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A B S T R A C T

Prior work demonstrates that application of transcranial direct current stimulation (tDCS) improves memory. In
this study, we investigated tDCS effects on face-name associative memory using both recall and recognition tests.
Participants encoded face-name pairs under either active (1.5 mA) or sham (.1 mA) stimulation applied to the
scalp adjacent to the left dorsolateral prefrontal cortex (dlPFC), an area known to support associative memory.
Participants’ memory was then tested after study (day one) and then again after a 24-h delay (day two), to assess
both immediate and delayed stimulation effects on memory. Results indicated that active relative to sham sti-
mulation led to substantially improved recall (more than 50%) at both day one and day two. Recognition
memory performance did not differ between stimulation groups at either time point. These results suggest that
stimulation at encoding improves memory performance by enhancing memory for details that enable a rich
recollective experience, but that these improvements are evident only under some testing conditions, especially
those that rely on recollection. Overall, stimulation of the dlPFC could have led to recall improvement through
enhanced encoding from stimulation or from carryover effects of stimulation that influenced retrieval processes,
or both.

1. Introduction

Learning new associations is a critical cognitive capability that en-
ables function in day-to-day life. Associative memory involves the ac-
curate encoding and subsequent retrieval of simultaneous presentations
of two (or more) details (e.g., remembering that this face was associated
with that name). Hebbian learning principles suggest that such asso-
ciations are learned when ensembles of neurons work together, or wire
together, through neural mechanisms such as long-term-potentiation
(LTP; Hebb, 1949). Intriguingly, evidence suggests that transcranial
direct current stimulation (tDCS) invokes such neural mechanisms in
stimulated cortex (Nitsche and Paulus, 2000; Rioult-Pedotti et al.,
1998). For instance, prior work has shown that glutamine/glutamate
increases in brain regions beneath the stimulating electrode (Clark
et al., 2011), whereas inhibitory gamma-aminobutyric acid (GABA)
decreases (Stagg et al., 2009). Increased glutamate and decreased GABA
have been linked with LTP and promote learning and memory (Floyer-
Lea et al., 2006; Lynch et al., 1990). Altogether, these lines of work
suggests that tDCS may be suited to improve associative memory. tDCS

works by passing a small electrical current through the scalp, which in
turn influences brain excitability. Effects of tDCS include both im-
mediate and delayed effects on neuronal function (Liebetanz et al.,
2002; M.A. Nitsche et al., 2003; M. Nitsche et al., 2003; Nitsche et al.,
2004; Stagg and Nitsche, 2011): the immediate effects occur during
stimulation itself, and the delayed effects persist for hours or days after
stimulation has ceased (Flöel et al., 2012; Parikh and Cole, 2014; Park
et al., 2014). In this study, we examined both immediate and delayed
effects of tDCS on associative memory.

Two common methods for assessing associative memory are re-
cognition and cued recall tests. In recognition tests, participants are
shown item pairs and asked to judge whether the same items were
paired together during study. In cued recall tests, participants are given
a cue (e.g., a face) and asked to produce the item that was paired with
that cue (e.g., name). Both tests evaluate associative memory, although
they differ in several ways. Successful recall relies on participants’ use
of recollection processes (Yonelinas, 2002). This is in contrast to re-
cognition tests where participants can rely on two types of memory
processes to perform well: they can recollect the studied pair, or they
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can rely on familiarity (whether it feels familiar that both items were
presented together; Yonelinas et al., 1999). Although some studies have
demonstrated stimulation-induced memory improvements as measured
by recognition (Boggio et al., 2009; Chi et al., 2010; Gray et al., 2015;
Jacobson et al., 2012; Javadi et al., 2012; Javadi and Walsh, 2012;
Pergolizzi and Chua, 2016; Pisoni et al., 2015a), others have found no
improvements (Chen et al., 2016; Hammer et al., 2011; Matzen et al.,
2015), or even reduced performance relative to sham (Pergolizzi and
Chua, 2015; Zwissler et al., 2014). Fewer studies have used recall tests
to measure stimulation effects on memory (Elmer et al., 2009; Jones
et al., 2014; Marshall et al., 2004; Nikolin et al., 2015; Penolazzi et al.,
2010; Pisoni et al., 2015b). Importantly, only one study has examined
stimulation effects on associative memory via both memory tests
(Matzen et al., 2015). That study found that stimulation led to im-
proved associative memory as measured by recall, but not recognition,
suggesting that even within the same study, memory effects may be
evident only under some testing conditions, specifically those that rely
on recollection. The fact that only recall improved under active sti-
mulation in Matzen (2015) suggests that stimulation supports memory
by enhancing recollection processes, and that in recognition tests,
memory improvements induced by tDCS are harder to detect. Indeed,
recent work suggests that memory improvement from stimulation may
only be evident under more difficult test conditions such as those that
assess recollection of specific details (such as font color in which an
item was presented; Gray et al., 2015) as compared to easier old/new
recognition tests. Further, Matzen et al. (2015) only tested the im-
mediate effects of stimulation on memory, thus it is unknown whether
delayed effects of tDCS are present in recall after a period of con-
solidation. This is important since recent work suggests that tDCS might
be especially suited to improve memory after a period of consolidation
in the order of a few hours up to a day (Au et al., 2017). Given these
findings, the current study was devised to investigate the delayed ef-
fects of tDCS on associative memory. To date no single study has ex-
amined how both associative recall and recognition might be influenced
by immediate and delayed effects of tDCS (though see Flöel et al., 2008
for immediate/delayed effects in a language learning paradigm).

An important factor in measuring stimulation effects on memory is
stimulation location. Neuroimaging evidence suggests that successful
face-name encoding relies on sets of regions including the left inferior
frontal gyrus (IFG; Sperling et al., 2003). Our prior work showed that
stimulation over this region improved associative recall (Matzen et al.,
2015). However, abundant evidence provides strong support that an-
other prefrontal region, the left dorsolateral prefrontal cortex (dlPFC),
is also important for associative encoding (not just face-name associa-
tions; Blumenfeld et al., 2011; Murray and Ranganath, 2007). Im-
portantly, this prior research suggests that dlPFC plays a role in pro-
cessing the relationship between simultaneously presented items (such
as a face and a name), which in turn leads to improved subsequent
associative memory. In the present experiment, participants received
active or sham stimulation over the left dlPFC while they studied face-
name pairs. Because there are delayed effects of stimulation (e.g., ef-
fects that persist after stimulation ceases), tDCS of the dlPFC may also
improve associative memory another way. Research suggests dlPFC
plays a role in the strategic (or controlled) search through memory
stores when making retrieval judgments. For example, in demanding
retrieval tasks where participants are asked to remember certain details
(a criterial detail such as in which font a word was presented, or which
name was associated with a face) a controlled search for this informa-
tion in memory promotes performance, and evidence suggests that
dlPFC subserves this type of controlled search (Blumenfeld et al., 2011;
Ranganath, 2010). Although we only stimulate dlPFC at encoding in
this study, delayed effects of stimulation on dlPFC may also improve
memory by enhancing the strategic search through memory at the time
of test. Indeed, prior tDCS studies on memory have stimulated dlPFC
either at encoding (Elmer et al., 2009; Hammer et al., 2011; Javadi
et al., 2012; Experiment 1, Javadi and Walsh, 2012; Manuel and

Schnider, 2016; Nikolin et al., 2015; Zwissler et al., 2014) at retrieval
(Experiment 2, Javadi and Walsh, 2012) or in the interval between
encoding and retrieval (Gray et al., 2015) to enhance memory through
these two different roles of the dlPFC. The present study adds to this
work.

To more fully vet the effects of stimulation on memory in this study,
half of the trials (face-name pairs) were presented only once, and half
were presented twice. We did this to test whether stimulation effects
would be larger for items presented twice relative to those presented
once under active compared to sham stimulation. There is a prevailing
assumption in the tDCS literature that greater duration of stimulation
leads to larger behavioral effects (Bindman et al., 1964; Kalu et al.,
2012; Nitsche and Paulus, 2000; Nitsche et al., 2003; Ohn et al., 2008);
however, this assumption has not often been tested experimentally in
the context of memory. If more stimulation leads to improved perfor-
mance, then memory benefit for items presented twice (i.e., items that
have been studied under “more” stimulation) compared to trials pre-
sented once, should be larger in magnitude under active compared to
sham stimulation. Interestingly, there is a limited body of work that
supports an alternate prediction: that memory for items presented once
would show greater improvement than items presented twice under
stimulation. Although not memory studies, this work suggests that sti-
mulation induced behavioral improvement is evident on tasks where
performance is initially low (Liang et al., 2014; Tseng et al., 2012;
Zimerman et al., 2013). This limited work implies that memory im-
provement might only be evident for items presented once relative to
twice, since memory for items presented once is lower and thus has
more room for improvement.

In this study, participants were stimulated while studying face name
pairs presented either once or twice, under either active or sham sti-
mulation. We assessed memory as measured by cued recall and asso-
ciative recognition both immediately after study and after a delay of
24 h. We make three predictions. First, we expect that active stimula-
tion will improve associative recall, consistent with prior results
(Matzen et al., 2015), and in support of the notion that stimulation at
encoding strengthens memory representation leading to better sub-
sequent recollection. Second, we do not anticipate seeing recognition
improvement in active compared to sham stimulation in line with our
prior work (Matzen et al., 2015). Third, we expect to see improved
recall on day two for active relative to sham stimulation, consistent
with the notion that tDCS has both online and offline effects that in-
fluence memory. Finding memory effects that persist after a 24-h delay
would support the idea that tDCS improves memory through delayed
effects after a period of consolidation, consistent with recent work
suggesting that tDCS effects on memory are evident after a delay (Au
et al., 2017).

2. Methods

Forty-two participants (active stimulation group mean age: 22.5, 15
females; sham stimulation group mean age: 20.6, 11 females), recruited
from the University of Illinois at Chicago completed the experimental
procedures. All participants were right handed, and none reported
having body implants (i.e., pacemakers, cochlear, or metal implants),
history of skull fractures, brain injury, previous brain surgery, epilepsy,
or a family history of epilepsy. Participants with abrasions to the scalp
at the time of the experiment were excluded. Participants received
payment for their time. All participants gave their informed written
consent as approved by the Institutional Review Board at the University
of Illinois at Chicago.

Stimuli consisted of faces and names. We used 60 faces taken from
the FACES database (Ebner et al., 2010), and 60 names taken from the
Social Security Administration list of common first names, as we have
done before (Matzen et al., 2015).

The experiment took place in two sessions over two days (one ses-
sion each day). On day one, there were three phases of the experiment: a
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