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Abstract According to a recent hypothesis, the prefrontal
cortex has been proposed as the site of emotional memory
integration, because it is sensitive to the recognition of
emotional contents. In the present research, we explored
the role of the dorsolateral prefrontal cortex (DLPFC) in
memory recognition processes for positive versus negative
emotional stimuli when old (target) and new (distractor,
either semantically related or unrelated to the target) stimuli
were presented. The role of the DLPFC was analysed using
an rTMS (repeated transcranial magnetic stimulation) para-
digm that induced increased cortical activation of the left
DLPFC. The subjects were required to perform a task that
consisted of two experimental phases (i.e., an encoding and
a recognition phase) in which the targets and the distractors
were presented and recognition performance was measured.
rTMS stimulation was provided over the left DLPFC during
the recognition phase. We found that the rTMS stimulation
affected the memory recognition of positive emotional ma-
terial. Moreover, related and unrelated distractors were dis-
carded better when they were positively valenced, and a
more significant effect (i.e., increased performance) was
produced in response to related distractors. This result sug-
gests that the activation of the left DLPFC favours the
memory recognition of positive emotional information,
and that such activation is able to induce a more appropriate
selective process to distinguish target from distractor stimuli
in the presence of more complex processes (related distrac-
tors). The valence model of emotional cue processing may

explain this increased performance by demonstrating the
distinct role of the left hemisphere in the retrieval of positive
emotional information.
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The present study explores the neural mechanisms of emo-
tional memory recognition. Specifically, we intend to verify
the effects of the prefrontal network on memory perfor-
mance when subjects engage in memory recognition of
emotional stimuli. Several studies have shown that the pre-
frontal cortex (PFC) plays a crucial role in the integration of
different aspects of cognition, memory, and emotional reg-
ulation by managing the cognitive control over emotional
stimuli and emotional behaviour (Hariri, Bookheimer, &
Mazziotta, 2000; Kalish & Robins, 2006; Knight, Staines,
Swick, & Chao, 1999; Miller & Cohen, 2001).

Neuropsychological and lesion studies have documented
the involvement of the frontal lobes in recognition memory.
Specifically, neuroimaging, transcranial magnetic stimula-
tion (TMS), and transcranial direct current stimulation
(tDCS) research has shown that the dorsolateral prefrontal
cortex (DLPFC) is involved in the recognition process
(Javadi & Walsh, 2011; Sandrini, Cappa, Rossi, Rossini, &
Miniussi, 2003; Turriziani, Smirni, Oliveri, Semeza, &
Cipolotti, 2010). With regard to the contributions of specific
brain areas in memory tasks, neuroimaging studies have
shown increased activation of the DLPFC during tasks that
require the organisation of information and the need to
manage the relationships between memory cues. This pro-
cess of manipulation promotes the strengthening of interi-
tem associations, with a resulting enhancement of memory
formation (Blumenfeld & Ranganath, 2006).
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Using TMS, Manenti, Cotelli, Calabria, Maioli, and
Miniussi (2010) provided new evidence of the involvement
of prefrontal areas in memory processes. In another study,
Turriziani et al. (2010) suggested that the DLPFC plays a
critical role in recognition memory that is based on famil-
iarity as well as recollection. Interestingly, another rTMS
study showed bilateral involvement of the DLPFC in long-
term memory processes, in both the encoding and recogni-
tion phases (Sandrini et al., 2003). Although several other
studies have shown increased activation of the DLPFC
during the manipulation of a cue, none have shown a cor-
relation between the DLPFC and memory performance
(Davachi, Maril, & Wagner, 2001). Thus, the relationship
between the DLPFC and memory performance needs to be
elucidated.

Only a limited number of studies have addressed the
topic of where in the brain memories for emotional content
could be represented, and those have specifically studied the
prefrontal cortex (Balconi, Ferrari, & Amenta, 2010; Gray,
Braver, & Raichle, 2002). This debate is still open, and a
new approach that focuses on the interaction of emotions
and memories has recently drawn attention. Models of the
processing of emotional information have suggested that a
network of interconnected neuroanatomical regions—in-
cluding the amygdala, hippocampus, thalamus, and PFC—
operates to process emotional information and emotional
memories (Davis, 1992; LeDoux, Cicchetti, Xagoraris, &
Romanski, 1990). This top-down control of the amygdala
by the PFC allows for the cognitive modulation of emotion-
al processes by frontal brain structures, and the PFC could
be crucial for mechanisms underlying the regulation of
emotion, such as the inhibition of emotional information
or the regulation of specific control monitoring on interfer-
ence effects (Hariri et al., 2000; Kalish & Robins, 2006;
MacNamara, Ferri, & Hajcak, 2011; Sandrini et al., 2003).

An interference effect on memory processes may be pro-
duced when a distractor (an irrelevant cue) is semantically
associated with a target stimulus and the distractor increases
the probability of false recognitions (false memories) because
of the relationship with the target (Stadler, Roediger, &
McDermott, 1999). Recent studies have demonstrated that
distractors may affect working memory (WM) performance
and that DLPFC activity is related to the control of this
disruptive effect. Specifically, the DLPFC may intervene to
modulate and reduce interference by activating a selection
process that allows the DLPFC to manage a cognitively
challenging condition that requires increased effort for the
cognitive system (Sandrini et al., 2003).

In one study, Gray et al. (2002) proposed that the lateral
prefrontal cortex (LPFC) may be identified as the site of
memory and cognition integration, because the LPFC has
been shown to be particularly sensitive to the activation of
memory and emotion. With regard to emotional valence,

other studies have found that the PFC is involved in emo-
tional evaluation processes (Balconi & Pozzoli, 2007;
Davidson & Irwin 1999), and the DLPFC has been impli-
cated in emotional memories with a specific valence
(Dolcos, Diaz-Granados, Wang, & McCarthy, 2008). In
their fMRI study, Gray et al. found that the LPFC was the
main cerebral region activated in response to the interaction
between a memory task and the emotional valence of the
stimulus, which predicted the subjects’ behavioural
responses. Dolcos, LaBar, and Cabeza (2004) investigated
the role of the PFC in memories with an emotional valence
and concluded that the ability of emotion (specifically relat-
ed to emotional arousal) to enhance memory formation is
partly mediated by changes in PFC activity (left ventrolat-
eral and dorsolateral PFC) and may involve the amplifica-
tion of the WM operations mediated by LPFC regions
(MacNamara et al., 2011; Mikles, Reuter-Lorenz, Beyer, &
Fredrickson, 2008).

Unfortunately, the majority of previous studies have only
considered long-term memory processes, without showing
clear evidence of short-term or WM mechanisms operating
in the retrieval of emotional information. In many cases,
only the first step of the encoding process was explored,
without an explicit analysis of the subsequent retrieval
mechanisms. To summarise, we currently have only limited
understanding of how prefrontal areas accomplish both
emotional valence and memory functions in recognition.
Thus, specific analyses of the potential effects of the DLPFC
on the recognition process in cases in which the stimuli have
emotional content should be considered, because prefrontal
areas may affect emotional memories that elicit specific
responses during the recognition phase.

Another critical point that is currently debated is the
distinct contributions of the left versus the right DLPFC in
recognition. Indeed, significant evidence has been reported
in favour of both the left and the right DLPFC playing roles
in retrieving emotional stimuli. Thus, a promising theory,
called the valence model, was proposed to explain the rela-
tionship between emotional information processing and a
frontal left/right hemispheric lateralisation effect. This the-
ory suggests that withdrawal-related emotions are located to
the right hemisphere, whereas approach-related emotions
are biased to the left hemisphere (Balconi, Brambilla, &
Falbo, 2009; Davidson, Abercrombie, Nitschke, & Putnam,
1999). Thus, the different effects of the left and right
DLPFC on memory recognition may be due to the emotion-
al valence of the stimuli and to the distinct contributions
that the two hemispheres may have in manipulating stimuli
from different emotional categories. In the present study, we
intended to verify the impact of the stimulus valence and to
investigate the mechanisms involved in discarding informa-
tion that produce interference during recognition when a
potential interference is produced in cases of stimulus
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acceptance/rejection (Carneiro et al., 2011). To accomplish
this, we explored the recognition process in the presence of
distractors (new stimuli) that were either semantically related
or unrelated to the targets (old stimuli).

In the present research, we applied an activation TMS
paradigm to the left DLPFC (LDLPFC) in order to analyse
the contribution of the LDLPFC to the recognition of pos-
itive versus negative emotional information in conditions
that required cognitive effort. We used a repetitive stimula-
tion (rTMS) paradigm, which creates a “perturbation” and
offers a unique opportunity to directly interfere with the
functioning of a cortical area during the execution of a
memory task. Thus, this paradigm can manipulate the causal
relationships between neural activity and a subject’s perfor-
mance (Miniussi, Ruzzoli, & Walsh, 2010). High-frequency
electrical stimulation is known to induce long-term potenti-
ation, whereas low-frequency stimulation induces long-term
depression (Miniussi et al., 2008). The TMS method (high
frequency, 5 Hz) was applied in order to induce increased
activation of the left DLPFC (associated with approach
emotion). An activation TMS paradigm was used to increase
the cortical excitability of the left hemisphere in order to
enhance the response to positive emotional cues and to
produce better recognition of such cues (Balconi & Mazza,
2010; Davidson et al., 1999). In the present study, we took
into account the underlying interhemispheric competition by
adopting the valence hypothesis. In other words, we tried to
obtain potentiation of the hemisphere that has been reported
to restore positive emotions.

We initially tested the LDLPFC by performing a memory
task in which old (previously encoded, targets) and new
(previously not encoded, distractors) positive or negative
emotional words had to be recognised. On the basis of the
valence hypothesis, we hypothesised that repetitive TMS
(rTMS) of the LDLPFC would produce significantly higher
performance in memory recognition for the positively
valenced stimuli. Enhanced performance was expected for
both accuracy and response time (RT) measures.

In addition, we expected to observe enhanced positive
memories after rTMS of the LDLPFC for both the target and
distractor categories. Indeed, the salience effect induced by the
stimulation of the LDLPFC should be observed for the recog-
nition of previously encoded stimuli and the correct rejection
of stimuli that were not previously encoded (on the basis of
their positive valence). We distinguished between the two
categories (i.e., target and distractor) in order to verify that
the DLPFC control functions acted as expected for the selec-
tion of previously encoded stimuli and the discard of stimuli
that had not previously been encoded. We wanted to verify
that improved performance for positive stimuli would be
observed for both of these functions (correct recognition and
correct rejection), where the rejection-of-distraction procedure
was considered to be the more effortful process.

In the present study, the distractor set was subdivided into
two distinct categories: distractors that were not semantical-
ly associated with the targets (unrelated distractors; e.g., gun
and face) and distractors that were semantically associated
with the targets (related distractors; e.g., gun and pistol).
The two categories were both positively and negatively
valenced, and we expected that a higher percentage of the
positively valenced distractors would be correctly recog-
nised as novel (i.e., correctly rejected), as compared with
the negatively valenced distractors, which could be due to
the increased salience of the positive stimuli induced by the
potentiation of the left hemisphere. Indeed, the potentiation
of the LDLPFC may enhance the ability to distinguish the
target from the distractor categories on the basis of their
emotional valence, even when semantic interference is pres-
ent. Specifically, we demonstrated that the possible interfer-
ence effect when recalling related distractors may be
reduced as a function of the stimulus valence (i.e., positively
valenced related distractors may be more accurately recog-
nised and discarded as new, as compared with positively
valenced unrelated distractors). Thus, we postulated that the
specific role of the LDLPFC in controlling more complex
and effortful situations would favour the correct rejection of
positively valenced related distractors in comparison with
the correct rejection of positively valenced unrelated
distractors.

Method

Subjects

The present study included 16 females and 11 males
(21–37 years old). All of the subjects were right-handed
and had normal or corrected-to-normal visual acuity. The
exclusion criteria were a history of psychopathology for
either the subjects or their immediate family. No payment
was provided for participation in the present study. The
subjects provided informed written consent for participating
in the study, and the research was approved by the ethical
committee of the institution at which the work was carried out.

Procedure

The subjects sat in a comfortable chair in front of a PC
screen. The experimental paradigm consisted of an encoding
phase and a recognition phase. In the encoding phase, the
subjects were asked to memorise word lists during a specific
time window (90 s) for a successive recognition phase,
which was administered right after the encoding phase had
ended (see Fig. 1 for the whole procedure). Thus, each
encoding list was followed by a recognition list. In the
recognition phase, words were randomly presented one at
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a time on the PC screen for 6 s, and the subjects were asked
to decide whether they had previously viewed each word
(for a similar procedure, see Carneiro et al., 2011). The
subjects were asked to press one of two buttons on the
mouse (the left bottom button if they recognised a word,
and the right button if they did not recognise a word) as soon
as possible after the presentation of the word on the screen.
Response accuracy for both targets and distractors and RTs
were recorded using E-Prime 2.0 software. The entire rec-
ognition phase was subdivided into three blocks, with an
interblock interval of approximately 2 min.

Two distinct sets of materials were used, the first for the
encoding phase and the second for the recognition phase. In
the encoding phase, each list was presented on the PC screen
and was counterbalanced across subjects. The words were
Italian nouns (from four to seven letters long) of moderate
frequency. All of the words that were included were counter-
balanced with respect to word length and their abstract versus
concrete contents (DeMauro,Mancini, Vedovelli, & Voghera,
1993). Each word was presented in black Arial font (16-point)
on a white background. For the encoding phase, nine lists
were used, and each list consisted of 20 words: Ten of the
words had positive emotional valence, and the other ten words
had negative emotional valence (e.g., smile, gun, anger, mur-
der, freedom, help, fitness, and abuse). For the recognition
phase, the stimulus materials were composed of a total of 450
stimuli, which were subdivided into nine lists (these were the
same across the three stimulation conditions). Each recogni-
tion list was composed of 50 words, which were grouped into
targets (20 words contained in the encoding lists) and distrac-
tors (30 words not contained in the encoding lists). Each
category (target vs. distractor) was further divided into two
equally distributed subgroups: words with negative emotional
valence and words with positive emotional valence. More-
over, the distractors were also divided into two equally dis-
tributed subcategories: words that were semantically related
(e.g., gun and pistol) and words that were not semantically
related (e.g., gun and smile) to the old words.

The familiarity of the words and their emotional valence
were assessed for all of the stimulus materials before the
experimental task by a group of 14 subjects (seven male and

seven female, with a mean age of 26.8 ± 2.10 years). Fa-
miliarity was evaluated with a 4-point Likert scale, and all of
the words in the study showed similarly high familiarity
rates (M 0 3.75, SD 0 0.71). Words that showed low famil-
iarity rates were excluded from the database. Emotional
valence was also evaluated for each word with a 9-point
Likert scale. The positive stimuli elicited highly positive
valence scores (M 0 8.61, SD 0 0.23), whereas the negative
stimuli elicited less positive valence scores (M 0 2.18, SD 0

0.30). Significant differences were found between the two
categories in a repeated measures analysis of variance
(ANOVA), F(1, 13) 0 8.70, p < .001, η2 0 .46, since the
positive stimuli showed a higher positive attribution than
did the negative stimuli. The arousing power of each
word had previously been tested in the preexperimental
phase in order to allow for a balanced effect for arousal
across the stimulus types. A repeated measures ANOVA
showed no significant differences between the two categories,
F(1, 13) 0 1.09, p 0 .15, η2 0 .16. The mean arousal was
considered high for both the positive and negative categories
(M 0 7.89, SD 0 0.54, vs.M 0 8.23, SD 0 0.34, for the positive
and negative categories, respectively). To directly test the
semantic link between the target and distractor categories,
pairs of semantically related and unrelated words were created
for each recognition list (Davelaar, Haarmann, Goshen-
Gottstein, & Usher, 2006; Stadler et al., 1999). The semanti-
cally unrelated word pairs were chosen on the basis of be-
longing to distant semantic categories and of a lack of
association according to the association norms. Specifically,
the association norms were drawn from the DPSS psycholin-
guistic database (Peressotti, Pisciarelli, & Job, 2002). Prior to
the experimental phase, a group of judges evaluated the se-
mantic proximity and relatedness (semantic associates) of
each pair with a 9-point Likert scale. The judges (ten subjects:
sixmale and four female, with amean age of 26.2 ± 2.17 years)
were required to consider the degree of the semantic associa-
tion (“Do you think the two words are semantically related?”).
In line with the adopted norms, the related and unrelated
word categories obtained the following scores for seman-
tic proximity: for semantically related words, M 0 7.9,
SD 0 0.43; for semantically unrelated words, M 0 2.1,
SD 0 0.29. A repeated measures ANOVA showed signif-
icant differences between the semantically related and
unrelated categories, F(1, 9) 0 1.10, p 0 .12, η2 0 .17.

TMS stimulation

rTMS was delivered using a Magstim Super Rapid2 magnetic
simulator with a figure-8 coil (double wings with a 70-mm
diameter). The subjects were asked to wear a cap on which the
positions of all of the electrodes from the International 10–20
EEG system were reproduced (Jaspers, 1958). We applied
rTMS (5-Hz frequency) at 100 % of the motor threshold on

Fig. 1 The experimental procedure
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the LDLPFC (electrode F3, stimulating BA 9) immediately
upon the appearance of each recognition word.

The approximate location of the LDLPFC was automat-
ically identified on the subject’s scalp using the SofTaxic
navigator system (Brainsight Magstim, SofTaxic Optic 2.0),
which uses a set of digitised skull landmarks (nasion, inion,
and two preauricular points) and approximately 50 scalp
points, which are entered with a FASTRAK Polhemus digi-
tiser system and an averaged stereotaxic magnetic resonance
imaging (MRI) brain atlas in Talairach space (Talairach &
Tournoux, 1988). The average Talairach coordinates in the
Softaxic navigator system were transformed through a linear
transformation to each subject’s scalp. The Talairach coor-
dinates of the cortical sites underlying the coil locations
were estimated on the basis of an MRI-constructed stereo-
taxic template (the accuracy was approximately 1 mm in
Talairach space). This scan procedure suggested that TMS
was applied over the DLPFC (Talairach coordinates –10, 40,
25, medial frontal gyrus).

To control the effect of the rTMS stimulation, we adopted
two control conditions: the stimulation of a cortical control
site (Cz), which is not supposed to be involved in memory
processes, and a sham condition (no stimulation). During the
sham condition, the same intensity and timing of stimulation
was used, but the coil was held in such a manner that no
magnetic stimulation reached the brain (i.e., the TMS coil was
placed at a 45º angle to the head, and the point of maximal
activation was superficial as compared with active stimula-
tion; George et al., 1997; Kimbrell et al., 1999; Wassermann,
Wedegaertner, Ziemann, George, & Chen, 1998). The subjec-
tive sensation of coil–scalp contact and the discharge noise in
the sham condition were similar to the sensations in the real
stimulation phase. Single-pulse TMS was applied at increas-
ing intensities to determine the individual motor threshold
according to the standard procedure (Rossini et al., 1994).
The motor threshold was defined as the lowest TMS intensity
capable of evoking a muscle twitch in the contralateral hand in
eight out of ten consecutive trials. All of the subjects received
90 trains of rTMS over the LDLPFC, 90 trains of rTMS over
the control site (Cz vertex), and 90 trains of rTMS in the sham
phase. The order of the stimulation conditions was randomly
assigned and counterbalanced.

Two factorial repeated measures ANOVAs with three inde-
pendent factors (Valence, positive/negative; Target/Distractor
[TD] word; and Stimulation Condition, F3/control/sham) were
applied on the dependent measures of accuracy—that is, cor-
rect recognition for targets [(total correct responses – false
alarms)/(total occurrences for both categories)] and correct
rejections for distractors [(correct rejections)/(total rejec-
tions)]—and RT (calculated according to the same formulas
used for the previous accuracy measures).

In addition, two repeated measures ANOVAs were per-
formed with Related/Unrelated (RU) distractor, Valence, and

Stimulation Condition as independent variables applied, re-
spectively, to the accuracy measure for distractors—that is,
(correct rejections)/(total rejections)—and RTs (with only
correct-rejection responses used). Type I errors associated
with inhomogeneity of variancewere controlled by decreasing
the degrees of freedom using the Greenhouse–Geisser epsilon.

Results

For the RT measure, significant main effects were found for
valence and TD, as well as a significant Valence × Condition
interaction (Tables 1 and 2). No other effects were statisti-
cally significant.

First, positive stimuli were recognised more quickly than
negative stimuli, and target stimuli were recognised more
quickly than distractor stimuli (reduced RTs). Moreover, as
is shown by the contrast effects (contrast effects for
ANOVA) used to follow up on the significant interaction
between valence and condition, RT values decreased in the
presence of LDLPFC stimulation more for positive stimuli
than for negative stimuli [F(1, 26) 0 4.78, p 0 .020, η2 0

.35]. In addition, a consistent reduction of RTs was revealed
for positive stimuli in the LDLPFC stimulation condition in
comparison with the control [F(1, 26) 0 4.51, p 0 .023, η2 0
.32] and sham [F(1, 26) 0 4.39, p 0 .026, η2 0 .31] con-
ditions (Fig. 2). The other paired comparisons were not
significant (all ps ≥ .15). In contrast, the accuracy measure
did not show significant differences as a function of the
experimental variables (all ps ≥ .19).

The second set of repeated measures ANOVAs, with
three independent factors (Valence, RU, and Condition),

Table 1 Mean and standard deviation values for accuracy measures
(correct recognition and correct rejections [CR]) and response times
(RTs, in milliseconds) as a function of stimulation condition and
emotional valence, for the target and distractor stimuli

Old New

Accuracy RT CR RT

M SD M SD M SD M SD

F3

Negative .77 .40 234 11.2 .85 .30 238 13.4

Positive .84 .31 206 12.9 .86 .32 211 11.9

Cz (control)

Negative .79 .30 239 12.4 .80 .27 243 12.3

Positive .77 .28 241 16.5 .78 .29 247 10.6

Sham

Negative .77 .28 244 11.3 .78 .29 248 15.6

Positive .78 .32 239 10.3 .78 .30 250 13.1
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were applied to correct rejections [(correct rejections)/(total
rejections)] and RTs (only for correct rejections) (Table 3).

For the RT measure, there were significant interactions
for Valence × Condition [F(1, 52) 0 8.97, p < .001, η2 0
.46], RU × Condition [F(1, 52) 0 8.16, p < .001, η2 0 .45],
and Valence × RU × Condition [F(1, 52) 0 6.98, p 0 .010,
η2 0 .43] (Table 4). No other effects were statistically sig-
nificant (all ps ≥ .11).

Specifically, as is shown by the post-hoc contrast analyses,
positive stimuli were processed more quickly (as shown by
shorter RTs) than the negative stimuli [F(1, 26) 0 8.90,
p < .001, η2 0 .45] when TMS stimulation was performed
on the LDLPFC. Moreover, faster RTs were found in response
to related distractors than in response to unrelated distractors
in the case of TMS stimulation to the LDLPFC [F(1, 26) 0
8.90, p < .001, η2 0 .45] (see Fig. 3). Finally, contrast effects
applied to the significant Valence × RU × Condition interac-
tion revealed shorter RTs for related than for unrelated dis-
tractors in the LDLPFC stimulation condition for the positive
stimulus category [F(1, 26) 0 8.16, p < .001, η2 0 .43]. The
other post-hoc comparisons were not significant (all ps ≥ .18).

In contrast, correct rejections did not show significant
differences as a function of the experimental variables
(all ps ≥ .22).

Discussion

Several interesting results of the present research need to be
highlighted. We investigated the role of the LDLPFC in mod-
ulating memories in relation to the valence of emotional words
(positive vs. negative) and found a greater TMS effect on the
LDLPFC for positive than for negative stimuli. In addition, a
similar pattern was shown for both the target and distractor
categories in response to positive emotional cues, since they
both showed a reduction of RTs. Moreover, we examined the
effective impacts of LDLPFC stimulation and of stimulus
valence on semantic interference effects in performing the task
by comparing the results for related and unrelated distractors.
Interestingly, the positively valenced related distractor catego-
ry showed a greater decrease in RTs in response to LDLPFC
TMS than did the unrelated distractor condition.

With respect to the cortical contribution of the PFC, the
present results allowed us to confirm a significant role of the
DLPFC in retrieving cues with a positive emotional valence.
Specifically, we found a clear LDLPFC effect on the

Table 2 Repeated measures ANOVAs for the accuracy and response time (RT) measures

Accuracy RT

Source df F p η2 df F p η2

Condition 2 1.22 .32 .13 2 1.12 .34 .12

Valence 1 1.09 .36 .17 1 6.70 .013 .40

TD 1 1.77 .27 .19 1 7.11 .02 .42

Condition × Valence 2 1.90 .19 .20 2 7.02 .010 .42

Condition × TD 2 1.54 .24 .18 2 1.94 .18 .22

Valence × TD 1 1.04 .48 .08 1 1.03 .38 .09

Condition × Valence × TD 2 1.95 .22 .21 2 1.98 .20 .20

Bold indicates significant results

Fig. 2 Response time (RT) measures (means and SEMs) as a function
of stimulation condition (F3, Cz, and sham) and valence (positive vs.
negative)

Table 3 Mean and standard deviation values for correct rejections
(CR) and response times (RTs, in milliseconds) as a function of
stimulation condition and emotional valence for the distractor stimuli

New Related New Unrelated

CR RT CR RT

M SD M SD M SD M SD

F3

Negative .86 .30 236 13.4 .84 .26 240 10.3

Positive .88 .32 202 11.9 .84 .39 220 13.2

Cz (control)

Negative .80 .27 247 12.3 .81 .27 240 12.4

Positive .78 .29 253 10.6 .79 .20 241 18.7

Sham

Negative .77 .29 252 15.6 .79 .36 244 10.2

Positive .76 .30 258 13.1 .78 .32 249 11.9
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subjects’ performance when F3 (presumably, the medial
frontal gyrus) was stimulated. This higher performance
(measured by an RT reduction) was based on the specific
emotional content of the linguistic stimuli, which was relat-
ed to the valence effect. Through the present experimental
evidence, an increased facilitation to retrieve the positive
emotional cues was confirmed by the reduced RTs after
stimulation of the LDLPFC. In contrast, negative-cue rec-
ognition was not influenced by the left frontal stimulation
(no differences among the F3, Cz, and sham conditions).

Previous studies revealed a significant role of the DLPFC
in the encoding and recognition of emotional contents

(Javadi & Walsh, 2011; Sandrini et al., 2003; Turriziani
et al., 2010); however, the studies did not specifically ex-
amine the significance of specific emotional categories, such
as the effects of positive versus negative cues on the recog-
nition process. The approach–avoidance model of emotional
information processing may explain the contribution of the
left frontal area, specifically the DLPFC, in the retrieval of
positive memories. In addition, the valence model of emo-
tional processingmay explain the reduced RTs by highlighting
the distinct role that the left hemisphere has in emotional cue
elaboration. The specificity of the left side for positive–
approach emotions has been supported and discussed in pre-
vious studies (Balconi & Lucchiari, 2005; Balconi & Mazza,
2010; Davidson, 1995; Harmon-Jones & Allen, 1997; Sutton
& Davidson, 1997). Interestingly, neuroimaging, event-
related potential, and electroencephalographic studies have
demonstrated the existence of two different frontal cortical
networks: one deputed to process negative, withdrawal emo-
tions (the right hemisphere), and one deputed to process
positive, approach emotions (the left hemisphere) (Balconi et
al., 2009). This theory can help explain the pattern of data
found in the present study. Specifically, it may be that when
the cortical system that has been shown to recognise positive
emotional cues is hyperactivated (the rTMS potentiation ef-
fect), subjects might have an unbalanced response to positive
categories. In fact, in the present study, a facilitation effect was
observed in response to positive cues as a consequence of
stimulation of the left side, whereas no significant effect was
seen with negative cues. Thus, we can conclude that cortical
stimulation of the left, approach-related hemisphere may sup-
port faster recognition of positively valenced information
without any direct effect on negatively valenced information.

These conclusions are in line with previous results with
clinical (e.g., panic disorder and posttraumatic stress disor-
der) and subclinical (Heller & Nitschke, 1998; Schutter, van
Honk, d’Alfonso, Postma, & de Haan, 2001; van Honk et
al., 1999) samples that have led to the postulation of a
“depressive” effect of low-frequency TMS (cortical

Table 4 Repeated measures ANOVAs for the accuracy and response time (RT) measures

Accuracy RTs

Source df F p η2 df F p η2

Condition 2 1.20 .36 .13 2 1.30 .37 .12

Valence 1 1.11 .30 .15 1 1.09 .48 .09

RU 1 1.44 .40 .10 1 1.34 .40 .12

Condition × Valence 2 1.22 .33 .12 2 8.97 .001 .46

Condition × RU 2 1.30 .38 .14 2 8.16 .001 .45

Valence × RU 1 1.09 .46 .08 1 1.06 .39 .10

Condition × Valence × RU 2 1.40 .26 .18 2 6.98 .01 .43

Bold indicates significant results

Fig. 3 Response time (RT) measures (means and SEMs) as a function
of stimulation condition (F3, Cz, and sham) and valence (positive vs.
negative) for related distractors (a) and unrelated distractors (b)
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depotentiation) on the right DLPFC, which induced a reduc-
tion of right prefrontal activity and produced an increased
responsiveness to positive cues. In parallel, an interesting
study in which a low-frequency (inhibitory) TMS paradigm
was applied to the frontal left hemisphere revealed increased
attention toward negative stimuli (d’Alfonso, van Honk,
Hermans, Postma, & de Haan, 2000). These studies con-
firmed the specificity of the left and right hemispheres in
processing positive and negative emotional cues, respec-
tively—specializations that may influence the succeeding
recognition mechanisms.

A similar impact of left frontal stimulation on the valence
of stimuli was observed for both the target and the distractor
categories. In general, however, we have observed a more
direct impact of LDLPFC activation on subjects’ performance
in relation to the efficiency of the process (i.e., a significant
reduction in RTs) as comparedwith the accuracymeasure (i.e.,
correct recognition and correct rejection for targets and dis-
tractors, respectively). Interestingly, both the target and the
distractor categories showed an enhancement of the mecha-
nisms responsible for the retrieval of emotional information in
terms of a reduction in RTs, since the two categories did not
statistically differ, but there was no significant increase in the
accuracy of responding to positive emotional cues. This result
may be due to the absolute high performance that was
exhibited by the subjects (80 % of both correct responses
and correct rejections) for all of the experimental conditions
(i.e., the subjects completed the cognitive recognition task
with a limited number of errors—both omissions and false
alarms). In addition, the TMS stimulation effect may be more
relevant for the efficiency of the cognitive system in produc-
ing a correct response. The central executive system could be
responsible for this increased efficiency in cases of LDLPFC
stimulation by consistently reducing the delay in performing
the response task (Eysenck & Calvo, 1992).

A different impact of prefrontal stimulation was revealed
for the two distractor categories (i.e., related and unrelated
distractors). In fact, whereas all of the distractors benefited
from the positive valence of the stimulus and demonstrated a
significant improvement in the efficiency of the system to
recognise the new stimuli (as was shown by the absence of
differences between the target and distractor stimulus catego-
ries in obtaining decreasing RTs), this improvement was more
significant for the semantically related distractor category than
for the unrelated distractor after TMS stimulation. In the case
of related distractors, when TMSwas applied to the LDLPFC,
the positive stimuli were very quickly discarded as new. Thus,
these results provide direct evidence that the DLPFC is gen-
erally involved in mediating the effects of distractors, but that
the results are dependent on the nature of the distractor.
DLPFC activation may have acted to improve the general
ability to recognise the positive cues by significantly affecting
attention to their salience or valence.

Conclusions

The present results demonstrate that TMS is an important
tool for the direct investigation of the functional role of a
brain area in an ongoing cognitive process. Indeed, TMS
offers a unique opportunity to directly interact with the
functioning of a brain area and the related neural circuit
during the execution of a defined task. Regarding memory,
TMS may elucidate some mechanisms of memory for the
recognition of emotional cues by demonstrating which brain
areas are necessary for a specific aspect of performance.

Future research may further elucidate some important
questions that the present research has identified. For exam-
ple, future studies should test whether the effect of the
LDLPFC in response to positive stimuli is primarily due to
the valence hypothesis (i.e., to increased activation due to
the approach attitudes supported by the left hemisphere) or
to the main contribution of the LDLPFC to memory recog-
nition mechanisms. In other words, future studies should
attempt to provide more insight into the relevance and the
specific contributions of the LDLPFC for positive emotion
processing and memory recognition; however, these two
factors should be considered separately. In addition, future
studies could also perform experiments comparable to the
one in the present study by inducing a cortical perturbation
of the right DLPFC and adopting an inhibitory paradigm.
Indeed, the increased memory performance with positive
cues should be examined by reducing the cortical excitabil-
ity of the right hemisphere, which has been shown to re-
spond to aversive and potentially threatening information.
Also, a TMS activation paradigm could be adopted to stim-
ulate the right DLPFC, in order to demonstrate increased
performance toward negative cues. Finally, the valence ef-
fect, which was supported by the present research, should be
integrated by considering a more systematic comparison
between the different levels of arousal induced by emotional
stimuli. As in the previous research, the valence and arousal
parameters may be integrated to obtain a complete view of
the significance of the left and right hemispheres in
responses to emotional cues.
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