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Retrieving information from episodic memory may result in later inaccessibility of related but task-
irrelevant information. This phenomenon, known as retrieval-induced forgetting, is thought to represent
a specific instance of broader cognitive control mechanisms, that would come into play during memory
retrieval, whenever non-target competing memories interfere with recall of target items. Recent neu-
roimaging studies have shown an association between these mechanisms and the activity of the right
Prefrontal Cortex. However, so far, few studies have attempted at establishing a causal relationship
between this brain region and behavioural measures of cognitive control over memory. To address this
missing link, we delivered transcranial Direct Current Stimulation (tDCS) over the right Inferior Frontal
Gyrus (rIFG) during a standard retrieval-practice paradigm with category-exemplar word pairs. Across
two experiments, tDCS abolished retrieval-induced forgetting to different degrees, compared to the sham
control group whereas no effects of stimulation emerged in an ancillary measure of motor stopping abil-
ity. Moreover, influence analyses on specific subsets of the experimental material revealed diverging pat-
terns of results, which depended upon the different categories employed in the retrieval-practice
paradigm. Overall, the results support the view that rIFG has a causal role in the control of interference
in memory retrieval and highlight the often underestimated role of stimulus material in affecting the
effects. The present findings are therefore relevant in enriching our knowledge about memory functions
from both a theoretical and methodological perspective.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Cognitive control refers to a set of essential abilities that allow
us to maintain an adaptive behaviour within an ever-changing
environment. From abruptly stopping a course of action that is
not optimal anymore (Verbruggen & Logan, 2008), to suppressing
unwanted or irrelevant memories from coming to mind
(Anderson & Hanslmayr, 2014; Storm & Levy, 2012), cognitive con-
trol is constantly recruited in our everyday life. Importantly, over
the last thirty years, a set of cognitive models of memory has
gained prominence, in which a role for cognitive control in both
retrieval and forgetting is postulated. As a result, the concept of
forgetting has also been profoundly revised, from a limitation or
failure of our memory systems to an active process that benefits
from cognitive control to allow for an adaptive and efficient func-
tioning in every-day life (Nørby, 2015; Storm, 2011). In particular,
it has been hypothesized that inhibitory mechanisms (putatively
similar to those involved in response selection in perceptual and
motor tasks and therefore sharing common neural substrates in
the prefrontal cortex, PFC) may be responsible for a peculiar
instance of forgetting that is detected when retrieving an informa-
tion from our memory storage impairs later recall of related infor-
mation, compared to unrelated ones. This finding, traditionally
termed retrieval-induced forgetting (RIF), is thought to represent
the mark that is left behind by inhibitory control mechanisms
recruited to overcome interference during selective memory
retrieval, i.e., when one actively engages in effortful retrieval from
memory in the face of competing, irrelevant memory traces
(Anderson, Björk, & Björk, 1994). The memory representation of
these interfering memory traces would be weakened by inhibitory
mechanisms that promote selection and emission of the correct,
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task-relevant response, so that their availability may be reduced on
later attempts to retrieve the previously interfering memories.

According to some Authors, the inferior frontal gyrus (IFG)
orchestrates inhibitory control across cognitive domains via top-
down regulation of other cortical and subcortical areas depending
on the task at hand (e.g., Aron, Robbins, & Poldrack, 2014). In this
view, the IFG might represent a key node for the neural networks
deputed to both motor stopping and memory suppression which,
in turn, may constitute different but interrelated instances of inhi-
bitory control. In the model put forward by Levy and Anderson
(2002), response selection in both action and memory might be
supported by inhibitory mechanisms that share similar neural sub-
strates mainly located in the prefrontal cortices. In particular, the
Authors pointed to the dorsolateral prefrontal cortex (DLPFC) as a
putative central hub for the cognitive processes mediating inhibi-
tory control in both domains, whereas the anterior cingulate cortex
(ACC) would be deputed to the role of conflict detector and sig-
naller to the DLPFC. Neuroimaging evidence suggests a role for
both the DLPFC and the IFG during selective retrieval from episodic
memory in the face of interference arising from competing mem-
ory traces (Wimber, Alink, Charest, Kriegeskorte, & Anderson,
2015; Wimber, Rutschmann, Greenlee, & Bäuml, 2009; Wimber
et al., 2008). Moreover, these studies suggested a greater contribu-
tion of right prefrontal areas, similar to what has been reported in
other work on related domains (e.g., Benoit & Anderson, 2012, in
voluntary forgetting, and Goghari & MacDonald, 2009, in the
go/no-go task).

In a previous study, Penolazzi, Stramaccia, Braga, Mondini, and
Galfano (2014), used transcranial Direct Current Stimulation
(tDCS) in the attempt to provide the first causal evidence for the
involvement of right DLPFC in control over interfering memories,
as indexed by RIF. Specifically, RIF was gradually reduced in two
stimulation groups, which received anodal and cathodal tDCS
respectively, compared to a sham control group. In particular, on
average, participants receiving cathodal tDCS, which is thought
to inhibit endogenous activation in the target area, showed the
least amount of RIF, to the point of observing a reversed effect,
compared to a sham stimulation (i.e., control) group, where a sig-
nificant effect was observed.

Here, we focused on testing the involvement of the right IFG
(rIFG) in RIF. We hypothesized that altering the activity of this par-
ticular brain region during a task that putatively relies on the abil-
ity to suppress interfering memories would affect later recall of
these memories. To this end, we targeted the rIFG with tDCS in
healthy volunteers performing a retrieval practice paradigm
(RPP; Anderson et al., 1994; see Murayama, Miyatsu, Buchli, &
Storm, 2014, for a recent meta-analysis), which is commonly used
to assess the individual ability to overcome interference in mem-
ory. Importantly, many studies have already employed tDCS to
modulate performance in behavioural tasks related to inhibitory
control, with overall promising results (e.g., Ditye, Jacobson,
Walsh, & Lavidor, 2012; Jacobson, Javitt, & Lavidor, 2011;
Metzuyanim-Gorlick & Mashal, 2016; Penolazzi et al., 2014;
Stramaccia et al., 2015).

In the RPP, participants first study a series of category-exemplar
word pairs. Immediately after that, they repeatedly perform active
retrieval practice on half the exemplars from half the categories.
Finally, participants’ memory for all the experimental material is
tested. The RPP allows measuring two distinct effects. On the one
hand, the well-known superiority of memory performance on sub-
sequent recall of study material that underwent additional prac-
tice, compared to studied but unrehearsed material, typically
referred to as facilitation (FAC) effect in the context of the RPP.
On the other hand, the observation that selectively practicing
retrieval of certain exemplars leads to impairment of unrehearsed
exemplars that share the same category cue, compared to
unrehearsed exemplars belonging to different unpracticed cate-
gories. The latter phenomenon is known as RIF, to highlight the fact
that the very act of selectively retrieving memory traces is respon-
sible for the later inaccessibility of related memory traces due to
the need to overcome interference from related exemplars by
weakening the memory traces associated to them. In the present
study, in line with Penolazzi et al. (2014), tDCS was administered
during the active retrieval practice phase of the RPP, i.e., when
inhibitory mechanisms are thought to be implicitly recruited
(e.g., Anderson, 2003).

If rIFG plays an important role in RIF, then we expected to
observe a pattern similar to that reported by Penolazzi et al.
(2014), with cathodal stimulation showing the greatest impact
on the behavioural index of successful inhibition. On the contrary,
the absence of major group differences could signify that rIFG may
not primarily be involved in this internally directed instance of
cognitive control, compared to the well-established contribution
of the rDLPFC (Penolazzi et al., 2014). Moreover, in keeping with
the inhibitory account of RIF, we did not expect to observe any
stimulation effects on FAC, as the two phenomena would rely on
distinct neural substrates and different cognitive processes.
2. Experiment 1

2.1. Methods

2.1.1. Participants
The ethical committee for psychological research of the Univer-

sity of Padua approved the study, which was performed in accor-
dance with the principles of the Declaration of Helsinki. All
participants underwent an eligibility screening for the tDCS proce-
dure, and provided an informed consent prior to their participation
and a final consent at the end of the experimental procedure. 53
healthy volunteers (18 males) aged between 21 and 27 years
(mean age = 23.30, SD = 1.70; mean years of education = 17.43,
SD = 1.64) took part in the experiment. All participants were Italian
native speakers with no history of neurological disease, psychiatric
disorders, heart conditions, severe head injury, seizures (personal
or in first degree relatives), recurring syncope, or learning disabil-
ity. Additional exclusion criteria included pregnancy, presence of
metal in the face or the head (other than dental work), presence
of skin conditions on the scalp or history of severe dermatitis,
on-going or recent use of medical prescriptions other than contra-
ceptives, and excessive use of alcohol on the day prior to the stim-
ulation session.
2.1.2. Retrieval practice paradigm (RPP)
Participants sat approximately 57 cm from a 15-in. laptop mon-

itor (1024 � 768 pixels, 60 Hz), on which stimuli (20-point Arial
bold font) were shown in black against a gray background. Stimu-
lus presentation and response collection were controlled using E-
Prime 2.0.

A typical three-phase RPP was used, identical to that used by
Penolazzi et al. (2014). The stimuli consisted of 96 category-
exemplar word pairs (e.g. ‘‘FRUIT-cherry”), divided by eight seman-
tic categories, with twelve exemplars for each category. We
selected and adapted all the material from the categorical produc-
tion norms for the Italian language by Boccardi and Cappa (1997),
according to the following criteria: (i) within each category, we
included seven exemplars with high taxonomic strength (strong
exemplars) and five with low taxonomic strength (weak exem-
plars), according to the production norms; (ii) words within the
same category always had a different initial letter; (iii) we tried
to keep semantic associations between and within categories to a
minimum, to avoid semantic integration (Goodmon & Anderson,
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2011); (iv) we included only words that were no longer than ten or
no shorter than four letters; (v) we chose only unambiguous, non-
compound words for both exemplars and categories.

It is worth noting that participants were completely naïve to the
procedure: participation to previous studies using this behavioural
paradigm constituted an additional exclusion criterion. The RPP is
schematically represented in Fig. 1.

In the study phase, we instructed the participants to memorize
all of the 96 category-exemplar word pairs, by relating each exem-
plar to its category. We also informed them that they would have
been tested later on the exemplars. Study trials began with a brief
fixation point in the center of the screen for 500 ms, followed by a
blank screen (500 ms); subsequently, one category-exemplar word
pair was presented centered on screen for 2500 ms, followed by a
blank screen (500 ms). The stimuli were delivered in a randomized
blocked-by-category order.

In the practice phase, participants repeatedly practiced the
weak exemplars of half the semantic categories (four repetitions
of 20 exemplars, 80 trials in total). Importantly, practicing weak
exemplars only should boost the RIF effect due to increased com-
petition from the remaining strong exemplars (Anderson, 2003).
In the practice trials, we provided the category and the first three
letters of each exemplar (e.g. ‘‘FRUIT-che___”) to the participants,
and we instructed them to answer vocally with the name of the
specific exemplar associated to the particular cue in full
(4000 ms). Presentation of practice stimuli was randomized, and
each practice item was preceded by a fixation cross for 1000 ms,
followed by a blank screen lasting 1000 ms. The inter-trial interval
Fig. 1. Schematic representation of the RPP used in Experiment 1 (upper section) and Exp
(middle section). See text for full details.
consisted of a blank screen lasting 1000 ms. We labelled the prac-
ticed weak exemplars as RP+ items, the non-practiced strong items
from practiced categories as RP� items, the weak non-practiced
items from non-practiced categories NRP+ items, and the strong
non-practiced items from non-practiced categories NRP� items.
NRP+ and NRP� items served as controls for RP+ and RP� items,
respectively. Four lists of categories were used to fully counterbal-
ance the practiced categories across groups. As a result, all seman-
tic categories contributed equally to all four types of items.

In the final test phase, we presented all the stimuli from the ini-
tial study phase (96 trials). Presentation format, timing, response
modality, and instructions, were the same as in the practice phase,
the only difference being that the participants were now shown
the category plus the first letter of an exemplar only (e.g.
‘‘FRUIT-c____”). We presented the stimuli in randomized order,
with the additional constraint that all RP� items were presented
before all the NRP�, RP+, and NRP+ items, in order to control for
output interference at test, which is known to inflate the RIF effect
(Anderson, 2003).

2.1.3. Transcranial direct current stimulation (tDCS)
We used a battery-driven Direct Current stimulator (BrainStim,

EMS, Italy) wired to a pair of surface 4 cm � 4 cm conductive
rubber electrodes inserted in saline-soaked sponges, and secured
to the scalp with rubber bands. Anodal, cathodal, or sham tDCS
over the rIFG were delivered at 1.5 mA (current density of
0.09 mA/cm2). The target area was located at the FC4 site of the
EEG 10–20 system (Jasper, 1958) as the crossing point between
eriment 2 (lower section), and the tDCS montage employed across both experiments
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T4-Fz and F8-Cz (e.g., Jacobson et al., 2011), and the reference elec-
trode was placed on the left supraorbital area (see Fig. 1, tDCS). The
stimulation parameters were the same as in Penolazzi et al. (2014).
A single blind, between group design was used: Participants were
randomly assigned to anodal (N = 17, 6 males, mean age = 23.65,
SD = 1.80), cathodal (N = 16, 6 males, mean age = 23.25, SD = 1.34),
or sham tDCS (N = 20, 6 males, mean age = 23.05, SD = 1.90). Stim-
ulation begun prior to the practice phase of the RPP, and lasted
20 min in total for all three groups, covering the entire practice
phase. In the active tDCS conditions, we ramped up the stimulation
to 1.5 mA over 30 s, maintained it for 19 min, and ramped it down
over 30 s again at the end to minimize unpleasant sensations. In
the Sham stimulation group, we ramped up and then immediately
ramped down stimulation over 15 s at both the beginning and end
of the protocol, an approach that is commonly used to blind partic-
ipants in tDCS experiments (e.g., Brunoni et al., 2012; Gandiga,
Hummel, & Cohen, 2006).

2.2. Procedure

As soon as participants completed the screening process for
tDCS and gave their written consent, we prepared the montage
for the tDCS, without starting the stimulation. Participants first
performed the study phase of the RPP. After that, we checked the
integrity of the montage, and turned the stimulation on. As soon
as the participants felt comfortable with the stimulation (always
within moment from the initial ramp up period), they performed
the retrieval practice phase of the RPP, followed by filler question-
naires whose contents were unrelated to the experimental mate-
rial. Stimulation ended shortly before completion of the
questionnaires, and we removed the montage before proceeding
with the final test phase of the RPP.

2.3. Data analysis

We analysed recall accuracy in the test phase of the RPP as the
main dependent variable. Exact answers only were considered as
correct, with the exception of occasional and obvious spelling mis-
takes. In keeping with the typical approach in the RIF literature, we
analysed FAC-relevant items (RP+ and NRP+) separately from RIF-
relevant items (NRP� and RP�). We analysed the data with R (R
Core Team, 2016), and fitted logistic mixed effects models using
the glmer procedure in the lme4 package (Bates, Maechler,
Bolker, & Walker, 2015), which is more appropriate to examine
accuracy data with respect to repeated measures ANOVA (e.g.,
Jaeger, 2008).

Following Baayen, Davidson, and Bates (2008), we entered item
type, stimulation group, and the possible interaction term, as fixed
effects, and participant and category as random intercept terms, in
order to account for both participant- and item-related variability
(type � group model). In particular, we entered category in the
model as a random factor to counter the well-known language-
as-fixed-effect fallacy (e.g., Clark, 1973), while keeping the stability
of the model (i.e., avoiding convergence issues due to the relatively
small number of observations per single item) and the experimen-
tal grouping of the stimuli within categories in mind. Using the
same approach, we subsequently computed two additional mod-
els: a model without the interaction term (type + group model),
and a model without the interaction term and the main effect of
stimulation group (type model). We used the Akaike’s information
criterion (AIC; Akaike, 1973) transformed to conditional probabili-
ties for each of the above models, i.e., AIC weights (AICw;
Wagenmakers & Farrell, 2004) to select the model that more
appropriately described our data. Indeed, AIC weights improve
the interpretation and the accessibility of results for further analy-
ses, provide a deeper insight on the features of the competing mod-
els, and quantify conclusions based on AIC (Wagenmakers &
Farrell, 2004). Subsequently, we computed ERs (Evidence Ratios,
e.g., Snipes & Taylor, 2014), i.e., the relative likelihood of a pair of
models, to compare the best model in terms of AICw against other
individual models. We then followed the framework proposed by
Kass and Raftery (1995) to qualify the LERs (Log10Evidence Ratios)
between model probabilities, so that, a priori, LERs greater than 0,
0.5, 1, and 2, were described as yielding ‘minimal’, ‘substantial’,
‘strong’, or ‘decisive’ evidence against H0, respectively.

The ‘‘qpcR” package (Spiess, 2014) was employed to compute
AICw. Interaction effects for selected models were further investi-
gated in terms of simple effects via multiple contrasts with the
‘‘testInteraction” function in the ‘‘phia” R package (De Rosario-
Martinez, 2015), adjusting the false discovery rate with the method
developed by Benjamini and Hochberg (1995). The ‘‘effects” R
package (e.g., Fox & Hong, 2009) was used to investigate effects
within specific models.

Finally, we computed Pearson’s product-moment correlation to
assess whether RIF and FAC were uncorrelated, as posited by the
strength independence tenet of the inhibitory account of RIF
(Anderson, 2003).

2.4. Results

Mean proportions of recall in the final test phase for each item
type and FAC/RIF effects are reported in Table 1.

For the FAC effect, the type model best fit the data, yielding
minimal to substantial evidence with respect to the competing
models (AICw(type�group) = 0.087, AICw(type+group) = 0.287, AICw(type) =
0.626; LER(type>type�group) = 0.857, LER(type>type+group) = 0.339). In line
with our predictions, the FAC effect was significant in each group,
as shown by group-wise multiple contrasts as a function of item
type (all ps < 0.0001).

Concerning the RIF effect, in contrast with our predictions, the
winning model was again the one that included only the main
effect of item type, yielding substantial evidence against the
competing models (AICw(type�group) = 0.096, AICw(type+group) = 0.195,
AICw(type) = 0.709; LER(type>type�group) = 0.868, LER(type>type+group) =
0.561). Detailed information on the model is reported in Table 2.

Furthermore, multiple contrasts did not reveal a significant RIF
in any of the three stimulation groups (all ps � 0.593, see Fig. 2).

Finally, as expected, the correlational analysis did not show any
evidence of a correlation between FAC and RIF effects across the
whole sample (r = �0.13, p > 0.250).

2.5. Discussion

The results concerning the beneficial effect of retrieval practice
were in line with our predictions, with a reliable FAC effect
observed in all the experimental groups and no interaction with
our tDCS protocol. Turning to RIF, the results observed in this first
experiment were quite unexpected. As a matter of fact, in light of
our previous work, upon which the present experiment capitalized,
we were not surprised about the lack of RIF in the two real stimu-
lation groups, in particular regarding the cathodal stimulation
group. However, the absence of an interaction between item type
and stimulation group, coupled with the lack of a significant RIF
effect in the control group, does not allow either supporting or
completely rejecting our initial hypotheses. Therefore, results from
this first experiment appeared to be inconclusive on whether inter-
fering with rIFG during a RPP has any effects on inhibitory perfor-
mance as indexed by RIF.

It is important to note that the RPP variant used in this experi-
ment suffered from a few limitations, which also affected and were
partially addressed in our previous work (Penolazzi et al., 2014),
and which could have influenced the current results nonetheless:
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(i) We employed a blocked-by-category study format that could
have facilitated encoding strategies based on grouping the exem-
plars together under the category label, thus favouring integration
in our participants, which is known to reduce RIF (Anderson &
McCulloch, 1999); (ii) The study material consisted of a standard
number of categories (eight) compared to the literature on RIF
(e.g., Anderson et al., 1994), but quite a large number of exemplars
(twelve) by the same standards. Therefore, interference during
retrieval practice in our paradigm may have been more diluted
among the many competing items (seven), thus potentially limit-
ing the inhibitory demands, and/or the subsequent inhibitory
effort may have been less effective at reducing the competing
items’ representation in memory to a point that later recall would
suffer from such impairment; (iii) While the test format allowed to
rule out output interference on RP� items (Anderson, 2003), it
could have caused NRP� items to undergo more interference than
the RP� items, since the former items were mixed together with
the RP+ and NRP+ items. It should be noted that such bias was held
constant across participants and hence is unlikely to have influ-
enced the results as a function of stimulation (see also Penolazzi
et al., 2014). In addition to that, this particular test order could
have likely been more susceptible to persisting, non-specific effects
of tDCS, which in turn would have differentially affected RP� com-
pared to NRP� items given their higher proximity to stimulation
offset. In consideration of all these critical points, and because
the results provided by this experiment did not lend themselves
to a straightforward interpretation, we carried out a second
experiment in which we employed a similar rationale and
improved upon the behavioural procedure and neuromodulation
parameters. Moreover, sample size was increased in all stimulation
groups.
3. Experiment 2

This new experiment was not just a refined replication of the
previous one, but also included an important element of novelty.
In fact, we took the chance to replace the filler questionnaires act-
ing as a buffer between the retrieval practice and test phases of the
RPP with an additional task aimed at measuring the individual
ability to override an initiated course of action. Specifically, we
employed a stop-signal task (SST; Verbruggen & Logan, 2008) that
participants performed immediately after the retrieval practice
phase, while tDCS was still active. In the SST, participants perform
a choice RT task and withhold response when a stop signal is pre-
sented shortly after the target stimulus. In order to push partici-
pants into committing mistakes, trials that require stopping are
infrequent (often 25%) compared to go trials, and the delay
between the target and stop signal (stop-signal delay, SSD) is adap-
tively adjusted by a staircase procedure aimed at keeping partici-
pants’ accuracy at about 50%. The horse-race model of inhibition
in the SST (e.g., Logan & Cowan, 1984) posits that whenever a stop
trial occurs, the inhibitory process triggered by the stop signal
competes with the response process elicited by the target. Conse-
quently, longer SSDs make it harder to inhibit response to stop tri-
als, as the response process will be closer to translate into action
and further ‘‘out of reach” for the inhibitory process. The main
index of the efficiency of inhibitory performance in the SST at the
individual level is the stop-signal reaction time (SSRT), which can
be computed as the difference between mean RTs in the go trials
(no-signal RTs, NSRTs) and the mean SSD in the stop-trials, for a
given participant. Given that the SSRT is interpreted as the covert
latency of the inhibitory process that overrides motor action,
shorter SSRTs indicate a more efficient stopping process.

Many tDCS studies have shown that stimulation of prefrontal
areas significantly modulates control abilities in different tasks
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Fig. 2. Interaction plot showing recall accuracy in Experiment 1 as a function of item type in RIF (NRP� vs. RP�) for each stimulation group.

Table 2
Results of logistic mixed effects model with recall accuracy from Experiment 1 as dependent variable.

Recall accuracy

Parameters B (SE) z p Omnibus v2 df p

Intercept �1.022 (0.179) �5.709 <0.001

Item type 0.002 1 0.967
RP� �0.181 (0.140) �1.288 0.198

Stimulation group 1.415 2 0.493
Anodal tDCS 0.103 (0.217) 0.485 0.627
Cathodal tDCS �0.052 (0.216) �0.244 0.807

Interaction 2.605 2 0.272
RP� � Anodal tDCS 0.244 (0.202) 1.206 0.228
RP� � Cathodal tDCS 0.314 (0.207) 1.515 0.130

Note: Number of subjects = 53. Number of observations = 2968. Number of semantic categories = 8. Baseline level for Item Type was NRP�. Baseline level for Stimulation
Group was Sham tDCS. Random effects were Subject and Category. v2 values were computed with the ‘‘Anova” function in the ‘‘car” package (Fox & Weisberg, 2011). RP�:
non-practiced items from practiced categories.
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spanning both memory and action; however, they all investigated
a single inhibitory measure at a time (see Brevet-Aeby, Brunelin,
Iceta, Padovan, & Poulet, 2016, for a review on PFC involvement
in inhibitory control as revealed by non-invasive brain stimula-
tion). Moreover, although a few works have investigated the rela-
tionship between motor inhibition and suppression of competing
memories (e.g., Schilling, Storm, & Anderson, 2014; Storm & Bui,
2016), none of them has implemented tES as a method of concur-
rent modulations of the two mechanisms, and correlational results
have been inconsistent (see also Noreen & MacLeod, 2015). Hence,
to further our understanding of tDCS effects over memory and
action control, as well as the relationship between the two cogni-
tive mechanisms, in Experiment 2 we first combined multiple
behavioural methods typically used for measuring inhibitory con-
trol in episodic memory and motor action within a PFC-tDCS study.
We tested whether active tDCS over the rIFG would modulate sup-
pression of competing memories, i.e., RIF, compared to sham stim-
ulation, but also affect the ability to override a prepotent motor
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response, as indexed by SSRTs, because of the importance of this
brain region for motor stopping (e.g., Aron et al., 2014;
Stramaccia et al., 2015). Concerning the latter hypothesis, we
expected to find a better inhibitory performance in the anodal
stimulation group, compared to the sham and cathodal stimulation
groups, based on results from previous work that investigated the
effects of tDCS to the rIFG in the SST (e.g., Ditye et al., 2012;
Jacobson et al., 2011; Stramaccia et al., 2015). Finally, we sought
to explore the relationship between measures of motor stopping
and memory suppression.
3.1. Methods

3.1.1. Participants
The ethical committee for psychological research of the Univer-

sity of Padua approved the study, which was performed in accor-
dance with the principles of the Declaration of Helsinki. All
participants, none of which had taken part in the previous experi-
ment, underwent an eligibility screening for the tDCS procedure,
and provided written informed consents. With respect to the pre-
vious experiment, sample size was increased to 72 healthy volun-
teers (28 males) aged between 20 and 40 years (mean age = 23.57,
SD = 2.86; mean years of education = 17.43, SD = 1.28). All partici-
pants were screened for possible exclusion criteria identical to
Experiment 1.
3.1.2. Retrieval practice paradigm (RPP)
The apparatus was the same as in the previous experiment.

There were several changes in the RPP paradigm with respect to
that used in Experiment 1. Our revised paradigm included 84
category-exemplar word pairs (e.g. ‘‘FRUIT-prune”), divided by 12
semantic categories, with seven exemplars for each category. We
reasoned that to observe a stronger RIF in the control group, it
would have been better to include more semantic categories with
fewer exemplars each, rather than relatively few categories with
many exemplars each, because competition under the latter cir-
cumstances could be more diluted among the exemplars, and sub-
sequent inhibitory efforts less effective. Moreover, having more
exemplars in each category increased the risk of unwanted seman-
tic associations (Goodmon & Anderson, 2011). We selected and
adapted all the material from the categorical production norm
for the Italian language by Boccardi and Cappa (1997), according
to the same criteria used in Experiment 1, with the exception that
in all categories, four out of seven items were strong exemplars,
whereas the other three items were weak exemplars.

In the study phase, the only change with respect to Experiment
1 was that category-exemplar word pairs were now visible for
3500 ms.

In the practice phase, participants repeatedly practiced the
weak exemplars of half the semantic categories (four repetitions
of 18 exemplars, 72 trials in total). Also at variance with Experi-
ment 1, in the practice trials, we provided the category and only
the first two letters of each exemplar (e.g. ‘‘FRUIT-pr____”) to the
participants. Moreover, the participants were now given 8000 ms
to answer with the name of the specific exemplar associated to
the particular cue in full. Similar to Experiment 1, four lists of cat-
egories were used to fully counterbalance the practiced categories
across groups.

In the final test phase, format, response modality, and instruc-
tions were the same as in Experiment 1, the only change being that
stimuli were now presented with the additional constraint that all
RP� and NRP� items came before all the RP+ and NRP+ items. In so
doing, we not only controlled for output interference at test, but
also prevented the imbalance in the amount of interference
received by NRP� items, compared to RP� items, that likely



D.F. Stramaccia et al. / Neurobiology of Learning and Memory 144 (2017) 114–130 121
affected the data of Experiment 1 by reducing the chance to
observe RIF.

3.1.3. Stop-signal task (SST)
Between the retrieval practice phase and the test phase of the

RPP, participants performed the SST provided within the STOP-IT
software (Verbruggen, Logan, & Stevens, 2008), which probes the
individual efficiency of the covert motor stopping process (i.e.,
SSRTs). The task begun with a short practice block (32 trials) allow-
ing the participants to familiarize with the task, followed by two
experimental blocks of 64 trials each (128 total trials). In the pri-
mary task, participants performed a choice reaction time test, with
the instruction to prioritize both speed and accuracy of responses.
Each trial began with a 250-ms central fixation (+), followed by a
visual stimulus (either a circle or a square) that stayed centrally
on screen until the participants responded, with the constraint that
participants had up to 1250 ms to respond. The central fixation and
stimuli were presented in white on a black background. The ISI was
2000 ms, irrespective of RTs. The participants used a keyboard to
respond, and they had to press ‘‘A” for squares or ‘‘L” for circles.
On 25% of the trials, shortly after stimulus onset, a sound
(750 Hz, 75 ms) signalling to hold back the response (i.e., a stop-
signal) was presented through loudspeakers. The stop-signal delay
was 250 ms at the beginning of the task, and subsequently
increased or decreased by 50 ms after each successful or unsuc-
cessful stopping trial, respectively. Under this tracking procedure,
participants correctly withheld approximately half the responses,
meeting the requirements of the method used to calculate SSRT.
In keeping with the horse-race model (e.g., Logan & Cowan,
1984), SSRT was calculated as the difference between mean RT in
the trials where participants must respond and mean SSD in the
trials where they must hold back the response.

3.1.4. Transcranial direct current stimulation (tDCS)
The apparatus, stimulation parameters, montages, and overall

procedure, were identical to Experiment 1. A single blind, between
group design was adopted: The participants were randomly
assigned to anodal (N = 24, 9 males, mean age = 23.96, SD = 3.74),
cathodal (N = 24, 12 males, mean age = 23.33, SD = 2.28), or sham
stimulation (N = 24, 7 males,mean age = 23.42, SD = 2.43). Stimula-
tion begun prior to the practice phase of the RPP, and lasted 20 min
in total for all three groups, covering the entire practice phase and
the subsequent SST. In the active tDCS conditions, we ramped up
the stimulation to 1.5 mA over 30 s, maintained it for 19 min,
and ramped it down over 30 s again at the end to minimize
unpleasant sensations. In the Sham stimulation group, we ramped
up and then immediately ramped down stimulation over 60 s at
both the beginning and end of the protocol.
Table 4
Results of logistic mixed effects model with recall accuracy from Experiment 2 as depend

Recall accuracy

Parameters B (SE) z

Intercept �0.269 (0.141) �1.903

Item type
RP� �0.356 (0.123) �2.884

Stimulation group
Anodal tDCS �0.120 (0.144) �0.836
Cathodal tDCS �0.303 (0.144) �2.096

Interaction
RP� � Anodal tDCS 0.257 (0.174) 1.475
RP� � Cathodal tDCS 0.302 (0.176) 1.716

Note: Number of subjects = 72. Number of observations = 3456. Number of semantic cat
Item Type was NRP�. Baseline level for Stimulation Group was Sham tDCS. Random effect
the ‘‘car” package (Fox & Weisberg, 2011).
3.2. Procedure

This was the same as in Experiment 1 except that after complet-
ing the retrieval practice phase of the RPP, participants performed
the SST (see Fig. 1). Stimulation ended shortly before completion of
the SST, and the montage was removed before proceeding with the
final test phase of the RPP.

3.3. Data analysis

We performed identical treatment and subsequent analysis of
RPP data were processed and analysed as in Experiment 1.

As for the SST, to assess whether tDCS selectively modulated
motor stopping, individual SSRTs and NSRTs were computed using
the ANALYZE-IT software (Verbruggen et al., 2008). With respect to
individual SSRTs, ANALYZE-IT computes the mean RTs for all suc-
cessful go trials and then subtracts the mean stop-signal delay
from this value.

3.4. Results

3.4.1. Retrieval practice paradigm (RPP)
Mean proportions of recall in the final test phase for each item

type and FAC/RIF effects are reported in Table 3.
For the FAC effect, the type model yielded minimal to strong

evidence against the competing models (AICw(type�group) = 0.037,
AICw(type+group) = 0.264, AICw(type) = 0.698; LER(type>type�group) =
1.276, LER(type>type+group) = 0.422). The FAC effect was significant
in each group, as confirmed by group-wise multiple contrasts as
a function of item type (all ps < 0.0001):

As for the RIF effect, in contrast with our predictions, the best
fitting model was again the one that included only the main effect
of item type, which yielded minimal evidence in respect to the
alternative models (AICw(type�group) = 0.193, AICw(type+group) = 0.253,
AICw(type) = 0.554; LER(type>type�group) = 0.458, LER(type>type+group) =
0.340). Detailed information on the model is reported in Table 4.

Multiple contrasts driven by our initial hypothesis revealed a
significant RIF in the Sham tDCS group only (p = 0.011, see
Fig. 3), whose magnitude was numerically similar to that observed
by Penolazzi et al. (2014). Neither the Anodal tDCS, nor the Catho-
dal tDCS groups exhibited a significant RIF effect (all ps � 0.844).

As for the correlational analysis, we did not find any evidence
for a correlation between FAC and RIF effects across the whole
sample (r < 0.01, p > 0.250).

At a first glance, these results seemed to merely suggest a sim-
ilar pattern with respect to our previous work (Penolazzi et al.,
2014), though with little statistical support behind it. At the same
time, it should be noted that, when compared directly, the interac-
ent variable.

p Omnibus v2 df p

0.057

5.695 1 <0.01
<0.001

2.473 2 0.290
0.403
<0.05

3.458 2 0.178
0.140
0.086

egories = 12. RP�: non-practiced items from practiced categories. Baseline level for
s were Subject and Category. v2 values were computed with the ‘‘Anova” function in
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Fig. 3. Interaction plot showing recall accuracy in Experiment 2 as a function of item type in RIF (NRP� vs. RP�) for each stimulation group.
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tion model and the main effects model did not show a large differ-
ence in AICw, as further confirmed by direct model comparisons as
revealed by LERs values for both the type > type � group and
type > type + group comparisons. Interestingly, further visual
inspection of the data suggested large differences in the amount
of RIF elicited by the different semantic categories employed here.
To shed light on the contribution of the individual categories to the
overall results, we carried out exploratory analyses aimed at quan-
tifying the amount of evidence in favour of a main effect of item
type within each category taken separately in the sham (control)
group only, so that additional predicted effects due to the neuro-
modulatory manipulations could be ruled out.

This procedure revealed that few categories showed a particu-
larly weak or reversed RIF effect in the control group (i.e., ‘‘BIRDS”,
‘‘FLOWERS”, ‘‘FRUITS”, ‘‘SPORTS”). Because of that, we performed
new model comparisons between the full model (type � group)
and the model without interaction (type + group), gradually
excluding the categories that showed the least support for the
presence of RIF in the control group (hereafter referred to as
‘null-RIF’ categories), in order to assess whether the inability of
these categories to elicit RIF in the control group was responsible
for the lack of evidence in support of the interaction model. Sur-
prisingly, removing the two null-RIF categories that showed the
least amount of (or even reversed) RIF in the control group (i.e.,
‘‘SPORTS” and ‘‘BIRDS”, respectively) improved the amount of RIF
in the control group to a magnitude that was unparalleled in the
experimental groups, resulting in the new analysis now showing
substantial evidence in favouring the type � group model over
the type + group model (AICw(type�group) = 0.773, AICw(type+group) =
0.227; LER(type�group>type+group) = 0.532; see Fig. 4).

In keeping with the same logic, further removal of the two
remaining null-RIF categories (i.e., ‘‘FLOWERS” and ‘‘FRUITS”)
resulted in the type � group model now yielding strong
evidence against the type + group model (AICw(type�group) = 0.931,
AICw(type+group) = 0.069; LER(type�group>type+group) = 1.130; see Fig. 5).

It is worth noting that the procedure employed in this addi-
tional category-wise influence analysis allowed looking into the
contribution of each category to the effect of interest (i.e., RIF) in
the control group, and subsequently to the item type � stimulation
group interaction, while keeping the random effect of item into
account. Because of the valuable information provided by these
additional analyses, we decided to reanalyse RPP data from Exper-
iment 1, in order to ascertain whether specific semantic categories
had a similar impact on the results, and more specifically whether
the same categories behaved similarly across the two experiments.

3.4.2. Re-analysis of Experiment 1 data
We carried out category-wise analyses to assess the contribu-

tion of each category to RIF in the control group. These new anal-
yses revealed that different categories impacted differently on
RIF in the control group. More specifically, four out of the eight
semantic categories employed in the first experiment exhibited
none to reversed RIF, with ‘‘BIRDS”, ‘‘FRUITS”, ‘‘JOBS”, and ‘‘WEAP-
ONS”, being the categories showing the least amount of forgetting
for RP� items compared to the NRP�. Interestingly, two of them
overlapped with the null-RIF categories detected in the previous
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re-ANALYSIS of Experiment 2 (i.e., ‘‘BIRDS” and ‘‘FRUITS”), although
it should be noted that there were some differences in the exem-
plars contributing to the same category in the two experiments.
We then proceeded to compare the interaction model with the
main effects model by excluding an increasing number of null-
RIF categories. This procedure yielded a pattern that was similar
but weaker to that observed in Experiment 2. Indeed, when we
removed the two categories that showed the least amount of RIF
in the control group (i.e., ‘‘BIRDS” and ‘‘WEAPONS”), the available
evidence favoured the type � group model over the type + group
model although by a minimal extent only (AICw(type�group) = 0.517,
AICw(type+group) = 0.483; LER(type�group>type+group) = 0.053; see Fig. 6).

Further excision of the remaining null-RIF categories (i.e.,
‘‘FRUITS” and ‘‘JOBS”) yielded an increase in the evidence, though
still minimal, in favour of the type�group model over the type
+ group model (AICw(type�group) = 0.629, AICw(type+group) = 0.371;
LER(type�group>type+group) = 0.229; see Fig. 7).

Once again, the interaction was mainly dependent on the
increased RIF observed in the control group, whereas removing
the categories yielding no RIF did not affect RIF in the stimulated
groups as much as in the sham group.

3.4.3. Stop-signal task (SST)
Data from one participant in Cathodal tDCS group were

discarded because of a technical failure of the software. No
differences were found between groups for either SSRTs,
F(2,68) = 1.13, p > 0.250 (MSHAM-SSRT = 286.025, SDSHAM-SSRT = 38.906;
MANODAL-SSRT = 287.186, SDANODAL-SSRT = 47.616; MCATHODAL-SSRT =
269.370, SDCATHODAL-SSRT = 48.851), or NSRTs, F(2,68) = 0.03, p > 0.250
(MSHAM-NSRT = 564.688, SDSHAM-NSRT = 148.073; MANODAL-NSRT =
566.913, SDANODAL-NSRT = 131.117; MCATHODAL-NSRT = 567.861,
SDCATHODAL-NSRT = 132.007). The correlation between SSRTs and RIF
was not significant (all ps > 0.05) neither across the whole sample
(r = 0.038) nor in each group separately (rSHAM = 0.124, rANODAL =
�0.266, rCATHODAL = 0.211).

3.5. Discussion

The results from Experiment 2 closely resembled the pattern
reported by Penolazzi et al. (2014). In particular, constraining the
analysis to the subset of the experimental material that better
expressed RIF in the control group yielded results that were highly
similar to those reported by Penolazzi et al. (2014), even though
the detrimental effect of tDCS on the cathodal group was not as
strong as in that study. There are several reasons that support
the rationale for looking at category-specific patterns in our data.
In particular, possible different baseline levels of relevant psy-
cholinguistic variables such as memorability and imageability,
might have very well led to various degree of uncontrolled seman-
tic integration (Goodmon & Anderson, 2011) whose effects would
not just be ruled out by counterbalancing the categories across par-
ticipants and groups, and which may have partially jeopardized
our attempt to separate high- from low-interfering exemplars.
These features may have the potential to specifically affect the
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amount of forgetting due to competition resolution (i.e., RIF), while
not affecting the magnitude of the benefit from additional study
(i.e., FAC) at all. Critical to our argument, across the new analyses
the control group steadily constituted the main drive behind the
interaction, showing a gradual increase in the detected RIF effect
as we removed more ‘‘negative” categories, whose magnitude
was not mirrored in the stimulation groups. Interestingly enough,
there was some overlapping between the categories that nega-
tively affected RIF (in the control group considered in isolation)
in Experiment 1 and 2. For example, ‘‘BIRDS” consistently showed
a reversed RIF pattern, with higher recall for RP� than NRP� items.
Unfortunately, indexes pertaining the specific features of the
semantic categories that we hypothesized may have had a negative
impact on RIF in the control group were not readily available to us,
therefore we cannot directly quantify the potential contributions
of these factors toward the observed pattern of results.

Turning to the results concerning the motor stopping task,
Experiment 2 failed to show any difference of modulation as a
function of tDCS, as opposed to what has been reported by previ-
ous studies (e.g., Cunillera, Fuentemilla, Brignani, Cucurell, &
Miniussi, 2014; Jacobson et al., 2011; Stramaccia et al., 2015).
Moreover, we did not find a correlation between the individual
ability to suppress competing memories as indexed by RIF, and
the individual efficiency of the motor stopping process as indexed
by SSRTs. We will address these null findings in the following
section.
4. General discussion

In recent years, non-invasive brain stimulation has been exten-
sively applied to investigate various aspects of memory (e.g.,
Manenti, Cotelli, Robertson, & Miniussi, 2012; Sandrini, Cohen, &
Censor, 2015; Smirni, Turriziani, Mangano, Cipolotti, & Oliveri,
2015). However, in sharp contrast, only a handful of studies
examined the potential of tDCS to modulate behavioural
performance in tasks addressing memory control, i.e., the ability
to exert cognitive control to overcome interference from compet-
ing memory traces during memory retrieval (e.g., Anderson,
Davis, Fitzgerald, & Hoy, 2015; Penolazzi et al., 2014; see also
Oldrati, Patricelli, Colombo, & Antonietti, 2016, and Silas &
Brandt, 2016, for relevant results in different but related domains).
In particular, the emerging pattern from this relatively scarce
literature points to consistent, detrimental effects of prefrontal
cathodal tDCS on suppression of competing memories and related
abilities, across a range of slightly different stimulation
parameters. In this view, our study presents a set of findings that
support this prefrontal cathodal tDCS impairing effect, with a
varying degree of generalizability of our results across the two
experiments. Specifically, we delivered anodal, cathodal, or sham
(control) tDCS to healthy volunteers in order to modulate memory
control as indexed by RIF, which reflects the negative effects of
selective memory retrieval in the face of competition on subse-
quent recall of competing memory traces.
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Inhibitory processing underlying RIF has been associated to a
range of abilities closely tied to our wellbeing and cognitive effi-
ciency, ranging from working memory to creative problem solving
(Nørby, 2015; Storm, 2011). Therefore, it is important to note that
it has been found to be impaired in a broad range of disorders tra-
ditionally characterized by impulsivity, worry, or rumination (e.g.,
in obsessive–compulsive disorder, Demeter, Keresztes, Harsányi,
Csigó, & Racsmány, 2014; in clinical depression, Groome &
Sterkaj, 2010; in schizophrenia, Soriano, Jiménez, Román, & Bajo,
2009; in ADHD, Storm & White, 2010; in substance-related disor-
ders, Stramaccia, Penolazzi, Monego, et al., 2017; in Anorexia Ner-
vosa, Stramaccia, Penolazzi, Libardi, et al., 2017), where alterations
of PFC functioning have also been reported. For this reason, there is
a great interest in identifying the neural underpinnings of RIF, as
well as developing effective strategies to modulate their activity,
and clarifying the relationship of the phenomenon with other
expressions of cognitive control in different domains.

The tDCS procedure employed here targeted the rIFG, a key area
in the brain network deputed to inhibitory control (e.g., Aron et al.,
2014), whose activity during the inhibitory effort in the RPP has
been associated with the amount of RIF in previous neuroimaging
studies (Wimber et al., 2008, 2009, 2015). Across two experiments
that followed a similar rationale, results indicated that cathodal
tDCS had the highest, detrimental impact on memory control. On
the one hand, our work provided causal evidence for the involve-
ment of the rIFG in this ability, and confirmed the feasibility of
tDCS modulation of RIF. On the other hand, future research efforts
should aim at identifying stimulation parameters that improve
cognitive control over interference, which would yield a relevant
applied potential.

4.1. rIFG supports control over interference during memory retrieval

Numerous findings from past studies that investigated RIF with
neuroimaging techniques revealed a strong association between
activity in the PFC and the ability to overcome interference from
competing memory traces (e.g., Wimber et al., 2008, 2009, 2011,
2015), as indexed by RIF through the RPP. In particular, the right
DLPFC and IFG appear to be candidate brain regions for a primary
role in supporting the cognitive mechanisms underlying RIF. This
notion is also supported by neuroimaging and non-invasive brain
stimulation studies that investigated putatively similar cognitive
processes (e.g., Hanslmayr et al., 2012; Oldrati et al., 2016; Silas
& Brandt, 2016). Whereas previous brain stimulation studies were
focused on the role of the right DLPFC (Anderson et al., 2015;
Penolazzi et al., 2014), the necessity of right IFG remained to be
established. Across the two experiments presented here we
demonstrated that perturbing the activity of the rIFG is sufficient
to weaken memory control over competing memories. Specifically,
in these experiments we delivered anodal, cathodal, or sham tDCS
to healthy volunteers in a between-participants design, while they
engaged in repeated selective retrieval of target items in the retrie-
val practice phase of the RPP. Overall, this manipulation selectively
impaired RIF in one condition, whereas FAC was unaffected by
tDCS. In particular, cathodal stimulation had the highest detrimen-
tal effects on memory control performance. Importantly, the disso-
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ciation between tDCS effects on RIF and FAC suggests that the two
measures may have different underlying cognitive mechanisms,
thereby appearing mostly consistent with the inhibitory account
of RIF (e.g., Anderson, 2003). These results are at odds with alterna-
tive theoretical models based on associative interference (e.g.,
Mensink & Raaijmakers, 1988), which posit the two phenomena
to be directly proportional, and also computational modelling work
on RIF (Norman, Newman, & Detre, 2007), which excluded a PFC
contribution to the phenomenon. Future research could further
clarify these results by employing a multi-method approach com-
bining non-invasive brain stimulation with neuroimaging tech-
niques (e.g., Venkatakrishnan & Sandrini, 2012), which would
allow for a more refined characterization of tDCS effects elicited
by anodal and cathodal stimulation on memory control. Impor-
tantly, future studies will also need to include different stimulation
sites in order to test the specificity of the contribution of the right
PFC in the genesis of RIF, and whether other areas outside the right
PFC known for their involvement in memory control can also be
modulated by tDCS.

4.2. RIF is variable across different semantic categories

Here we introduced an approach to analysis of RPP data that is
rather different from the rationale typically employed in the liter-
ature (i.e. analysis of accuracy as percentage of correct answers).
Specifically, after separating FAC- and RIF-relevant items, we fitted
logistic mixed effects models using the glmer procedure in the
lme4 package (Bates et al., 2015), with recall accuracy as our main
dependent binary valuable. This particular approach is better sui-
ted at analysing accuracy data (and nowadays computationally
feasible) in respect to repeated measures ANOVA (e.g., Jaeger,
2008), and allows to account for both participant- and item-
related variability, the latter being particularly relevant when
employing linguistic stimuli (e.g., Clark, 1973). The use of AIC
weights (Wagenmakers & Farrell, 2004) to select the most informa-
tive models throughout the analysis has the additional advantage
of enabling to explore and quantify the contribution of each indi-
vidual semantic category to RIF in the control group, which we
took advantage of when visual inspection of the data hinted at
the possibility of category-specific patterns in RIF. As a matter of
fact, we discovered a large variability in the amount of RIF associ-
ated to each semantic category in Experiment 1, where about half
categories did not show any RIF at all, and a smaller but relevant
variability in Experiment 2, with fewer categories displaying null
or negative RIF in the control group. Because our experimental
hypothesis concerned the presence of an interaction between stim-
ulation with tDCS and item type, we gradually excluded categories
from the analysis on the basis of their contribution to RIF in the
control group, as looking at the impact on the interaction would
have been recursive (i.e., we would have just discarded data that
did not fit with our hypothesis). Crucially, removing these
categories also substantially improved the interaction, as the
increase in RIF in the control group was not mirrored by an
increase of similar magnitude in the stimulated groups. In
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particular, the cathodal tDCS group consistently displayed the
smallest amount of RIF.1

A number of considerations support the rationale of formulat-
ing hypotheses about category-specific effects in RPP data. For
instance, it is possible that different categories display large vari-
ability in a number of psycholinguistic dimensions of their consti-
tuting exemplars (such as concreteness, imageability,
memorability, and similarity, see Bäuml & Hartinger, 2002), that
could interact with RIF. This, in turn, could also lead to varying
degrees of semantic integration (Goodmon & Anderson, 2011),
which is generally detrimental to RIF. Because our experiments,
consistent with the vast majority of RIF studies, were designed to
control for many other linguistic and semantic variables (see
Method sections), we cannot fully rule out the possibility that all
of these other psycholinguistic dimensions may have entered the
experimental material and contributed in shaping the results. Nev-
ertheless, future studies should take advantage of the category-
wise analytical procedure presented here in order to better clarify
how specific groupings of stimuli along defined features may mod-
erate suppression of competing memories. It is worth noting that
the semantic categories that showed the least amount of RIF in
Experiment 1 were not fully overlapping with the problematic cat-
egories detected in Experiment 2, although one category in partic-
ular (i.e., ‘‘BIRDS”) seemed to detrimentally affect RIF in the control
group across the two experiments. This finding may imply that
along with the linguistic features of the categories, certain charac-
teristics pertaining to participants may also interact with the dif-
ferent semantic categories, and they should also be explored as
possible moderators of RIF (e.g., pre-existing specific knowledge
in a given category domain, which may promote integration).

Importantly, this approach to data analysis which takes into
account category-specific effects could also benefit related studies
aimed at uncovering memory biases for specific stimuli, i.e., stimuli
relevant to a particular disorder (e.g., Kircanski, Johnson, Mateen,
Björk, & Gotlib, 2016), and hence enrich the knowledge about
memory functioning from both a theoretical and a methodological
perspective. Findings from the present exploratory approach may
therefore represent the focus of future studies, aiming at replicat-
ing and extending our results, before any firm conclusions can be
1 As an alternative way of selecting null-RIF categories, we carried out additiona
analyses in which we selected semantic categories that displayed poor/null RIF across
all participants, rather than in the Sham tDCS group only. Indeed, it could be argued
that while the latter procedure has necessarily higher chances to improve RIF in this
specific group, as compared to the Anodal tDCS and Cathodal tDCS groups (which
could, in turn, increase the chances of observing higher evidence for an interaction)
this however introduces a systematic bias in the data. Removing categories showing
null evidence of RIF across the whole sample of participants, on the other hand, is a
more bias-free approach but it is likely bound to remove most of the effects of our
experimental manipulation from the Anodal tDCS and Cathodal tDCS groups
especially since we predicted a reduction of RIF (for the Cathodal tDCS group in
particular) based on the results reported by Penolazzi et al. (2014). In the nove
analytical approach, we estimated the full interactive model for both Experiment 1
and Experiment 2 after having removed null-RIF categories selected for their poor
performance across the whole samples. In both cases, we observed a 50% overlap
between null-RIF categories selected according to this alternative criterion and null
RIF categories reported in results sections (i.e., for Experiment 1 we removed
‘‘WEAPONS”, ‘‘BIRDS”, ‘‘CLOTHES”, and ‘‘INSECTS”, rather than ‘‘BIRDS”, ‘‘WEAPONS”
‘‘JOBS”, and ‘‘FRUITS” as reported in the results section, whereas for Experiment 2 we
removed ‘‘FRUITS”, ‘‘FISHES”, ‘‘MUSICAL INSTRUMENTS”, and ‘‘BIRDS”, rather than
‘‘BIRDS” ‘‘FLOWERS”, ‘‘FRUITS”, and ‘‘SPORTS”). For Experiment 1, multiple contrasts
revealed a pattern that closely resembled that reported by Penolazzi et al. (2014)
with 0.084, 0.065, and �0.007 RIF magnitude for the Sham tDCS, Anodal tDCS, and
Cathodal tDCS groups respectively, with p = 0.09 for RIF in the Sham tDCS group (al
ps < 0.05 in the other groups). For Experiment 2, the same approach yielded a 0.129
0.045, and 0.051 RIF magnitude for the Sham tDCS, Anodal tDCS, and Cathodal tDCS
group respectively, with p < 0.001 for RIF in the Sham tDCS group (all ps < 0.05 in the
other groups). Therefore, this novel approach suggested the presence of a RIF effect in
the Sham tDCS group, and a reduced or null RIF in the Anodal tDCS and Cathodal tDCS
groups respectively, across the two experiments, confirming the pattern reported in
the results section.
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4.3. Memory control and motor stopping

The inclusion of a measure of motor stopping ability was a
remarkable feature of Experiment 2, because, to the best of our
knowledge, no other study so far has attempted to manipulate cog-
nitive control in both action and memory with tES. Along with the
two experiments reported here, past work hinted at the possibility
to modulate control over interfering memories (Anderson et al.,
2015; Penolazzi et al., 2014) or performance in putatively related
task (Oldrati et al., 2016; Silas & Brandt, 2016), as well as motor
stopping (e.g., Jacobson et al., 2011; Stramaccia et al., 2015), by
delivering tDCS to the PFC. Indeed, neuroimaging and neuromodu-
lation studies provided converging evidence for an involvement of
similar brain areas in memory control and motor stopping, with
regions within the PFC such as the DLPFC and the IFG putatively
assuming a leading role in inhibitory control (e.g., for studies on
memory control, Anderson, Bunce, & Barbas, 2015; Hanslmayr
et al., 2012; Wimber et al., 2008, 2009, 2011; for motor stopping,
Chevrier, Noseworthy, & Schachar, 2007; Jacobson et al., 2011; Li,
Huang, Constable, & Sinha, 2006; see also Aron et al., 2014, for a
review on evidence suggesting a primary role of the IFG in cogni-
tive control over different cognitive domains). These relatively seg-
regated lines of research support the notion that the two abilities
may share similar neural underpinnings and cognitive mechanisms
(e.g., Levy & Anderson, 2002). Indeed, according to some Authors,
the memory control and motor stopping may constitute different
but interrelated instances of inhibitory control (Levy & Anderson,
2002; Schilling et al., 2014). Within this perspective, we included
the SST in Experiment 2, with two main objectives: (i) We sought
to test the association between RIF and SSRTs, because of the
mixed results provided so far by the literature concerning the pos-
itive relationship between memory control and motor stopping
(Schilling et al., 2014; Storm & Bui, 2016); (ii) We expected to repli-
cate the anodal rIFG-tDCS modulation on motor stopping, specifi-
cally showing a reduction in SSRTs that would have indicated a
speeding-up of the underlying stopping process, as first shown
by Jacobson et al. (2011) and then replicated in subsequent studies
with different experimental conditions (e.g., Cunillera et al., 2014;
Stramaccia et al., 2015).

Concerning the former objective, we did not find any significant
correlation between RIF and SSRTs, consistent with the data
recently reported by Storm and Bui (2016). Failures to find a posi-
tive association between different measures of cognitive inhibition
is not new in the literature (e.g., Noreen & MacLeod, 2015), and
calls for further studies employing behavioural paradigms that
are maximally informative with respect to the theoretical debate
between the inhibitory account of phenomena such as RIF and
other explanatory proposals based on different mechanisms (e.g.,
by competition at test; see Raaijmakers & Jakab, 2013). To better
illustrate this point, it is worth noting that recent work suggested
that when recall performance in the final test of the RPP is probed
by category-plus-one-letter-stem cued recall tests, interference
may still contribute the amount of observed RIF (e.g., Rupprecht
& Bäuml, 2016), whereas recognition tests may be better suited
at detecting the amount of forgetting that could be genuinely
ascribed to inhibitory mechanisms.

Regarding the latter objective of Experiment 2, no differences in
SSRTs emerged as a function of group. While being at odds with the
aforementioned studies (e.g., Jacobson et al., 2011), at least two
accounts may reconcile our finding with the available evidence
in the literature. On the one hand, one may hypothesize that ano-
dal rIFG-tDCS may still have exerted an effect. For example,
Cunillera, Brignani, Cucurell, Fuentemilla, and Miniussi (2016),
observed prefrontal tDCS effects on electroencephalographic corre-
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lates of motor stopping, but failed to induce a behavioural modula-
tion as concerns SSRTs. Because we did not collect concomitant
measures of neural activity on our study, we cannot rule out that
our manipulation induced differences that were not detected beha-
viourally. Similarly, a recent study from a different research group
failed to observe any significant effect of anodal stimulation of the
inferior frontal cortex over a different, but nonetheless widely
used, task of behavioural inhibition, i.e., the go/no-go task
(Dambacher et al., 2015). It is worth noting that both studies
(Cunillera et al., 2016; Dambacher et al., 2015) employed a bilat-
eral tDCS montage, as opposed to a fronto-polar montage such as
the one used in Jacobson and colleagues’ study (2011) to first mod-
ulate SST performance with tDCS, indicating that variables strictly
related to stimulation parameters may play an important role in
determining the behavioural effects. A second possibility to
account for the present lack of behavioural effects, is that in the
present study, unlike Jacobson et al. (2011) and Stramaccia et al.
(2015), tDCS was administered online. Hence, we cannot rule out
the possibility that we observed no effects because there
might be variations in the time tDCS needs to produce effects
detectable at the behavioural level (e.g., Penolazzi, Pastore, &
Mondini, 2013).

To sum up, additional research integrating both neuroimaging
and n euromodulatory techniques is needed to assess which one
of the many tES protocols applied to modulation of motor stopping
so far yields the highest consistency between behavioural and
neural measures of the relevant outcomes, and also importantly
why protocols targeting a similar area (i.e., rIFG) but employing
different stimulation parameters (polarity, duration, intensity,
etc.) produce different results (e.g., Sarkis, Kaur, & Camprodon,
2014).
5. Conclusions

The current study presented two experiments that overall pro-
vided evidence for a role of the rIFG in cognitive control over inter-
fering memory traces as indexed by RIF. In particular, RIF was
maximally reduced in the cathodal stimulation groups across the
two experiments. However, the investigation of the relationship
between RIF and cognitive control over prepotent motor responses,
as well as the opportunity to jointly modulate the two abilities
with tDCS, yielded inconclusive results. In this light, the main mer-
its of the study are extending to the rIFG the ability of cathodal
tDCS to affect RIF (as previously shown for cathodal rDLPFC stimu-
lation by Penolazzi et al., 2014). This finding strengthens the notion
that tDCS can be effectively used to modulate cognitive control,
and raises new research questions worthy of future research
efforts, especially concerning the development of stimulation pro-
tocols that may induce enhancement of memory control abilities,
rather than disruption, which could in turn inform novel neurore-
habilitative approaches to cognitive control impairments based on
non-invasive electrical stimulation. Finally, the present study high-
lights the importance of adopting a data analysis approach taking
into full account category-specific effects, which can heavily affect
the results and allowing for a more fine-grained perspective on
memory functioning.
Acknowledgements

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. We
are grateful to Alessia Marini, Federica L’Abbate, Francesca Martini,
Giulia Sartori, and Miriam Braga, for assistance with data collec-
tion. We thank two anonymous reviewers for their helpful sugges-
tions and constructive criticisms on a previous version of this
manuscript.
References

Akaike, H. (1973). Information theory and an extension of the maximum likelihood
principle. In B. N. Petrov & F. Caski (Eds.), Proceedings of the second international
symposium on information theory (pp. 267–281). Budapest: Akademiai Kiado.

Anderson, M. C. (2003). Rethinking interference theory: Executive control and the
mechanisms of forgetting. Journal of Memory and Language, 49, 415–445. http://
dx.doi.org/10.1016/j.jml.2003.08.006.

Anderson, M. C., Björk, R., & Björk, E. (1994). Remembering can cause forgetting:
Retrieval dynamics in long term forgetting. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 20, 1063–1087. http://dx.doi.org/10.1037/
0278-7393.20.5.1063.

Anderson, M. C., Bunce, J. G., & Barbas, H. (2015). Prefrontal-hippocampal pathways
underlying inhibitory control over memory. Neurobiology of Learning and
Memory, 134, 145–161. http://dx.doi.org/10.1016/j.nlm.2015.11.008.

Anderson, J. F., Davis, M. C., Fitzgerald, P. B., & Hoy, K. E. (2015). Individual
differences in retrieval-induced forgetting affect the impact of frontal
dysfunction on retrieval-induced forgetting. Journal of Clinical and
Experimental Neuropsychology, 37, 140–151. http://dx.doi.org/10.1080/
13803395.2014.993307.

Anderson, M. C., & Hanslmayr, S. (2014). Neural mechanisms of motivated
forgetting. Trends in Cognitive Sciences, 18, 279–292. http://dx.doi.org/10.1016/
j.tics.2014.03.002.

Anderson, M. C., & McCulloch, K. C. (1999). Integration as a general boundary
condition on retrieval-induced forgetting. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 25, 608–629. http://dx.doi.org/10.1037/0278-
7393.25.3.608.

Aron, A. R., Robbins, T., & Poldrack, R. A. (2014). Inhibition and the right inferior
frontal cortex: One decade on. Trends in Cognitive Sciences, 18, 177–185. http://
dx.doi.org/10.1016/j.tics.2013.12.003.

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects modeling with
crossed random effects for subjects and items. Journal of Memory and Language,
59, 390–412. http://dx.doi.org/10.1016/j.jml.2007.12.005.

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects
models using lme4. Journal of Statistical Software, 67, 1–48. http://dx.doi.org/
10.18637/jss.v067.i01.

Bäuml, K.-H. T., & Hartinger, A. (2002). On the role of item similarity in retrieval-
induced forgetting. Memory, 10, 215–224. http://dx.doi.org/10.1080/
09658210143000362.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A practical
and powerful approach to multiple testing. Journal of the Royal Statistic Society
Series B, 57, 289–300.

Benoit, R. G., & Anderson, M. C. (2012). Opposing mechanisms support the voluntary
forgetting of unwanted memories. Neuron, 76, 450–460. http://dx.doi.org/
10.1016/j.neuron.2012.07.025.

Boccardi, M., & Cappa, S. F. (1997). Valori normativi di produzione categoriale per la
lingua italiana. Giornale Italiano di Psicologia, 24, 425–436. http://dx.doi.org/
10.1421/151.

Brevet-Aeby, C., Brunelin, J., Iceta, S., Padovan, C., & Poulet, E. (2016). Prefrontal
cortex and impulsivity: Interest of noninvasive brain stimulation. Neuroscience
and Biobehavioral Reviews, 71, 112–134. http://dx.doi.org/10.1016/j.
neubiorev.2016.08.028.

Brunoni, A. R., Nitsche, M. A., Bolognini, N., Bikson, M., Wagner, T., Merabet, L., ...
Fregni, F. (2012). Clinical research with transcranial direct current stimulation
(tDCS): Challenges and future directions. Brain Stimulation, 5, 175–195. http://
dx.doi.org/10.1016/j.brs.2011.03.002.

Chevrier, A. D., Noseworthy, M. D., & Schachar, R. (2007). Dissociation of response
inhibition and performance monitoring in the Stop Signal Task using event-
related fMRI. Human Brain Mapping, 28, 1347–1358. http://dx.doi.org/10.1002/
hbm.20355.

Clark, H. H. (1973). The language-as-fixed-effect fallacy: A critique of language
statistics in psychological research. Journal of Verbal Learning and Verbal
Behavior, 12, 335–359.

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.).
Hillsdale, NJ: Lawrence Erlbaum Associates.

Cunillera, T., Brignani, D., Cucurell, D., Fuentemilla, L., & Miniussi, C. (2016). The
right inferior frontal cortex in response inhibition: A tDCS-ERP co-registration
study. NeuroImage, 140, 66–75. http://dx.doi.org/10.1016/j.
neuroimage.2015.11.044.

Cunillera, T., Fuentemilla, L., Brignani, D., Cucurell, D., & Miniussi, C. (2014). A
simultaneous modulation of reactive and proactive inhibition processes by
anodal tDCS on the right inferior frontal cortex. PLoS ONE, 9, e113537. http://dx.
doi.org/10.1371/journal.pone.0113537.

Dambacher, F., Schuhmann, T., Lobbestael, J., Arntz, A., Brugman, S., & Sack, A. T.
(2015). No effects of bilateral tDCS over inferior frontal gyrus on response
inhibition and aggression. PLoS ONE, 10, e0132170. http://dx.doi.org/10.1371/
journal.pone.0132170.

De Rosario-Martinez, H. (2015). phia: Post-Hoc interaction analysis. R package version
0.2-1. <https://CRAN.R-project.org/package=phia>.

http://refhub.elsevier.com/S1074-7427(17)30110-7/h0005
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0005
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0005
http://dx.doi.org/10.1016/j.jml.2003.08.006
http://dx.doi.org/10.1016/j.jml.2003.08.006
http://dx.doi.org/10.1037/0278-7393.20.5.1063
http://dx.doi.org/10.1037/0278-7393.20.5.1063
http://dx.doi.org/10.1016/j.nlm.2015.11.008
http://dx.doi.org/10.1080/13803395.2014.993307
http://dx.doi.org/10.1080/13803395.2014.993307
http://dx.doi.org/10.1016/j.tics.2014.03.002
http://dx.doi.org/10.1016/j.tics.2014.03.002
http://dx.doi.org/10.1037/0278-7393.25.3.608
http://dx.doi.org/10.1037/0278-7393.25.3.608
http://dx.doi.org/10.1016/j.tics.2013.12.003
http://dx.doi.org/10.1016/j.tics.2013.12.003
http://dx.doi.org/10.1016/j.jml.2007.12.005
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1080/09658210143000362
http://dx.doi.org/10.1080/09658210143000362
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0060
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0060
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0060
http://dx.doi.org/10.1016/j.neuron.2012.07.025
http://dx.doi.org/10.1016/j.neuron.2012.07.025
http://dx.doi.org/10.1421/151
http://dx.doi.org/10.1421/151
http://dx.doi.org/10.1016/j.neubiorev.2016.08.028
http://dx.doi.org/10.1016/j.neubiorev.2016.08.028
http://dx.doi.org/10.1016/j.brs.2011.03.002
http://dx.doi.org/10.1016/j.brs.2011.03.002
http://dx.doi.org/10.1002/hbm.20355
http://dx.doi.org/10.1002/hbm.20355
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0090
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0090
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0090
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0095
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0095
http://dx.doi.org/10.1016/j.neuroimage.2015.11.044
http://dx.doi.org/10.1016/j.neuroimage.2015.11.044
http://dx.doi.org/10.1371/journal.pone.0113537
http://dx.doi.org/10.1371/journal.pone.0113537
http://dx.doi.org/10.1371/journal.pone.0132170
http://dx.doi.org/10.1371/journal.pone.0132170
https://CRAN.R-project.org/package=phia


D.F. Stramaccia et al. / Neurobiology of Learning and Memory 144 (2017) 114–130 129
Demeter, G., Keresztes, A., Harsányi, A., Csigó, K., & Racsmány, M. (2014). Obsessed
not to forget: Lack of retrieval-induced suppression effect in obsessive-
compulsive disorder. Psychiatry Research, 218, 153–160. http://dx.doi.org/
10.1016/j.psychres.2014.04.022.

Ditye, T., Jacobson, L., Walsh, V., & Lavidor, M. (2012). Modulating behavioral
inhibition by tDCS combined with cognitive training. Experimental Brain
Research, 219, 363–368.

Fox, J., & Hong, J. (2009). Effect displays in R for multinomial and proportional-odds
logit models: Extensions to the effects package. Journal of Statistical Software, 32,
1–24 <http://www.jstatsoft.org/v32/i01/>.

Fox, J., & Weisberg, S. (2011). An {R} companion to applied regression (2nd ed.).
Thousand Oaks CA: Sage. URL: <http://socserv.socsci.mcmaster.ca/jfox/Books/
Companion>.

Gandiga, P. C., Hummel, F. C., & Cohen, L. G. (2006). Transcranial DC stimulation
(tDCS): A tool for double-blind sham-controlled clinical studies in brain
stimulation. Clinical Neurophysiology, 117, 845–850. http://dx.doi.org/10.1016/
j.clinph.2005.12.003.

Goghari, V. M., & MacDonald, A. W. (2009). The neural basis of cognitive control:
Response selection and inhibition. Brain and Cognition, 71, 72–83. http://dx.doi.
org/10.1016/j.bandc.2009.04.004.

Goodmon, L. B., & Anderson, M. C. (2011). Semantic integration as a boundary
condition on inhibitory processes in episodic retrieval. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 37, 416–436. http://dx.doi.org/
10.1037/a0021963.

Groome, D., & Sterkaj, F. (2010). Retrieval-induced forgetting and clinical
depression. Cognition and Emotion, 24, 63–70. http://dx.doi.org/10.1080/
02699930802536219.

Hanslmayr, S., Volberg, G., Wimber, M., Oehler, N., Staudigl, T., Harmann, T., ...
Bäuml, K. H. (2012). Prefrontally driven down-regulation of neural synchrony
mediates goal-directed forgetting. Journal of Neuroscience, 32, 14742–14751.
http://dx.doi.org/10.1523/JNEUROSCI.1777-12.2012.

Jacobson, L., Javitt, D. C., & Lavidor, M. (2011). Activation of inhibition: Diminishing
impulsive behavior by direct current stimulation over the inferior frontal gyrus.
Journal of Cognitive Neuroscience, 23, 3380–3387. http://dx.doi.org/10.1162/
jocn_a_00020.

Jaeger, T. F. (2008). Categorical data analysis: Away from ANOVAs (transformation
or not) and towards logit mixed models. Journal of Memory and Language, 59,
434–446. http://dx.doi.org/10.1016/j.jml.2007.11.007.

Jasper, H. H. (1958). The ten twenty electrode system of the international
federation. Electroencephalography and Clinical Neurophysiology, 10, 371–375.

Kass, R. E., & Raftery, A. E. (1995). Bayes factors. Journal of the American Statistical
Association, 90, 773–795.

Kircanski, K., Johnson, D. C., Mateen, M., Björk, R. A., & Gotlib, I. H. (2016).
Impaired retrieval inhibition of threat material in Generalized Anxiety Disorder.
Clinical Psychological Science, 4, 320–327. http://dx.doi.org/10.1177/
2167702615590996.

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative
science: A practical primer for t-tests and ANOVAs. Frontiers in Psychology, 4,
863. http://dx.doi.org/10.3389/fpsyg.2013.00863.

Levy, B. J., & Anderson, M. C. (2002). Inhibitory processes and the control of memory
retrieval. Trends in Cognitive Science, 6, 299–305.

Li, C. S. R., Huang, C., Constable, R. T., & Sinha, R. (2006). Imaging response inhibition
in a Stop-Signal Task: Neural correlates of signal monitoring and post-response
processing. Journal of Neuroscience, 26, 186–192. http://dx.doi.org/10.1523/
JNEUROSCI.3741-05.2006.

Logan, G. D., & Cowan, W. B. (1984). On the ability to inhibit thought and action: A
theory of an act of control. Psychological Review, 91, 295–327.

Manenti, R., Cotelli, M., Robertson, I. H., & Miniussi, C. (2012). Transcranial brain
stimulation studies of episodic memory in young adults, elderly adults and
individuals with memory dysfunction: A review. Brain Stimulation, 5, 103–109.
http://dx.doi.org/10.1016/j.brs.2012.03.004.

McGraw, K. O., & Wong, S. P. (1992). A common language effect size statistic.
Psychological Bulletin, 111, 361–365. http://dx.doi.org/10.1037/0033-2909.
111.2.361.

Mensink, G.-J., & Raaijmakers, J. G. (1988). A model for interference and forgetting.
Psychological Review, 95, 434–455.

Metzuyanim-Gorlick, S., & Mashal, N. (2016). The effects of transcranial direct
current stimulation over the dorsolateral prefrontal cortex on cognitive
inhibition. Experimental Brain Research, 234, 1537–1544. http://dx.doi.org/
10.1007/s00221-016-4560-5.

Murayama, K., Miyatsu, T., Buchli, D., & Storm, B. C. (2014). Forgetting as a
consequence of retrieval: A meta-analytic review of retrieval-induced
forgetting. Psychological Bulletin, 140, 1383–1409. http://dx.doi.org/10.1037/
a0037505.

Nørby, S. (2015). Why forget? On the adaptive value of memory loss. Perspectives on
Psychological Science, 10, 551–578. http://dx.doi.org/10.1177/
1745691615596787.

Noreen, S., & MacLeod, M. D. (2015). What do we really know about cognitive
inhibition? Task demands and inhibitory effects across a range of memory and
behavioural tasks. PLoS ONE, 10, e0134951. http://dx.doi.org/10.1371/journal.
pone.0134951.

Norman, K. A., Newman, E. L., & Detre, G. (2007). A neural network model of
retrieval-induced forgetting. Psychological Review, 114, 887–953. http://dx.doi.
org/10.1037/0033-295X.114.4.887.

Oldrati, V., Patricelli, J., Colombo, B., & Antonietti, A. (2016). The role of dorsolateral
prefrontal cortex in inhibition mechanism – A study on cognitive reflection test
and similar tasks through neuromodulation. Neuropsychologia, 91, 499–508.
http://dx.doi.org/10.1016/j.neuropsychologia.2016.09.010.

Penolazzi, B., Pastore, M., & Mondini, S. (2013). Electrode montage dependent
effects of transcranial direct current stimulation on semantic fluency.
Behavioural Brain Research, 248, 129–135. http://dx.doi.org/10.1016/j.
bbr.2013.04.007.

Penolazzi, B., Stramaccia, D. F., Braga, M., Mondini, S., & Galfano, G. (2014). Human
memory retrieval and inhibitory control in the brain: Beyond correlational
evidence. Journal of Neuroscience, 34, 6606–6610. http://dx.doi.org/10.1523/
JNEUROSCI.0349-14.2014.

R Core Team (2016). R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. <https://www.R-project.org/>.

Raaijmakers, J. G., & Jakab, E. (2013). Rethinking inhibition theory: On the
problematic status of the inhibition theory for forgetting. Journal of Memory
and Language, 68, 98–122.

Rupprecht, J., & Bäuml, K.-H. T. (2016). Retrieval-induced forgetting in item
recognition: Retrieval specificity revised. Journal of Memory and Language, 86,
97–118.

Sandrini, M., Cohen, L. G., & Censor, N. (2015). Modulating reconsolidation: A link to
causal systems-level dynamics of human memories. Trends in Cognitive Sciences,
19, 475–482. http://dx.doi.org/10.1016/j.tics.2015.06.002.

Sarkis, R. A., Kaur, N., & Camprodon, J. A. (2014). Transcranial direct current
stimulation (tDCS): Modulation of executive function in health and disease.
Current Behavioral Neuroscience Reports, 1, 74–85. http://dx.doi.org/10.1007/
s40473-014-0009-y.

Schilling, C. J., Storm, B. C., & Anderson, M. C. (2014). Examining the costs and
benefits of inhibition in memory retrieval. Cognition, 133, 358–370. http://dx.
doi.org/10.1016/j.cognition.2014.07.003.

Silas, J., & Brandt, K. R. (2016). Frontal transcranial direct current stimulation (tDCS)
abolishes list-method directed forgetting. Neuroscience Letters, 616, 166–169.
http://dx.doi.org/10.1016/j.neulet.2016.01.035.

Smirni, D., Turriziani, P., Mangano, G. R., Cipolotti, L., & Oliveri, M. (2015).
Modulating memory performance in healthy subjects with transcranial Direct
Current Stimulation over the right dorsolateral prefrontal cortex. PLoS ONE, 10,
e0144838. http://dx.doi.org/10.1371/journal.pone.0144838.

Snipes, M., & Taylor, D. C. (2014). Model selection and Akaike Information Criteria:
An example from wine ratings and prices. Wine Economics and Policy, 3, 3–9.
http://dx.doi.org/10.1016/j.wep.2014.03.001.

Soriano, M. F., Jiménez, J. F., Román, P., & Bajo, M. T. (2009). Inhibitory processes in
memory are impaired in schizophrenia: Evidence from retrieval induced
forgetting. British Journal of Psychology, 100, 661–673. http://dx.doi.org/
10.1348/000712609X418912.

Spiess, A.-N. (2014). qpcR: Modelling and analysis of real-time PCR data. R package
version 1.4-0. <https://CRAN.R-project.org/package=qpcR>.

Storm, B. C. (2011). The benefit of forgetting in thinking and remembering. Current
Directions in Psychological Science, 20, 291–295. http://dx.doi.org/10.1177/
0963721411418469.

Storm, B. C., & Bui, D. C. (2016). Retrieval-practice task affects relationship between
working memory capacity and retrieval-induced forgetting. Memory, 24,
1407–1418.

Storm, B. C., & Levy, B. J. (2012). A progress report on the inhibitory account of
retrieval-induced forgetting. Memory & Cognition, 40, 827–843. http://dx.doi.
org/10.3758/s13421-012-0211-7.

Storm, B. C., & White, H. A. (2010). ADHD and retrieval-induced forgetting: Evidence
for a deficit in the inhibitory control of memory. Memory, 18, 265–271. http://
dx.doi.org/10.1080/09658210903547884.

Stramaccia, D. F., Penolazzi, B., Libardi, A., Genovese, A., Castelli, L., Palomba, D., &
Galfano, G. (2017). Control over interfering memories in eating disorders.
Journal of Clinical and Experimental Neuropsychology, 1–15. http://dx.doi.org/
10.1080/13803395.2017.1313392.

Stramaccia, D. F., Penolazzi, B., Monego, A. L., Manzan, A., Castelli, L., & Galfano, G.
(2017). Suppression of competing memories in substance-related and addictive
disorders: A Retrieval-Induced Forgetting study. Clinical Psychological Science, 5,
410–417. http://dx.doi.org/10.1177/2167702616671780.

Stramaccia, D. F., Penolazzi, B., Sartori, G., Braga, M., Mondini, S., & Galfano, G.
(2015). Assessing the effects of tDCS over a delayed response inhibition task by
targeting the right Inferior Frontal Gyrus and right Dorsolateral Prefrontal
Cortex. Experimental Brain Research, 233, 2283–2290. http://dx.doi.org/10.1007/
s00221-015-4297-6.

Venkatakrishnan, A., & Sandrini, M. (2012). Combining transcranial direct current
stimulation and neuroimaging: Novel insights in understanding neuroplasticity.
Journal of Neurophysiology, 107, 1–4. http://dx.doi.org/10.1152/jn.00557.2011.

Verbruggen, F., & Logan, G. D. (2008). Response inhibition in the stop-signal
paradigm. Trends in Cognitive Sciences, 12, 418–424. http://dx.doi.org/10.1016/j.
tics.2008.07.005.

Verbruggen, F., Logan, G. D., & Stevens, M. A. (2008). STOP-IT: Windows executable
software for the stop-signal paradigm. Behavior Research Methods, 40, 479–483.

Wagenmakers, E.-J., & Farrell, S. (2004). AIC model selection using Akaike weights.
Psychonomic Bulletin & Review, 11, 192–196. http://dx.doi.org/10.3758/
BF03206482.

Wimber, M., Alink, A., Charest, I., Kriegeskorte, N., & Anderson, M. C. (2015).
Retrieval induces adaptive forgetting of competing memories via cortical
pattern suppression. Nature Neuroscience, 18, 582–589. http://dx.doi.org/
10.1038/nn.3973.

Wimber, M., Bäuml, K. H., Bergström, Z., Markopoulos, G., Heinze, H. J., &
Richardson-Klavehn, A. (2008). Neural markers of inhibition in human

http://dx.doi.org/10.1016/j.psychres.2014.04.022
http://dx.doi.org/10.1016/j.psychres.2014.04.022
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0125
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0125
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0125
http://www.jstatsoft.org/v32/i01/
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
http://dx.doi.org/10.1016/j.clinph.2005.12.003
http://dx.doi.org/10.1016/j.clinph.2005.12.003
http://dx.doi.org/10.1016/j.bandc.2009.04.004
http://dx.doi.org/10.1016/j.bandc.2009.04.004
http://dx.doi.org/10.1037/a0021963
http://dx.doi.org/10.1037/a0021963
http://dx.doi.org/10.1080/02699930802536219
http://dx.doi.org/10.1080/02699930802536219
http://dx.doi.org/10.1523/JNEUROSCI.1777-12.2012
http://dx.doi.org/10.1162/jocn_a_00020
http://dx.doi.org/10.1162/jocn_a_00020
http://dx.doi.org/10.1016/j.jml.2007.11.007
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0170
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0170
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0175
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0175
http://dx.doi.org/10.1177/2167702615590996
http://dx.doi.org/10.1177/2167702615590996
http://dx.doi.org/10.3389/fpsyg.2013.00863
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0190
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0190
http://dx.doi.org/10.1523/JNEUROSCI.3741-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.3741-05.2006
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0200
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0200
http://dx.doi.org/10.1016/j.brs.2012.03.004
http://dx.doi.org/10.1037/0033-2909.111.2.361
http://dx.doi.org/10.1037/0033-2909.111.2.361
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0215
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0215
http://dx.doi.org/10.1007/s00221-016-4560-5
http://dx.doi.org/10.1007/s00221-016-4560-5
http://dx.doi.org/10.1037/a0037505
http://dx.doi.org/10.1037/a0037505
http://dx.doi.org/10.1177/1745691615596787
http://dx.doi.org/10.1177/1745691615596787
http://dx.doi.org/10.1371/journal.pone.0134951
http://dx.doi.org/10.1371/journal.pone.0134951
http://dx.doi.org/10.1037/0033-295X.114.4.887
http://dx.doi.org/10.1037/0033-295X.114.4.887
http://dx.doi.org/10.1016/j.neuropsychologia.2016.09.010
http://dx.doi.org/10.1016/j.bbr.2013.04.007
http://dx.doi.org/10.1016/j.bbr.2013.04.007
http://dx.doi.org/10.1523/JNEUROSCI.0349-14.2014
http://dx.doi.org/10.1523/JNEUROSCI.0349-14.2014
https://www.R-project.org/
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0265
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0265
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0265
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0270
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0270
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0270
http://dx.doi.org/10.1016/j.tics.2015.06.002
http://dx.doi.org/10.1007/s40473-014-0009-y
http://dx.doi.org/10.1007/s40473-014-0009-y
http://dx.doi.org/10.1016/j.cognition.2014.07.003
http://dx.doi.org/10.1016/j.cognition.2014.07.003
http://dx.doi.org/10.1016/j.neulet.2016.01.035
http://dx.doi.org/10.1371/journal.pone.0144838
http://dx.doi.org/10.1016/j.wep.2014.03.001
http://dx.doi.org/10.1348/000712609X418912
http://dx.doi.org/10.1348/000712609X418912
https://CRAN.R-project.org/package=qpcR
http://dx.doi.org/10.1177/0963721411418469
http://dx.doi.org/10.1177/0963721411418469
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0320
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0320
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0320
http://dx.doi.org/10.3758/s13421-012-0211-7
http://dx.doi.org/10.3758/s13421-012-0211-7
http://dx.doi.org/10.1080/09658210903547884
http://dx.doi.org/10.1080/09658210903547884
http://dx.doi.org/10.1080/13803395.2017.1313392
http://dx.doi.org/10.1080/13803395.2017.1313392
http://dx.doi.org/10.1177/2167702616671780
http://dx.doi.org/10.1007/s00221-015-4297-6
http://dx.doi.org/10.1007/s00221-015-4297-6
http://dx.doi.org/10.1152/jn.00557.2011
http://dx.doi.org/10.1016/j.tics.2008.07.005
http://dx.doi.org/10.1016/j.tics.2008.07.005
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0360
http://refhub.elsevier.com/S1074-7427(17)30110-7/h0360
http://dx.doi.org/10.3758/BF03206482
http://dx.doi.org/10.3758/BF03206482
http://dx.doi.org/10.1038/nn.3973
http://dx.doi.org/10.1038/nn.3973


130 D.F. Stramaccia et al. / Neurobiology of Learning and Memory 144 (2017) 114–130
memory retrieval. Journal of Neuroscience, 28, 13419–13427. http://dx.doi.org/
10.1523/JNEUROSCI.1916-08.2008.

Wimber, M., Rutschmann, R. M., Greenlee, M. W., & Bäuml, K.-H. (2009). Retrieval
from episodic memory: Neural mechanisms of interference resolution. Journal
of Cognitive Neuroscience, 21, 538–549. http://dx.doi.org/10.1162/jocn.2009.
21043.
Wimber, M., Schott, B. H., Wendler, F., Seidenbecher, C. I., Behnisch, G., Macharadze,
T., ... Richardson-Klavehn, A. (2011). Prefrontal dopamine and the dynamic
control of human long-term memory. Translational Psychiatry, 1(7), e15. http://
dx.doi.org/10.1038/tp.2011.15.

http://dx.doi.org/10.1523/JNEUROSCI.1916-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1916-08.2008
http://dx.doi.org/10.1162/jocn.2009.21043
http://dx.doi.org/10.1162/jocn.2009.21043
http://dx.doi.org/10.1038/tp.2011.15
http://dx.doi.org/10.1038/tp.2011.15

	TDCS over the right inferior frontal gyrus disrupts control of interference in memory: A retrieval-induced forgetting study
	1 Introduction
	2 Experiment 1
	2.1 Methods
	2.1.1 Participants
	2.1.2 Retrieval practice paradigm (RPP)
	2.1.3 Transcranial direct current stimulation (tDCS)

	2.2 Procedure
	2.3 Data analysis
	2.4 Results
	2.5 Discussion

	3 Experiment 2
	3.1 Methods
	3.1.1 Participants
	3.1.2 Retrieval practice paradigm (RPP)
	3.1.3 Stop-signal task (SST)
	3.1.4 Transcranial direct current stimulation (tDCS)

	3.2 Procedure
	3.3 Data analysis
	3.4 Results
	3.4.1 Retrieval practice paradigm (RPP)
	3.4.2 Re-analysis of Experiment 1 data
	3.4.3 Stop-signal task (SST)

	3.5 Discussion

	4 General discussion
	4.1 rIFG supports control over interference during memory retrieval
	4.2 RIF is variable across different semantic categories
	4.3 Memory control and motor stopping

	5 Conclusions
	Acknowledgements
	References


