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Abstract
	Trans-cranial direct current stimulation (tDCS) is a method of electrical stimulation directed through a specific lobe or section of the brain in order to excite neurons and bring about a behavioral change. tDCS has experienced some success as a treatment for various conditions, particularly conditions such as depression, anxiety, and schizophrenia. More importantly, however, tDCS has been shown to help improve cognitive skills as well, particularly in memory based laboratory tasks. Here I propose a study that will analyze the relationship between tDCS and the transfer of information from sensory perception to working and long term memory. This will address a deficit in literature concerning the precise mechanisms that tDCS affects. 


A Study of Information Transfer between Long Term and Working Memory 
Using Trans-Cranial Direct Current Stimulation at FCz	
	In the past several decades, there have been major strides in the field of memory improvement and its applications. However, one of the most promising recent advances is that of trans-Cranial Direct Current Stimulation (tDCS). The process of tDCS is deceptively simple: two electrodes are attached to predetermined locations on the scalp and a mild current is conducted between the two, stimulating a specific area of the brain as is desired by the purpose of the research. Depending on the direction of the current (anodal or cathodal, dependent on positioning of each electrode), researchers have found various effects from the current in various locations of the brain. This study, however, will focus primarily on the effects that tDCS has on learning and memory as concerning memory for specific visual input, as well as the implications of those effects and the additional research that must be done to understand these effects.
 There is quite a bit of literature surrounding learning and memory in the classical sense (Tulving, 1984), but there is little research surrounding the specific use of tDCS in learning and memory. For example, in a recent meta-analysis of tDCS research, all of the studies of tDCS effects have focused on modulating sensory and motor processes (Horvath et al., 2015). For that reason, I investigated the link between tDCS and memory, and I chose to research specific learning processes which are affected by tDCS. This study attempts to fill in these gaps of understanding.
To understand the effects that tDCS has on memory, we first need to discuss memory generally and the system we might be able to change. Memory is a highly complex process, and so it serves the purposes of this paper to use a prominent model, not only for helping to understand memory, but later to also illustrate the issue at hand with tDCS. This memory model that I will be using is called the Modal Memory Model, and was described in 1968 (Atkinson & Schiffrin, 1968). In this model, there are two types of memory that I will be focusing on: there is long term memory (LTM), and there is short term memory (from here on referred to as “working memory” or WM). 
In the Modal Memory Model, information enters WM first, where it will remain for some time as the person temporarily buffers the new information. Without rehearsal, however, the information will soon be forgotten, and never make it past WM. If the person does rehearse the information, and make a concentrated effort to retain it, it will eventually pass into LTM, although not flawlessly. Even with rehearsal, much information will not make it into LTM, and will be lost along the way so that the memory that is encoded is not full. Even worse than that, memories must be (according to the Modal Memory Model) retrieved from LTM and brought back into WM when the person wishes to interact with the information and work with it once more; this movement provides even further opportunity for loss of information, and this is why memories often degrade over time, even after they have been encoded into LTM from WM. This is not the only limitation in memory, however, as I will discuss next. 
A person is constantly bombarded by stimuli from the world surrounding them, and it would be impossible the take in and remember all of the stimuli, even only for a short period of time in WM. Due to this, people have developed an ability called “selective attention” which they apply to their perception and memory deriving from that perception (Broadbent, 1958). Rather than attempt to notice and remember all of the stimuli presenting themselves, a person will instead choose several of the stimuli to focus their attention on and remember those, not even attempting to remember the rest of the stimuli. While the earlier discussion shows how there is a limitation on what can be transferred from WM to LTM, this shows that there is even a limitation on what makes it into WM in the first place, thus degrading memory’s abilities even farther. 
	As is now obvious, memory has several places where it is lacking: efficiency of transfer between WM and LTM is low, allowing for slippage every time a memory is encoded, retrieved, and re-encoded. This lack in efficiency can account for much of the forgotten stimuli that researchers see in their tests. Specifically, in tests in which they ask the participant to commit to memory an array over a short period of time which does not allow for rehearsal, and then shortly afterwards ask them to recall the array, doubling the possibility that pieces of the array will be lost in either the encoding process or the retrieval process. But, these do not account for all of the forgetting measured in these tests. Another possible explanation is the limitation on perception, which determines what even makes it into WM in the first place. When looking at the arrays, many participants will fail to even notice several of the objects, instead focusing their attention on just a few that they know they will be able to remember. Thus, although the participants may be perceiving the other objects in the array, those objects never make it past perception into WM, and never have a chance at making it into LTM. 
	In one of the earliest tDCS studies there was introduced the idea of anodal current being used to assist in the consolidation of learning when applied to subjects, both by augmenting consolidation during the fact and by helping to reestablish the “conditions required for consolidation” following the disturbance of these conditions (Albert, 1966). This was one of the first studies to venture into the idea that electrical currents were involved in the “consolidation of learning,” and that careful application of anodal electrical currents could help to augment the natural processes and lead to a more efficient consolidation of learning.  Thus, tDCS is one possible solution to improving memory for participants. 
	More recently, tDCS has become a far more feasible intervention for memory improvement in human participants. Since its inception, no negative side effects have been reported (Kuo & Nitsche, 2012), but many new positive applications have presented themselves to researchers and participants alike through various new studies being conducted around the world. One study is particularly relevant for my current study. This study found long lasting effects after tDCS was applied to the brain (Reinhart, R.M.G. & Woodman, G. F., 2014). This study delved deeper into the different ways that tDCS can be implemented on participants; The researchers found that anodal stimulation directed at frontal-medial cortex, specifically over the electrode site FCz  (approximately at the top of the crown of the skull) was able to enhance learning and memory. However, when the polarity was reversed, and cathodal stimulation was applied to the same site on the skull, the effects were the exact opposite of what had been previously observed. Instead of reducing reaction time and increasing efficiency, cathodal tDCS resulted in increased reaction time and lowered efficiency, effectively rendering the participant less able to learn or remember things that they learned while the tDCS was still having an effect on them. Through this, it becomes relatively simple to see that the tDCS is clearly having some form of physical effect that is not only reversible, but should, by the extension of that logic, be something that researchers can trace the origin of and of which they could learn any and all other possible side effects. 
	In this study, I used anodal and cathodal stimulation applied at different points during the learning process in order to determine if tDCS has an effect on learning of specific visual stimuli. My hypotheses are as follows:
H1: Subjects will perform better on tasks after anodal stimulation than they do during the baseline testing.
H2: Subjects will perform more poorly on tasks after cathodal stimulation than they do during the baseline testing.
	Assuming that these are true, based on the previous findings in the literature that have upheld the effects of tDCS on memory, this study will then turn to examining whether the effects result from a change in efficiency transfer from WM to LTM, or if tDCS instead effects a greater WM capacity (thus inducing non-sustainable, short-term changes). As such, the additional secondary hypotheses are as follows:
H3: The effects of tDCS on learning will result from an increase in information transfer from WM to LTM in the case of anodal stimulation, rather than an increase in WM capacity.
H4: The effects of tDCS on learning will result from a decrease in information transfer from WM to LTM in the case of cathodal stimulation, rather than a decrease in WM capacity. 
To test these secondary hypothesis, I used an experiment with multiple phases intended on isolating the effects of stimulation. Using a five phase experiment, I applied stimulation both during encoding and during retrieval of the memory process (both cathodal and anodal) in order to examine both the effects of stimulation on working memory capacity and on information transfer from working memory to long term memory. The design of this experiment is discussed further in the methods section, however it is important to understand that the five session design was necessary in order to examine cathodal and anodal stimulation at both points in the memory encoding process in order to isolate those effects and draw meaningful conclusions about the nature of tDCS stimulation on memory encoding. 

















Methods
Participants
Participants consisted of SONA participants between the ages of 18 and 26 who sign up through the SONA website as paid volunteers. The race and gender assortment of these participants was randomized and not controlled for; gender was noted, but race was not. Many, but not all, participants were students at Vanderbilt University. 
The participants were, as mentioned before, recruited through the SONA study website for compensation of $10 per hour. With the initial hour, and four 1.5 hour sessions (combined with a $5 for completing the study given upon completion of the fifth session), the full compensation for each participant was $75 for attending and completing all five sessions as scheduled. 
Here I report the data from 14 of those participants. We excluded the data from 4 of our initial sample of 18 participants because they did not return for each session of the multiple-session experiment. 
Apparatus and Measures
	This experiment used a Mac computer to take the responses of the subjects during the experiment. The stimulation was provided with a tDCS apparatus using two rubber pads attached to small sponges. The pads and sponges were secured to the scalps of the participant using a cloth headband that circled the head and held them close to the head while allowing for necessary movement. 
	Subject responses were taken by the MatLab program through which the experiment was designed. 
Design
	This experiment used a within-subjects design with pre-tests and post-tests following each stimulation condition. The within-subjects variable was stimulation condition (anodal or cathodal, or sham). 
Procedure
	The subjects signed up for the study through SONA online for the first one-hour session of the five session study. Upon arrival, the subjects were instructed to sign a consent form and then led to a plain room with a desk, a computer, and a chair.
	The first session began with a colored square task. The subjects were instructed to begin the task, which was a colored square task. An array of 4 – 8 colored squares appeared on the screen for half a second, after which only one square would return. The participants were asked to indicate with keys on the keyboard if the square was the same color as the square previously in that same space (see Figure 1 for example).
	Following these instructions, the experimenter began the trial for the subject—this block of trials will be called CS1 (Colored Square 1) throughout the remainder of these detailed procedures. After approximately ten minutes, the participant alerted the experimenter that the trial had finished. 
After CS1 there was a section of the session which lasted 20 minutes exactly. In this section, the participant received the same instructions given above and was given an additional colored square task to complete (thus this section is entitled CS2) and instructed to relax in their seat for the remainder of the twenty minutes. At the end of the twenty minutes (signaled by a 
[image: ][image: ]
Fig. 1. An example of a colored square task. On the left we see the first part of the task, which lasts for less than a second; on the right is what appears on screen following that. The participant is asked to indicate if the new square is the same color as the square that was previously in that space
timer that the experimenter set at the beginning of the trial), the experimenter returned to the room to begin the next section of the session. 
	The third section of the experiment was the working memory task. The experimenter returned to the room and instructed the participant on how to perform the working memory task. The participant was informed that a ring of six objects (normal objects that they would recognize from daily life, e.g. drivers licenses, fruit, etc.) would appear on the screen for, again, half a second. After that, one object would appear in the center of the screen. The participant was asked to indicate using the keyboard whether or not this object had been in the group they just viewed.
	Following these instructions, the experimenter began the trial for the participant—this trial will be called WM throughout the remainder of these procedures. After approximately fifteen minutes, the participant alerted the experimenter that the trial had then finished. 
	After the WM trial, there was another colored square task during a period of time lasting exactly twenty minutes, similar to the CS2 task. This section is referred to as the CS3 task, and is identical to the CS2 task during the first session of the five session experiment. After approximately ten minutes, the participant alerted the experimenter and the experimenter began the final leg of the session. 
	In the final portion of each session of the experiment, the experimenter began the long term memory task (hereafter referred to as the LTM task) for the participant. The experimenter instructed the participant on how to perform this task. In this task, one object came onto the screen and remained there until the participant gave a response. Unlike the colored square tasks, this task relied on objects that participants would recognize from every day activities, taken directly from the working memory task. Some of these objects were direct repeats from the WM task that the participant had already completed earlier in the day.  The participant was asked to use the keyboard to indicate whether or not they had seen the object that day, and how certain they were of their response (completely sure, fairly sure, or guessing entirely). Once the response was recorded, the next object would pop up.
	These five tasks combined with no stimulation constituted the first of the five sessions that each participant completed. In the subsequent sessions, however, the stimulation was applied during these trials. Stimulation was applied using a tDCS device hooked to two electrodes with rubber pads. These rubber pads were then strapped to the head with a cloth headband and placed over two sponges wetted with salt water. The participant was given a towel to wrap around their shoulders and keep their clothing dry. One electrode (the smaller square of the two) is placed at the apex of the skull, at the FCz site on the head. The other electrode (the larger rectangle) is placed along the right cheek, parallel to the nose on the side of the face. The tDCS stimulation is run at a 2.0 mA level for 20 minutes. 
	In the second session with the first round of participants, the participant underwent anodal stimulation during the CS2 portion of the session. Anodal in this case refers to the electrical current in reference to which electrode is placed at the FCz site on top of the head, not to which electrode is placed along the cheek. Therefore, in this case, the anode of the tDCS device was placed at the FCz site and the cathode was placed along the cheek. The tDCS device is set for 2.0 mA, and a timer is set for twenty minutes. The participant was instructed again as detailed above, and performed the CS2 task while the stimulation is running. It is for this reason that in 
[image: ]Fig. 2. The full scope of the project. Each yellow circle represents placement of stimulation (during CS2 and CS3) in two trials, representing both anodal and cathodal stimulation. The top row represents baseline, the second represents sessions 1 and 2, and the bottom represents sessions 3 and 4.
the first session the CS2 and CS3 trials are conducted during a twenty minute period.  During this session while stimulation is applied during the CS2 trial, the CS3 trial still lasted twenty minutes as well. 
	In the third session with the first round of participants, the participant was subjected to cathodal stimulation during the CS2 trial of the experiment. Other than the orientation of the current, this was identical to the second session in the way that it is conducted and the duration of the stimulation. 
	In the fourth session with the first round of participants, the participant was subjected to anodal stimulation during the CS3 trial of the experiment. The CS2 trial did still last twenty minutes, however, just as before. 
	Finally, in the fifth session with the first round of participants, the participant was subjected to cathodal stimulation during the CS3 trial of the experiment. Thus, in this way, each participant experienced both anodal and cathodal stimulation prior to the WM task and the LTM task, targeting both encoding and retrieval of memories. 
	In each following round of participants, the order of the stimulation switched (cathodal then anodal) and every two rounds of participants the timing of the stimulation will switch (CS3 then CS2).  
Analyses
We focused our analyses on accuracy measured across the different phases of the experiment. Raw accuracy, in terms of hits and correct rejection rates, were then transformed into an estimate of the number of object representations stored in memory (K) using the formula derived by Cowan (2001) from Pashler (1988). This, combined with the accuracy of the working memory task, provided an accurate measure of the participant’s working memory capacity. The accuracy value for the long term memory task was represented as the sensitivity of the participant to the task (that is, their sensitivity to the novelty of the object presented to them). This was derived from the value of their answers in the affirmative (indicating that they had seen the object that day) minus the inverse of their answers in the negative (one minus the number of objects they did not believe they had seen that day). These transformations became the data primarily used in the analyses. 
	I began by examining anodal stimulation and its effect on the learning of the participants. The hypotheses were concerned not only with whether or not anodal stimulation had an effect at all on learning, but also whether the effect resided in encoding stimuli or retrieving stimuli. If the stimulation had an effect on encoding stimuli (when the stimulation was placed in the colored square task [CS2] before the working memory task), then the analyses would show difference as relating to that block of trials. This would reflect an increase in working memory capacity as the result of tDCS anodal stimulation.  However, if the stimulation had an effect on the retrieval of stimuli, the analyses would instead show difference as relating to CS3. This would indicate an increase in efficiency of transfer between WM and LTM, with a relatively stable working memory capacity.  Both of these goals can easily be accomplished with a repeated measures ANOVA. In these cases, I examined working memory accuracy (WM_Acc) and long term memory sensitivity (LTM_sense) in varying conditions.










Results
	 As shown in Figure 3, performance on the memory tasks did not change following either type of stimulation (cathodal or anodal).  This figure depicts the accuracy in both tasks; the low accuracy on LTM is to be expected (showing an average close to 10%) simply due to the difficult nature of the task. Participants were asked to remember many objects from close to an hour prior to the task, resulting in low but steady accuracy. 
	A repeated measures ANOVA was conducted to compare the effect of tDCS applied during encoding on working memory capacity in anodal, cathodal, and base conditions. There was no significant effect of tDCS on working memory capacity in either the anodal or cathodal condition at the p<.05 level [F(2,26)= 0.248, p =0.782]. Additionally, a repeated measures ANOVA was conducted to compare the effects of tDCS applied during encoding on long term memory sensitivity in anodal, cathodal, and base conditions. There was no significant effect of tDCS on long term memory sensitivity in either condition at the p<.05 level [F(2,26)=0.052, p = 0.950]. After these analyses, it is necessary to then analyze the effects of tDCS on memory when applied during retrieval.
	A repeated measures ANOVA was conducted to compare the effects of tDCS applied during retrieval on working memory capacity in anodal, cathodal, and base conditions. There was no significant effect of tDCS on working memory capacity in either condition at the p<.05 level [F(2,26) = 0.422, p = 0.660]. Finally, a repeated measures ANOVA was conducted to compare the effects of tDCS applied during retrieval on long term memory sensitivity in anodal, cathodal, and base conditions. There was no significant effect of tDCS on long term memory sensitivity in either condition at the p<.05 level [F(2,26) = 0.248, p = 0.782]. 
	                                                                                           	 The working memory ANOVA in the retrieval condition was not, in the strictest sense, necessary analysis as considered. The tDCS applied in the retrieval condition was not intended to affect the working memory at all and instead was intended to have only an effect on the long term memory efficiency transfer. However, I chose to pursue it simply to ensure that there was no question as to not rejecting the null hypothesis in this case.
	Taking together, the results of these analyses suggest that tDCS (whether applied cathodally or anodally, either during retrieval or encoding) has no effect on the learning of specific visual stimuli in reference to working memory capacity or long term memory sensitivity. However, it should be noted that this does not discount previous findings about the effects of tDCS on other forms of memory and learning. 

















Discussion
	As noted earlier in this study, there were several possibilities as concerns the effects of tDCS on memory and the learning of specific visual stimuli. Many studies in the past have demonstrated that tDCS has effects on learning and efficiency in learning, showing reduced reaction times and enhanced accuracy at consecutive tasks. These results have been reproduced several times, although almost exclusively in very specific forms of memory and learning without attempts to expand beyond those particular types of memory (Albert, 1966; Horvath et. al., 2015; Nitsche & Paulus, 2000). 
	In addition to the limitations placed upon the types of learning that are examined in the wake of tDCS application, there has also been little investigation into the mechanisms affected by tDCS and, as a result of that, the potential for long-term sustainability in results. As such, I theorized that examining the relationship between tDCS and learning of specific visual stimuli through the lenses of encoding and retrieval would lead to understanding that tDCS acts as a smoothing agent that eases transition from WM to LTM and increases efficiency therein. In addition to hypothesizing that this study would uphold previous results and show an assistance effect from anodal stimulation (with a mirrored detrimental effect from cathodal stimulation) on reaction time and accuracy in laboratory learning experiments, I predicted that we would see effects resulting from stimulation during retrieval rather than during encoding.
[bookmark: _GoBack]	The results of the analysis fail to uphold any of the four hypotheses set forth at the beginning of the study. I began by examining the stimulation applied during encoding, in order to see what effects tDCS would have on working memory. In order to demonstrate that tDCS was affecting the transfer from WM to LTM, I would need to show that there was demonstrable difference resulting from stimulation to retrieval; difference resulting from stimulation to encoding would show that tDCS enhanced WM capacity, leading to results that would certainly be salient but would fail to be effective long term as the transfer from WM to LTM remained ineffective. If tDCS had, instead, an effect when applied during the retrieval process, it would demonstrate that this stimulation enhanced the transfer effect, creating palpable and sustainable effects in the memory process of the participants. 
	With this clear lack of results, there are many directions going forward that will now require investigation. Because this study shows that tDCS has no effect on learning of specific visual stimuli, it becomes obvious that tDCS may not be regarded as having a universal effect on all types of memory. Without clear lines regarding which types of memory it actually does affect, research continuing into the future will be missing large pieces of information about the effect. Under the advisement of this study, future studies must endeavor to find the limits of influence of tDCS and specifically delineate the types of memory which fall under that influence.
	Additionally, because there was no significant effect from tDCS on learning of specific visual stimuli, it is now impossible to be certain where the effect of tDCS actually influences memory; the final hypotheses of this study is impossible to evaluate fully as a descriptor of the mechanisms of tDCS and memory. 
	Although this study failed to return statistically significant results regarding tDCS and learning of specific visual stimuli, it remains true that the results here made progress towards understanding the limitations of tDCS and the effects that it has upon learning in human participants. Future studies, should they wish to examine the transfer process and understand for certain what process(es) is (are) affected by tDCS, would benefit from choosing to examine a memory and learning process that is already known to be affected by tDCS application and stimulation. However, the non-statistically significant results of this study provide a base upon which to build the new list of memory processes that remain unaffected. If a process is affected or unaffected, it stands to reason that there is some sort of concrete difference between the different types of memory and learning if they react so differently to the same process and stimulation.
	As such, future studies should focus upon those differences and discovering what makes certain forms of memory and learning vulnerable to stimulation-based alteration, as well as what facet of learning is affected by that stimulation. 
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