1 mA. 

In the following three experiments, we present results demonstrating some 

characteristics and limitations of enhancement of image classification learning using tDCS. 

In Experiment 1 we examined the effect of tDCS on learned object detection when viewing 

images which had been repeated from training and when generalizing information during 

training to object detection in novel images. This experiment was replicated in a different 

sample of participants using a double-blind tDCS protocol. Interestingly these behavioral 

results are not consistent with behavioral results obtained from participants who were tested 

during fMRI. In Experiment 2, we examine the effect of magnetic field on tDCS 

enhancement of learning by comparing participants tested in active fMRI, at a magnetic 

field of 3 Tesla, to those tested in a mock MRI scanner, with no active magnetic field. In 

Experiment 3, we examined the effects of the MRI environment on learning in participants 

tested in the mock MRI who were trained at a workstation PC and those who were trained 

and tested in the mock MRI scanner. 
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EXPERIMENT I: LEARNING EFFECTS OF TDCS 

Introduction 

Classification learning from exemplars has been demonstrated mathematically to fit 

Medin and Schaffer's (1978) context theory of classification learning in several studies 

applying this model to observed classification data (Medin & Florian, 1992; Medin et al., 

1982; Medin et al., 1983; Medin & Smith, 1981; Nosofsky, 1984). Context theory states 

that generalization of learning to a new context is dependent on the retrieval of stored 

exemplar information and comparison of that exemplar to the context at hand. In this 

model, stimuli repeated from training to test should be classified at least as easily as novel 

images to which the exemplar is generalized (Medin & Schaffer, 1978). Other theories of 

classification learning are similar to context theory, but focus on rule exceptions (i.e., rule-

plus-exception (RULEX) theory (Nosofsky et al., 1994)), or do not consistently fit to 

observed data (i.e., Prototype theory (Reed, 1972)). Regardless of whether participants are 

detecting objects in the images or classifying the images based on context (using non-

object-related components of the images) they are learning to classify images based on 

features of those images; therefore, we believe the context theory may apply to our object 

detection task, regardless of how participants reach their decision to classify the images. 

In the present investigation, we performed a re-analysis of the effects of test 

stimulus novelty on test performance accuracy, using data from our previously published 

study (referred to here as Behavioral Group 1).  In addition, we performed a replication of 

this task in an additional study, using a different sample of participants, with a double-

blind, rather than single-blind protocol (Behavioral Group 2). We examined the effects of 

tDCS current and image type, as well as their interaction, on detection accuracy during 
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testing after training.  We examined generalization of object detection expertise learned in 

the training sessions by comparing participants’ responses to images in which they had 

previously learned the location of the object (either through successful detection of the 

object on first presentation or through feedback indicating the location) to responses made 

to images containing objects they had not seen before. We hypothesized that participants’ 

responses to test images repeated between training and testing sessions would be more 

accurate than responses to test images not presented during training.  We also investigated 

the effects of tDCS on accuracy of detecting test image type (object-present or object-

absent) based on non-object-related components of the images by analyzing the effects of 

these variables on image classification accuracy for images in which no object was present.   

Methods 

Inclusion/Exclusion Criteria 

All participants met the following criteria: English as a first language, no history of 

head injuries or concussions resulting in loss of consciousness or hospitalization, right-

handedness according to the Edinburgh Handedness Inventory (Oldfield, 1971), no history 

of psychiatric or neurological disorders, alcohol or drug abuse, or current medication 

affecting the CNS, and good or corrected vision and hearing.  

Behavioral Group 1 

Thirty-nine healthy participants gave informed consent and participated in 

Behavioral Group 1. Three participants with accuracy scores during the immediate test 

greater than two standard deviations below the mean (2 participants), or above the mean (1 

participant) were excluded from analysis. Thus, the results from 36 participants (22 male, 
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age=24.0 yrs, 4.9 yrs SD) were included in the analyses. Of these 36 participants, 13 

received 2.0 mA tDCS, while the remaining 23 received 0.1 mA. One participant did not 

complete the one hour delay test, but the remaining data for this participant is included in 

our analyses.  

Behavioral Group 2 

Twenty healthy participants gave informed consent and participated in Behavioral 

Group 2. One subject with accuracy scores greater than two standard deviations below the 

mean was excluded from analysis. Thus, the results from 19 participants (11 male, 

age=23.4 yrs, 7.7 yrs SD) were included in analyses. Of these 19 participants, 9 received 

2.0 mA tDCS, while the remaining 10 received 0.1 mA. 

Procedure 

Five-second video clips from training scenarios from the DARWARS virtual reality 

training environment were captured for use as feedback in the task (MacMillan et al., 

2005). Six-hundred still images were extracted from these videos and edited to include or 

remove specific objects. Objects that were hidden in these images included explosive 

devices concealed by or disguised as dead animals, roadside trash, fruit, flora, rocks, sand, 

or building structures; and enemies in the form of snipers, suicide bombers, tank drivers, or 

stone-throwers. For each of the images containing objects, a corresponding image was 

created which did not contain a hidden person or object. Thus, there were 1200 total images 

with 50% containing hidden objects. Of these, 322 images, half containing concealed 

objects, were selected for the learning task after review of the images by research associates 

ignorant of the locations or defining features of specific objects. The images were arranged 
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in a random order and were not presented to participants in matched object/no-object 

pairings.   

 

Figure 1. Object detection training and testing paradigm. Training lasted 

approximately one hour. Tests lasted about 15 minutes for all but MRI Group 1. TDCS was 

administered 5 minutes before training and lasted for a total of 30 minutes. Participants 

indicated whether or not tDCS-induced sensation was present at three points during 

administration. Participants performed baseline, immediate, and delay tests, each consisting 

of 100 still-image stimuli without feedback. Immediate and delay tests were separated by a 

one-hour break. Some images in the immediate test had been presented previously, during 

training, while others had not been seen previously in the task.  

 

Participants were first tested for their baseline ability to detect objects before 

training, after which participants were trained to detect objects while receiving either 0.1 

mA or 2.0 mA tDCS. Following training, participants were tested both immediately 

(immediate test) and one hour after the end of the immediate test (1 hour delay test; Figure 

1). Baseline, immediate, and 1 hour delay tests consisted of 100 images presented with no 

feedback. Training sessions consisted of four 11-minute blocks of 60 trials, each of which 

included an image and appropriate audiovisual feedback, with rest periods between blocks. 
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Each image was presented for 2 seconds with an inter-trial interval that varied across a 

range of values from 4 to 8 seconds. Participants were instructed to scan the images for 

objects with no prior information given about the nature of the objects. Thus, the subject 

discovered the correct and incorrect responses to each image after searching the image, 

making a decision about the presence of an object, and examining the audiovisual feedback 

on each training trial. The feedback videos did not provide specific details of the shape or 

location of the object, but enough information that the subject could infer the type and 

general position of the object in the image. A correct response was followed by an audio 

message congratulating the subject on a job well done accompanied by an uneventful video 

clip. An incorrect response was followed by a disapproving audio message and a movie 

displaying the consequences of disregarding the object, e.g. a character being shot by a 

sniper or a bomb detonation. Participants were instructed to respond as accurately as 

possible when making their responses to the stimuli. No instruction was given to indicate 

that response time would be a measure of performance, though participants were required 

to respond within the 3 second response window. Importantly, a portion of the stimuli used 

in the immediate test had been presented during training, while the remaining stimuli had 

the same types of objects but had not been presented to the subject during training. Thus, 

memory for trained images and the generalization of the training to novel images could be 

examined. The 1 hour delay test was designed to examine retention of learned object 

detection ability.  

Eighteen percent of stimuli in the immediate test of Behavioral Group 1 were 

repeated from training. This was incidental and not included as a part of the original study 

design. Following our analysis of the effect of image type on accuracy during post-training 
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testing, Behavioral Group 2 was recruited to perform a nearly identical task in which the 

immediate test contained 50% rather than 18% repeated stimuli. All other object learning 

task-related procedures performed by Behavioral Group 2 were identical to those in 

Behavioral Group 1. 

Anodal tDCS was delivered for 30 minutes near 10-10 EEG location F10, over the 

right sphenoid bone. The location near F10 was suggested from functional magnetic 

resonance imaging (fMRI) and magnetoencephalography (MEG) studies of changes in 

brain networks associated with the acquisition of expertise in this task (Clark et al., 2010). 

TDCS was administered through 10 cm2 square water-soaked sponge electrodes. The 

cathode was placed on the subject’s left upper arm. Electrodes were secured to the scalp 

and upper arm using Coban self-adherent wrap. TDCS was initiated five minutes before 

training and continued throughout the first two of four training blocks (Figure 1). Current 

was set to either 0.1 mA or 2.0 mA. Participants, but not experimenters, were blind to tDCS 

current in Behavioral Group 1 (single blind), while both participants and experimenters 

were blind to the current delivered in Behavioral Group 2 (double blind). Experimenter 

blinding was accomplished using a coded switch box, with inputs for positive and negative 

leads from two current generators and outputs for only two electrodes, one anode and one 

cathode. One current generator was set to 0.1 mA and the other was set to 2.0 mA. A six-

way switch interrupted the circuit, with three settings supplying current to the output leads 

from one current generator, and the remaining three supplying the output from the other 

current generator. The inputs which were not actively supplying current to the output leads 

were routed though a simple circuit loop to maintain the activity of the inactive current 

generator. The six-way switch was coded by a third party to ensure experimenter blinding. 
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During tDCS, participants were asked to describe their physical sensations at 1, 5, 

and 20 minutes after the start of tDCS (Figure 1). For Behavioral Group 1, sensation data 

were recorded using a list of 10 descriptors including, in order of appearance: no sensation, 

cold sensation, some tingling, warm sensation, lots of tingling/some itching, very warm, 

lots of itching, burning (like a sunburn), burning (like scalding water), hurts a lot. TDCS 

was stopped if participants reported any of the last three descriptors. In Behavioral Group 2, 

subjects were asked to report sensation on three 10-point Likert scales for itching, tingling, 

and heat. TDCS was stopped if participants reported a 7 or higher on any scale. 

Data Analysis 

We first compared the overall accuracy results from our initial study, as reported in 

Clark et al. (2010), and those of the replication study (Behavioral Group 2) using a 2 x 2 x 

3 repeated measures ANOVA, comparing experiment (Behavioral Group 1 and Behavioral 

Group 2), tDCS current (0.1mA and 2.0mA), and test (repeated measure; baseline, 

immediate test, and 1 hour delay test). The overall proportion of correct responses was used 

as a measure of accuracy for this analysis. 

We then compared the results of our reanalysis of Behavioral Group 1 with those of 

Behavioral Group 2 using a separate 3-way ANOVA. This 2 x 2 x 2 ANOVA compared 

accuracy for images containing objects in the immediate test between Behavioral Group 

(Behavioral Group 1 and Behavioral Group 2), image type (repeated measure; repeated and 

novel) and tDCS current level (0.1mA and 2.0mA). The proportion of correct responses to 

images in which an object was present was used as a measure of accuracy.  
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A final 2 x 2 x 2 ANOVA compared accuracy for images not containing an object in 

the immediate test between Behavioral Group (Behavioral Group 1 and Behavioral Group 

2), image type (repeated measure; repeated and novel) and tDCS current level (0.1mA and 

2.0mA). The proportion of correct responses to images in which no object was present was 

used as a measure of accuracy in this analysis to examine the extent to which non-object-

related image classification, rather than object detection, was dependent on these within- 

and between-subject variables. 

The influence of sensation on accuracy in the immediate test was examined using 

two different methods, depending on the way the data was collected. Sensation data from 

Behavioral Group 1 was treated as a binary variable (sensation present or sensation absent), 

given that the ratings were descriptors, not ordinal or interval level scales. Accuracy was 

contrasted between participants who did and did not report sensations using Student’s T-

Test to determine the degree to which sensation influenced performance. Sensation data 

from Behavioral Group 2 was analyzed using linear regression in order to determine the 

effect of tDCS-induced sensation on learning and performance in the task. Sensation ratings 

from all three measures (itching, heat, and tingling) were first entered into a stepwise 

multiple regression. When this model was determined non-significant, individual linear 

regression analyses were performed on each measure to determine the proportion of 

variance accounted for by each of the different measures of sensation. 
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Results 

TDCS Effects on Learning and Retention 

 Participants performance increased significantly across the three test sessions (F 

(2,100) =125.377, p=7.73e-20, Figure 2a). Delay test scores (68.3±1.8%) were slightly, 

though significantly lower than immediate test scores (73.1±1.7%; F (1, 50) =27.914, 

p=2.77e-6, Figure 2a), but participants performed significantly better than baseline 

(52.9±0.5%) in both of these tests (immediate test vs. baseline, F (1, 51) =177.170, 

p=3.21e-18; delay test vs. baseline, F (1, 50) =105.109, p  =6.90e-14, Figure 2a). 

 

 

Figure 2 Shows percentage of correct responses during different phases of training and 

testing. a.) Participants’ performance increased significantly with training. Performance 

decreased somewhat following the one-hour break but remained significantly different from 

baseline. b.) Participants in Behavioral Group 2 (solid lines) performed in a similar manner 
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as those in Behavioral Group 1 (broken lines; Clark et al, 2010). In both behavioral groups, 

participants receiving 2.0 mA (triangles) significantly outperformed those receiving 0.1 mA 

(circles) in the immediate and delay tests. Rates of forgetting over the one hour break were 

similar for sham and active groups in both behavioral groups. 

 

       Baseline    Immediate Test      Delay Test 
Mean SD Mean SD Mean SD 

Behavioral Group 1 
                             2.0 mA 52.1% 3.5% 79.5% 8.4% 74.3% 6.6% 

                           0.1 mA 51.7% 4.9% 67.3% 14.0% 61.7% 13.6% 

Behavioral Group 2 
                             2.0 mA 53.8% 3.4% 82.9% 6.9% 79.3% 7.6% 

                           0.1 mA 55.8% 2.8% 69.2% 11.1% 65.9% 3.9% 
 

Table 1. Means and standard deviations (SDs) for baseline, immediate test, and 

delay test for groups included in our analysis of tDCS effects on learning and retention.  

 

The degree to which performance increased with training depended on current (test 

x current, F (2,100) =15.075, p=4.82e-5, Figure 2b). Both 0.1 mA and 2.0 mA groups 

performed significantly better as training progressed (0.1 mA F (2, 62) =24.069, p =3.27e-6, 

2.0 mA F (2, 38) =221.415, p =2.80e-17, Figure 2b); however, participants receiving 2.0 mA 

tDCS performed significantly better than those receiving 0.1 mA, and we believe that 

differences seen in the 0.1 mA were the result of training alone and that the 0.1 mA 

condition served as a placebo here. Simple effects of current were significant for the 

immediate test (2.0 mA 80.9±1.7% , 0.1 mA 67.8±2.3%, F (1,50)=14.864, p=3.27e-4, 
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Figure 2b) and the delay test (2.0 mA 78.4±1.6%, 0.1 mA 63.0±2.3%, F (1,50)=14.803, 

p=3.31e-4, Figure 2b), but not for baseline performance (2.0 mA 52.8±0.7%, 0.1 mA 

52.9±0.8%, F (1,50)=0.435, p=0.512, Figure 2b), indicating that this effect was not due to 

baseline differences in image classification.  

 The 3-way interaction between Behavioral Group, test, and current was not 

significant (F (2,100) =0.340, p=0.830) and was not considered in Bonferroni adjustments 

of α for analyses of two-way interactions or simple effects within these analyses. No main 

effect (F (1,50)=2.140, p=0.158), two-way interaction (Behavioral Group x test, F 

(2,100)=0.184, p=0.746; Behavioral Group x current, F (11, 50)=0.002, p=0.994), or 3-

way interaction (F (2, 100)=0.340, p=0.830) involving Behavioral Group as an independent 

variable was identified in our analyses, indicating that the results of Behavioral Group 2 

were not significantly different from those of Behavioral Group 1. Simple effects were 

corrected using Bonferroni adjustments of α=.025 (.05/2) for simple effects of test and 

α=.017 (.05/3) for simple effects of tDCS current. Individual contrasts between tests were 

Bonferroni-corrected at α=.008 (.05/6). 

 Repeated Stimuli      Novel Stimuli 
Mean SD Mean SD 

Behavioral Group 1 
                             2.0 mA 96.2% 9.4% 72.4% 9.4% 

                           0.1 mA 72.3% 24.4% 65.4% 9.6% 

Behavioral Group 2 
                             2.0 mA 86.5% 7.9% 76.4% 9.5% 

                           0.1 mA 66.2% 16.2% 65.7% 8.6% 
 

Table 2. Means and standard deviations (SDs) for the effects of image type and tDCS 

current on hidden object detection in images containing objects. 
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Effects of Image Type and tDCS Current on Hidden Object Detection 

The 3-way interaction between Behavioral Group, current, and image type was not 

statistically significant (F (1, 51) =0.522, p =0.473) and was not considered in Bonferroni 

adjustments of α for analyses of two-way interactions or simple effect within these 

interactions.  Main effects of current (0.1mA 66.1±1.7%, 2.0mA 77.9±1.8%; F (1, 51) 

=21.003, p =3.0e-5; Figure 3a) and image type (repeated 79.1±2.8%, novel 68.9±1.4%; F 

(1, 51) =17.417, p =1.17e-4; Figure 3b) were statistically significant. The 2-way interaction 

between current and image type achieved significance in this analysis as well (F (1,51) 

=7.219, p=9.71e-3), with simple effects of tDCS current present for repeated images 

(0.1mA 70.4±3.9% , 2.0mA 92.2±2.1%;  F (1,51) =17.820, p =1.0e-4;  Figure 3c), as well 

as images which had not been seen previously (0.1mA 65.5±1.6% , 2.0mA 74.0±2.0%;  F 

(1,51) =10.762, p=1.87e-3; Figure 3c). A simple effect of image type was present only in 

the 2.0mA group, with responses to repeated images (92.2±2.1%) greater than those to 

novel (74.0±2.0%; F (1, 51) =48.008, p=9.96e-7; Figure 3c). Simple effects of image type 

were not present in the 0.1mA group (repeated 70.4±3.9%, novel 65.5±1.6%; F (1, 51) 

=0.934, p=0.341, Figure 3c). All simple effects of image type and tDCS current were 

corrected using Bonferroni adjustments of α=.025 (.05/2). 
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Figure 3.  Proportion of correct responses made during the immediate test in both 

behavioral groups. a) Effect of tDCS current. Participants accuracy increased significantly 

with tDCS current, with participants receiving the 2.0 mA (dark) outperforming those who 

received 0.1 mA (light). b) Effect of stimulus type. Participants were significantly more 

accurate in detecting objects in repeated stimuli (dark) than in novel stimuli (light). c) 

Interaction of tDCS current and image type on accuracy for the immediate posttest.  This 

interaction was significant, with greater tDCS effect on repeated stimuli (solid line) than in 

novel stimuli (broken line).  

 

No main effect (F (1, 51) =0.725, p=0.388) or 3-way interaction (Behavioral Group 

x image type x current, F (1, 51) =0.522, p =0.473) involving Behavioral Group as an 

independent variable was identified in our analyses. Also, the two-way interaction between 

Behavioral Group and current was nonsignificant (F (1, 51) = 1.04e-6, p =0.999). There 

was a significant interaction between Behavioral Group and image type (F (1,51)=4.095, 

p=0.048), with a slightly greater difference between repeated and novel stimuli in 

Behavioral Group 1, though both simple effects of Behavioral Group were non-significant 

(repeated images: Behavioral Group 1, 67.9±1.7%, Behavioral Group 2, 70.8±2.4%, F 
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(1,54) =0.719, p =0.400; novel images: Behavioral Group 1, 80.9±3.9%, Behavioral Group 

2, 75.8±3.8%, F (1,54) =0.970, p =0.329; Figure 4). 

 

 

Figure 4. Accuracy during the immediate test for both behavioral groups and image types 

(repeated or novel). Although the interaction between behavioral group and image type 

reached statistical significance, neither participants’ accuracy in detecting objects in 

repeated images nor novel images significantly differed between Behavioral Group 1 (solid 

line) and Behavioral Group 2 (broken line).  

 

Effects of Image type and tDCS Current on Classification of Images without Hidden 

Objects 

Main effects of current (0.1mA 70.6±3.5%, 2.0mA 84.4±2.6%; F (1, 51) =7.334, p 

=0.009; Figure 5a) were statistically significant. Interestingly, no main effect (F (1, 51) 

=0.034, p=0.854; Figure 5b), two-way interaction (image type x current, F (1, 51) = 0.154, 

p =0.696; Figure 5c, image type x Behavioral Group, F (1, 51) = 0.001, p =0.979), or 3-way 

interaction (Behavioral Group x image type x current, F (1, 51) =0.005, p =0.943) 
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involving image type as an independent variable was identified in our analyses, indicating 

that image type did not affect image classification in images without hidden objects. 

 

 

Figure 5. Proportion of correct responses made for images without objects present during 

the immediate test in both Experiments. a) Shows the effect of tDCS current. Participants 

accuracy increased significantly with tDCS current, with participants receiving the 2.0 mA 

(dark) outperforming those who received 0.1 mA (light). b) Shows the effect of stimulus 

type. There was no difference in accuracy in detecting objects in repeated stimuli (dark) vs. 

novel stimuli (light). c) Shows the interaction of tDCS current and image type on accuracy 

for the immediate posttest.  This interaction was nonsignificant; the tDCS effect was nearly 

identical for repeated stimuli (solid line) and novel stimuli (broken line).  

 

No main effect (F (1, 51) =0.009, p=0.706), two-way interaction (Behavioral Group 

x current, F (1, 51) = 0.154, p =0.696, Behavioral Group x image type, F (1, 51) = 0.001, p 

=0.979), or 3-way interaction (Behavioral Group x image type x current, F (1, 51) =0.005, 

p =0.943) involving Behavioral Group as an independent variable was identified in our 
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analyses, indicating that training and tDCS effects in Behavioral Group 2 are consistent 

with those of Behavioral Group 1 for images without hidden objects. 

 

   Repeated Stimuli  Novel Stimuli 
Mean SD Mean SD 

Behavioral Group 1        
2.0 mA 85.0% 12.7% 84.1% 15.2% 

0.1 mA 68.5% 24.0% 68.8% 21.4% 

Behavioral Group 2 
                          2.0 mA 84.8% 11.5% 84.2% 10.1% 

0.1 mA 72.6% 17.6% 72.7% 18.3% 

Table 3. Means and standard deviations (SDs) for effects of image type and tDCS current 

on classification of images without hidden objects 

 

Effect of tDCS-Induced Sensation on Image Classification 

All participants completed the training and testing phases of Behavioral Group 1; 

however, sensation data were collected on only 18 of the 36 participants. For the 18 

participants who completed the sensation questionnaire, there was no significant difference 

in accuracy (sensation present 65.0±4.7%, sensation absent 71.3±3.7%; T=1.056, p=0.306, 

Figure 6a), indicating that sensation did not significantly influence performance.  
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Figure 6 a.) Proportion of correct responses made during the immediate posttest in 

Behavioral Group 1 relative to skin sensation. There was no difference in accuracy between 

participants who did (dark) or did not (light) report sensation from tDCS. b-d.) The y axis 

in each graph represents the proportion of correct responses made during the immediate test 

in Behavioral Group 2. The x axes represent itching (b), heat (c), and tingling (d) sensation 

experienced by participants during tDCS. No measure of sensation was found to 

significantly predict accuracy in the immediate test. 

 

Regression analyses indicated that there was no significant linear relationship 

present between sensation and accuracy in the immediate test in Behavioral Group 2 for 

any of the three sensation measures collected indicating that sensation did not significantly 

influence performance. Itching sensations accounted for 11.7% of the variance in accuracy 

(β= -0.037, p=0.151 Figure 6b). Heat sensations accounted for 1.9% of the variance in 

accuracy (β=.014, p=0.571 Figure 6c). Tingling sensations accounted for 8.1% of the 

variance in accuracy (β= -0.052, p=0.297, Figure 6d). 

Discussion 

We reported previously that anodal tDCS applied over right inferior frontal cortex 

facilitated learning to detect hidden objects in a dose-dependent manner (Clark et al., 2010). 
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This was successfully replicated in a separate group of participants (Behavioral Group 2).  

In addition, our analysis of data from both Behavioral Groups showed that images 

presented during training were classified more accurately during testing performed 

immediately after training than were novel images (images not presented during training), 

when collapsing across tDCS current levels.  Interestingly, the interaction between tDCS 

current and stimulus repetition was also statistically significant, indicating that the effect of 

tDCS was larger for repeated than novel test images.  Furthermore, no difference was found 

in participants’ accuracy between repeated and novel test images that did not contain 

objects, while the overall effect of tDCS was comparable to that for images containing 

objects. Finally, the performance-facilitating effect of tDCS did not appear to be linked to 

sensation produced by the current in either Behavioral Group. 

We found similar patterns of test performance in Behavioral Group 2 as those 

reported previously for Behavioral Group 1 (Clark et al., 2010).  Specifically, neither main 

nor interaction effects of Behavioral Group (1 or 2) were present, indicating successful 

replication of our previous findings.  Subjects in each of the two tDCS current groups (0.1 

mA and 2.0 mA) performed similarly across the two Behavioral Groups.  Furthermore, 

retention over the 1 hour break was nearly identical in the two Behavioral Groups, 

indicating that the effects of tDCS in enhancing learning is not at the cost of retention, at 

least over a 1 hour rest period between test sessions.  

The main effects of tDCS and image repetition are more clearly interpreted in light 

of their interaction.  While present for both repeated and novel images, the effect of tDCS 

on performance after training for stimuli containing hidden objects was larger for repeated, 

than for novel, images. This result supports Medin and Schaffer's (1978) context theory of 
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classification learning. If generalization of learned object detection depends on memory for 

exemplars learned during training, then performance should be equal or better on 

classification of repeated than novel images. It is also likely that recognition is more easily 

enhanced by improved attention or perception than is generalization of learned information 

to novel situations in this task. Object detection was quite difficult, with participants 

receiving 0.1 mA current reaching only 67.8±2.3% accuracy in the immediate test. 

Interestingly, the difference in performance between repeated and novel test images 

increased with tDCS, but only for images containing objects. This implies that tDCS may 

have enhanced either encoding or retrieval of hidden object locations in exemplars learned 

during training.  

Because tDCS causes sensation at the site of the electrodes (Furubayashi et al., 

2008; Gandiga et al., 2006; Poreisz et al., 2007), we investigated the possibility that 

sensation itself facilitated performance. In Behavioral Group 1, the performance of 

participants reporting tDCS-induced sensation was compared to that of participants who 

reported no sensation.  As before (Clark et al., 2010), there was no significant difference in 

classification performance between groups. In Behavioral Group 2, we used regression to 

look more quantitatively for effects of sensation.  Again, we found that skin sensation was 

not the basis for increased learning and performance.  

Though effects of tDCS in this experiment were consistent between two participant 

samples using single and double-bind protocols, the effects were are not necessarily robust 

to large manipulations in the task. Specifically, effects of tDCS were completely 

diminished when testing during neuroimaging. In Experiment 2 we present an analysis of 

the behavioral effects of tDCS when participants were tested both during active fMRI at a 
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magnetic field of 3 Tesla, and in a mock MRI scanner, which was identical to an active 

MRI.   
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EXPERIMENT 2: LEARNING EFFECTS OF MRI MAGNETIC FIELD AND tDCS 

Introduction 

As stated above, we previously found a large effect of tDCS on object detection 

learning. Surprisingly, however, behavioral results from our fMRI studies of the effects of 

tDCS on object detection (unpublished observations) are not consistent with those from our 

published behavioral studies (Clark et al, 2010). Specifically, the enhanced learning effect 

for this group of participants was not significantly different from our previous results 

throughout training outside of the MRI scanner, but behavioral data did not support this 

effect during testing inside the MRI scanner.  There are two possible explanations of these 

results: (1) there is some modulation of the neurophysiological effects of tDCS by the 

intense magnetic fields generated by MRI.  (2) The enhancement of learning by tDCS is 

specific to the general environment in which it was learned, and dramatically changing 

one's environment nullifies this effect. This Experiment examined the former hypothesis 

that magnetic field influences the effect of tDCS, while the latter hypothesis is examined in 

Experiment 3. 

Static magnetic fields produced in MRI at strengths of up to 8 Tesla have not been 

shown to effect cognitive ability (Sweetland et al., 1987; Chakeres et al., 2003), and have 

had effects on visual perception and hand/eye coordination only when participants were 

instructed to move their heads within the magnetic field, although this study was performed 

at a lower magnetic field (1.8 Tesla) than used in our studies, and only examined static 

magnetic fields (DeVocht et al., 2007). Static fields at 4 Tesla, similarly, do not affect brain 

metabolism (Volkow, 2000). Therefore, it is unlikely that participants' memory processes 

were directly altered by the static magnetic field present in our studies. It is likely, however, 



www.manaraa.com

26 

that the varying magnetic fields that are generated during echo-planar imaging (EPI), the 

standard technique used in fMRI, induce electric fields within the brain and body (Glover 

and Bowtell, 2008; Volkow, 2010).  These electric fields are generated in the same process 

that drives the effects of transcranial magnetic stimulation (TMS), which has been shown to 

decrease cortical excitability at the frequencies that are commonly used in EPI (Todd, 

2006). This inhibitory effect of EPI has been demonstrated in polar regions of the brain 

(occipital cortex, orbito-frontal cortex, and superior parietal cortex) by the use of positron 

emission tomography (PET), a measure of metabolic activity in the brain (Volkow, 2010). 

Interestingly, these areas encompass those which were active during learning to detect 

concealed objects in our previous fMRI study (Clark et al. 2010). This could mean that the 

electric fields generated by EPI inhibited the very areas whose activity were necessary in 

performance of learned threat detection processes, particularly those that may have been 

effected by previous electrical stimulation during training. 

We examined the effect of MRI magnetic field by comparing behavioral results 

from our previous work with tDCS during active fMRI (MRI Group 1) to those obtained 

using a similar protocol in the mock MRI scanner (MRI Group 2). This mock MRI scanner 

resembles a real MRI in every way (e.g. external appearance, sound, visual projection 

system, subject response methods) except the induced magnetic field is absent. This 

comparison allowed us to directly compare performance with the magnetic field to 

performance in the absence of the magnetic field.  
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Methods 

Inclusion/Exclusion Criteria 

All participants met the same inclusion/exclusion criteria as those in Experiment 1.  

MRI Group 1 

Nineteen healthy participants gave informed consent and participated in MRI Group 

1. One participant with accuracy scores during the immediate test that was greater than two 

standard deviations below the mean was excluded from analysis. Thus, the results from 18 

participants (10 male, age=24.5 yrs, 1.0 yrs SD) were included in analyses. Of these 18 

participants, 8 received 2.0 mA tDCS, while the remaining 10 received 0.1 mA. 

MRI Group 2 

 Twenty-one participants gave informed consent and participated in MRI Group 2. 

One participant with accuracy scores greater than two standard deviations below the mean 

and one participant with accuracy scores greater than two standard deviations above the 

mean were excluded from analysis. Also, one participant informed us at debriefing that she 

thought during testing the mock MRI may not have been real. Thus, the results from 18 

participants (12 male, age=21.8 yrs, 1.4 yrs SD) were included in analyses. Of these 18 

participants, 10 received 2.0 mA tDCS, while the remaining 8 received 0.1 mA. 

Procedure 

 Task-related procedures in Experiment 2 were similar to Experiment 1. The only 

difference between the two protocols was that participants in Experiment 2 were tested 

inside either an active or mock MRI scanner. MRI Group 1 performed the baseline and 
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immediate test inside the active (3T) MRI scanner and MRI Group 2 performed the 

baseline and immediate test inside the mock MRI scanner. Baseline and immediate tests 

completed by MRI Group 2 were similar to those completed by Behavioral Group 2, 

though MRI Group 1 completed longer (~30 min) tests. Tests in the active MRI were 

lengthened so that they would be long enough that a sufficient number of averages could be 

acquired for fMRI analysis. MRI Group 2 completed tests identical to those performed by 

the Behavioral Groups rather than MRI Group 1 because we predicted that magnetic field 

effects would be less likely to affect performance than environmental effects of the MRI 

(see Experiment 3). All participants in Experiment 2 were trained outside of the scanner, in 

the same office environments as participants in Experiment 1.  

Because participants were tested inside the MRI scanners, they were required to 

remove any metal from their person and change into hospital nurse’s scrubs prior to 

baseline testing. Participants remained in these clothes for the entire duration of the 

experiment. Participants viewed the images in both the mock and active MRI scanners 

through a mirror affixed to the head coil, which reflected the image displayed projected on 

a wall either behind or in front of the scanner. Viewing angle of the images in both the 

mock and active MRI scanners was 18o x 18o. Luminance was similar between the two 

environments. Participants responded using buttons beneath their pointer and middle 

fingers, and were instructed to press the button beneath their pointer finger if they 

discovered a hidden object, or the button beneath their middle finger if they did not.  

All participants were told that the mock MRI scanner was an actual MRI scanner 

prior to participation and were debriefed about this deception following completion of the 

experiment. This deception component of the study was essential to study the effect of the 
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MRI environment on tDCS enhancement of learning in this study, particularly as many 

participants in both MRI Groups had never had an MRI before, and any anxiety or 

apprehensiveness experienced due to the thought of the MRI scan may be important in our 

results. 

All tDCS related procedures in Experiment 2 were identical to those in Experiment 

1. Participants in MRI Group 1 received tDCS in a single-blind protocol, while those in 

MRI Group 2 received double-blind application of tDCS. This was accomplished using the 

same switch device described in Experiment 1. 

Data Analysis 

 Image classification learning in Experiment 2 was measured by accuracy (% 

correct) in the baseline and immediate tests. We examined the effects of tDCS and 

magnetic field on learning using a 2x2x2 repeated-measures ANOVA, comparing baseline 

and immediate test scores between participants receiving 2.0 mA and 0.1 mA tDCS in MRI 

Groups 1 and 2.  

Results 

There was a significant main effect of test (baseline vs. immediate test; F (1, 32) 

=56.402, p=1.5e-8), indicating that participants ability to classify images as containing or 

not containing hidden objects increased with training. The change in performance between 

baseline and the immediate test was not significantly affected by tDCS current (test x 

current; F (1, 32) =0.007, p=0.933, Figure 7a) or magnetic field (test x magnetic field; F (1, 

32) =15.956, p=3.56e-4, Figure 7b). Also, the degree to which learning was enhanced by 

tDCS was not affected by the magnetic field present in the MRI, as evidenced by the non-
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significant three-way interaction between test, tDCS current, and magnetic field (F (1, 

32)=0.951, p=0.337, Figure 7c). 

 

 

Figure 7 a.) Effect of tDCS when participants were tested in an MRI environment. There 

was no difference in learning between participants receiving 0.1 mA tDCS (dashed line) 

and those receiving 2.0 mA tDCS (solid line). b.) Effect of magnetic field collapsed across 

participants receiving both tDCS currents. There was no difference in learning between 

participants tested in the active (3T) MRI scanner (grey line) and those tested in the mock 

MRI scanner (black line). c.) Effects of tDCS and magnetic field on learning to detect 

objects. The interaction was non-significant. 

 

Discussion 

 Based on the lack of significant findings in Experiment 2, we conclude that 

magnetic field generated during EPI did not lead to our behavioral results during fMRI. 

Participants in MRI group 1 performed no differently than those in MRI group 2 during the 
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immediate test, in either the 2.0 mA or 0.1 mA tDCS condition. Importantly, tDCS 

administered during training outside the MRI did not enhance performance when tested in 

the MRI in either MRI group. This indicates that some other factor or factors that differ 

between the laboratory and MRI environments may have led to the lack of changes in 

learning and performance between these groups. These results are explored further in 

Experiment 3. 
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EXPERIMENT 3: LEARNING EFFECTS OF MRI ENVIRONMENT AND tDCS 

Introduction 

The environment in an MRI scanner differs from that of an office workstation on 

various contextual variables including: postural position (supine vs. sitting), ambient 

lighting, display presentation, ambient sound, openness of the environment (~800ft3 room 

vs. ~55ft3 tunnel), and response methods. It is also possible that the effects of tDCS in this 

study are somewhat context-dependent, and that the testing environment (a Siemens TIM 

Trio 3T MRI with rear projector display and response glove) was too far removed from the 

training environment (a well-lit workstation environment with a standard CRT monitor 

display and keyboard response device) in our fMRI study of tDCS-enhanced object 

detection. In this Experiment we examined our second hypothesis from Experiment 2: that 

tDCS enhancement of learning to detect objects in images is affected by changes in testing 

environment between training and test. 

Evidence of context-dependent learning has been found reliably in studies of the 

effects of incidental background environment on memory (for a review see Smith, 1988). 

Meta-analyses of environmentally-dependent learning have demonstrated significant effects 

of context manipulations on memory (Smith and Vela, 2001). It is plausible that when 

participants were trained to detect hidden objects at an office workstation PC, this learning 

did not transfer to the context of the MRI environment.  Furthermore, participants are more 

likely to experience context effects on recognition memory (Smith, 1994). This may play a 

role in the results of these Experiments as participants receiving 2.0 mA tDCS were more 

likely to recognize repeated images than those receiving 0.1 mA (see Experiment 1). 
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This Experiment examined the effects of tDCS on learning when participants were 

trained and/or tested in an MRI scanner environment. Participants tested in the mock MRI 

scanner were compared to those tested at the workstation PC. We also included another 

group of participants (MRI Group 3) who were trained and tested in the mock MRI in order 

to examine the effects of tDCS and training when training is performed in the mock 

scanner. 

Methods 

Inclusion/Exclusion Criteria 

All participants met the same inclusion/exclusion criteria as those in Experiments 1 

and 2.  

Behavioral Group 2 

 See Experiment 1. 

MRI Group 2 

 See Experiment 2. 

MRI Group 3 

Nineteen healthy participants gave informed consent and participated in MRI Group 

3. One subject with accuracy scores greater than two standard deviations below the mean 

was excluded from analysis. Thus, the results from 18 participants (9 male, age=20.8 yrs, 

1.2 yrs SD) were included in analyses. Of these 18 participants, 9 received 2.0 mA tDCS, 

while the remaining 9 received 0.1 mA. 
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Procedure 

 Object detection learning in Experiment 3 was similar to Experiments 1 and 2. 

Experiment 3 included 3 groups of participants: participants who were trained and tested at 

an office workstation (Behavioral Group 2), participants who were trained at an office 

workstation and tested in a mock MRI (MRI Group 2), and participants who were both 

trained and tested in a mock MRI (MRI Group 3). Participants in MRI Group 3 performed 

all training and testing inside the mock MRI scanner and were only removed from the 

scanner to place tDCS electrodes and use the restroom, if needed.  

 Just as in Experiment 2, participants were told that the mock MRI scanner 

was an actual MRI scanner prior to participation and were debriefed about this deception 

following completion of the experiment. All other MRI-related procedures were identical to 

Experiment 2 as well. 

All tDCS-related procedures in Experiment 3 were identical to those in Experiments 

1 and 2. Participants in the 3 groups included in this Experiment received double-blind 

application of tDCS. This was accomplished using the same switch device described in 

Experiment 1. Participants in MRI Group 3 received tDCS while inside the mock MRI 

scanner. 

Data Analysis 

Our first analysis of data from Experiment 3 focused on the effect of changed 

environment from training to test on tDCS enhancement of image classification in the 

absence of magnetic field. Here we examined the learning effects of tDCS and testing 

environment by comparing baseline, immediate, and 1 hour delay test scores for 
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participants receiving 2.0 mA or 0.1 mA tDCS who were trained and tested at an office 

workstation PC (Behavioral Group 2) to those who were trained at an office workstation PC 

and tested in the mock MRI scanner (MRI Group 2). This was performed using a 2x2x3 

repeated measures ANOVA. 

Our second analysis examined the effect of MRI environment on the ability to learn 

to detect objects during training and the effects of tDCS on learning while in the MRI. This 

was performed using a 2x2x4 repeated measures ANOVA which compared participants 

responses in each of the 4 training runs between those receiving 0.1 mA and 2.0 mA tDCS 

who were trained in the mock MRI scanner (MRI Group 3) or at a workstation PC 

(Behavioral Group 2) 

Results 

Effects of tDCS and Test Environment on Learning and Retention 

The results from our first analysis of the effect of tDCS during testing in an MRI 

environment vs. the same environment where training had occurred were consistent with 

data from our active fMRI study. Main effects of testing environment (mock MRI scanner 

vs. workstation PC; F (1, 33) =51.678, p=3.06e-8), tDCS current (0.1 mA vs. 2.0 mA; F (1, 

33) =5.158, p=0.030), and learning (baseline vs. immediate test vs. 1 hr delay test; F (2, 66) 

=58.998, p=6.26e-13) were identified. Also, learning was significantly better at higher tDCS 

current (F (2, 66) =6.528, p=0.005, Figure 8a) and when tested in the same environment as 

training (learning x testing environment; F (2, 66) =28.625, p=1.93e-8, Figure 8b).  Simple 

effects of learning were present for participants receiving both levels of tDCS current (2.0 

mA: F (2, 36) =19.372, p=1.27e-4; 0.1 mA: F (2, 34) =10.336, p=0.001, Figure 8c) and 
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participants tested at a workstation PC (F (2, 36) =45.384, p=4.10e-7, Figure 8c), but not for 

participants tested in the mock MRI scanner (F (2, 34) =3.110, p=0.058, Figure 8c). The 

interaction between tDCS current and testing environment was also significant (F (1, 33) 

=4.210, p=0.048), although this interaction is not very meaningful without consideration of 

the effect of learning. 

 

 

Figure 8 a.) Effect of tDCS collapsed across both testing environments. There was a 

significant difference in learning between participants receiving 0.1 mA tDCS (dashed line) 

and those receiving 2.0 mA tDCS (solid line). b.) Effect of MRI magnetic field collapsed 

across participants receiving both tDCS currents. There was a large difference in test 

performance between participants tested in the mock MRI scanner (grey line) and those 

tested at a workstation PC (black line). c.) Effects of tDCS and testing environment on 

learning to detect objects. The interaction was significant, with effects of tDCS on learning 

present only for participants tested at a workstation PC. Simple effects of testing 

environment were present both within groups receiving 0.1 mA and groups receiving 2.0 

mA tDCS. 
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These results are more clearly examined when taking into consideration the three-

way interaction, which indicated that the difference in learning between participants 

receiving 0.1 mA and 2.0 mA tDCS was effected by the testing environment (learning x 

tDCS current x testing environment; F (2,66)=7.281, p=0.003, Figure 8c). This interaction 

was such that effects of tDCS on performance change throughout testing were present when 

participants were tested at a workstation PC (tDCS x learning; F (2, 34) =11.731, p=0.001, 

Figure 8c), and not when tested in the mock MRI (F (2, 32) =0.485, p=0.610, Figure 8c).  

Also, testing environment significantly affected learning for participants receiving 2.0 mA 

tDCS (F (2, 34) =52.581, p=3.57e-9, Figure 8c), but not those receiving 0.1 mA (F (2, 32) 

=2.684, p=0.098, Figure 8c). Simple-simple effects of learning were present for participants 

receiving 2.0 mA tDCS, who were tested at a workstation PC (F (2, 16) =125.134, p=9.16e-

9, Figure 8c), and for participants receiving 0.1 mA in the same testing environment (F (2, 

18) =10.639, p=0.006, Figure 8c), but not for those receiving the 2.0 mA tDCS who were 

tested in the mock MRI (F (2, 18) =1.730, p=0.217, Figure 8c). Individual contrasts for this 

group of participants receiving 2.0 mA tDCS who were tested at a workstation PC revealed 

significant differences between baseline and immediate test (F (1, 8)=182.418, p=9.67e-7, 

Figure 8c) and between baseline and 1 hour delay test  (F (1, 8)=121.097, p=4.14e--6, 

Figure 8c), but not between immediate and 1 hour delay tests  (F (1, 8)=6.218 p=0.037, n.s. 

at Bonferroni corrected α of 0.004, Figure 8c). 

Effects of tDCS and Training Environment on Learning and Retention 

Participants trained in the mock MRI performed significantly worse during training 

than those trained at a workstation PC (F (1, 33) =75.296, p=7.97e-10). This effect was 

largely driven by the difference in learning between these groups of subjects (learning x 
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training environment; F (3, 99) =8.492, p=8.91e-5 Figure 9).  The effects of tDCS on 

learning during training were also different between groups trained in different 

environments (tDCS current x learning x training environment; F (3, 99) =2.839, p=0.047 

Figure 9). This interaction was such that effects of tDCS current on learning were 

significant for participants trained at a workstation PC (F (3, 51) =6.408, p=0.002 Figure 

9), but not for those trained in the mock MRI (F (3, 48) =0.010, p=0.995 Figure 9). 

Importantly, large effects of training environment on performance during training were 

present at both levels of tDCS current (0.1 mA: F (1, 17) =25.157, p=9.63e-5; 2.0 mA: F (1, 

16) =46.288, p=4.25e-8 Figure 9). 

 

 

Figure 9) Effects of tDCS and training environment on learning to detect objects. The 

interaction between tDCS and training environment was significant, with effects of tDCS 

on learning present only for participants tested at a workstation PC. Simple effects of test 
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environment were present both within groups receiving 0.1 mA and groups receiving 2.0 

mA tDCS. There was no learning effect for participants trained in the MRI in either tDCS 

current group. 

 

Discussion 

The results of Experiment 3 suggest that participants may have been unable to 

perform the task in the MRI environment, regardless of the environment in which training 

occurred or the tDCS current. Average test performance was not greater than 57% in either 

group tested in the MRI environment, at either tDCS current. Furthermore, average training 

scores were not greater than 54% for participants trained in the mock MRI, receiving either 

tDCS current.  Participants seem to have been unable to perform the task in the scanner, 

which may be related to factors associated with stimulus properties, distractions, or 

apprehensiveness associated with performance of the task in the scanner. 

The difference in visual angle manipulation between the testing environments may 

have played a role in these results. The visual angle of the images when performing the task 

in the MRI scanner environments was fixed at 18°, while the visual angle when performing 

the task at the workstation PC was variable, depending on the distance of the participants 

head from the monitor. The monitor was positioned at a distance of 2 feet from the edge of 

the desk on which it sat, which helped to limit the maximum visual angle at which the 

image could be viewed. Even so, we estimate that the visual angle when performing the 

task at the workstation PC may have ranged from as small as 10° (if the participant were to 

lean back as far as possible and had relatively long arms) to as large as 32° (if the 
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participant were to lean over the desk by approximately 6 inches). It is possible that the 

hidden objects contained in the images were simply too small to be detected at a viewing 

angle of 18°. Viewing angle of the objects contained in the images ranged from 0.10° to 

1.99° in the MRI scanner environments, and from 0.19° to 3.72° at the closest possible 

distance in the workstation PC environments. As a form of reference, a person with 20/20 

vision can discriminate spatial patterns on the Snellen chart, which are separated by 0.017° 

visual angle (Snellen, 1862). Visual acuity as determined by Snellen chart, however, is 

likely a liberal estimate of visual specificity when one is searching complex images for 

hidden or camouflaged objects. Perhaps this small difference in visual angle between 

images in the two environments was enough to lead to the differences seen in learning 

between the two environments.  

The MRI environment is quite different from the workstation PC at which 

participants in Behavioral Groups 1 & 2 performed the object detection task. Performing 

the task while dressed in unfamiliar clothes and remaining completely still in supine 

position with little ambient light and a very distracting, loud sounds could lead to drastic 

differences in behavior when compared to the comparably comfortable office workstation 

environment. Differences in mood variables, such as nervousness or frustration, or 

cognitive variables, such as ability to focus attention on the task, may have led to the results 

seen in this Experiment, although we did not see any differences in participants’ change in 

mood throughout the course of testing, as measured by self-report mood questionnaires. 
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GENERAL DISCUSSION 

In Experiment 1 we demonstrated that tDCS can enhance object detection both 

when viewing images which had been repeated from training and when generalizing 

information during training to object detection in novel images. Behavioral results in this 

Experiment were not consistent with behavioral results obtained from participants who 

were tested in an MRI. In Experiments 2 and 3 we found that this was likely the result of 

participants’ inability to perform the task in the MRI scanner environment, due to 

differences between the MRI and workstation environments such as visual angle of the 

images and ambient light and sound. It is evident from the results of these 3 experiments 

that the effects of tDCS on object detection are genuine and replicable.  

The physiological effects of anodal tDCS are thought to include increased 

excitability in the neocortex (Liebetanz et al., 2002). This hypothesis supported by our 

recent findings of increased glutamatergic activity with anodal tDCS (Clark et al 2011). 

Therefore, it is possible that anodal tDCS in this study enhanced activity in specific brain 

regions, which may have facilitated the cognitive functions that support performance of this 

task, such as object recognition and attention, or may also have facilitated learning. 

Increased glutamatergic levels could have resulted in enhanced memory formation through 

a Hebbian mechanism in which cells become more readily active in a synchronous manner 

(Kelso et al., 1986; Kirkwood & Bear, 1994; Song et al., 2000).  

Enhancing the excitability of the right frontal cortex could facilitate image detection 

performance for several reasons:  Lateral frontal cortex has been suggested by Posner and 

Peterson (1990) to be a key component of the fronto-parietal attention network, a brain 

network active in attention requisition during target detection. Greater attention requisition 



www.manaraa.com

42 

during visual search may lead to a greater probability of noticing objects in the images, 

enhanced encoding of the image and, therefore, greater accuracy. While we targeted the 

right frontal cortex, it is unlikely that tDCS resulted in focal stimulation of this area of the 

brain. While there are no modeling studies that simulate the placement of the anode on the 

right frontal cortex with a cathode on the left upper arm, other studies indicate that even 

with two electrodes placed on the scalp the stimulation is diffuse and unpredictable (Sadleir 

et al., 2010; Datta et al., 2009; Wagner et al., 2007; Miranda et al., 2009). Realistic, finite 

element, head models suggest that a large fraction of the current passes into the brain via 

low resistance paths including the orbits and nose (Sadleir et al., 2010). While there are no 

currently accepted empirically-based methods to identify the precise path of tDCS current 

through the brain, magnetic resonance spectroscopy based methods to image tDCS induced 

changes in glutamatergic activity and other metabolites are currently being developed 

(Clark et al 2011).  This may help to better understand the brain networks and cognitive 

functions most affected by tDCS.  
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CONCLUSION 

In summary, tDCS produced a dose-dependent increase in the accuracy of image 

classification for hidden objects after training, which was not related to the amount of skin 

sensation and was not different between single- and double-blind experimental designs.  

This was greatest for test images containing objects, which were also presented during 

training, although tDCS also facilitated detection of objects hidden in novel images and 

classification of images without objects. The replication of these effects across experiments 

indicates that tDCS enhanced recognition memory for training images facilitated object 

recognition during testing.  Interestingly, effects of tDCS were not present when 

participants were trained or tested in an MRI environment, though this was found to be the 

result of general inability to perform the task in the scanner. This process involved in tDCS 

enchantment of object detection in these Experiments may be due to the alteration of some 

combination of attentional, perceptual, visual search, memory encoding or retrieval 

processes by tDCS, although we have insufficient data at present to determine which of 

these processes may be involved.  What we can determine is that tDCS can have large 

effects of learning. The effects of tDCS on specific neural and cognitive processes are 

being examined in additional studies.     
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