
RESEARCH ARTICLE

Effects of Unilateral Transcranial Direct
Current Stimulation of Left Prefrontal Cortex
on Processing and Memory of Emotional
Visual Stimuli
Stefania Balzarotti1, Barbara Colombo1,2*

1 Department of Psychology, Catholic University of the Sacred Heart, Largo Gemelli 1, 20123 Milano, Italy,
2 Division of Education and Human Studies, Champlain College, 251 South Willard Street, Burlington, VT
05402, United States of America

* bcolombo@champlain.edu

Abstract
The dorsolateral prefrontal cortex (DLPFC) is generally thought to be involved in affect and

emotional processing; however, the specific contribution of each hemisphere continues to

be debated. In the present study, we employed unilateral tDCS to test the unique contribu-

tion of left DLPFC in the encoding and retrieval of emotional stimuli in healthy subjects.

Forty-two right handed undergraduate students received either anodal, cathodal or sham

stimulation of left DLPFC while viewing neutral, pleasant, and unpleasant pictures. After

completing a filler task, participants were asked to remember as many pictures as possible.

Results showed that participants were able to remember a larger amount of emotional (both

pleasant and unpleasant) pictures than of neutral ones, regardless of the type of tDCS con-

dition. Participants who received anodal stimulation recalled a significantly higher number

of pleasant images than participants in the sham and cathodal conditions, while no differ-

ences emerged in the recall of neutral and unpleasant pictures. We conclude that our

results provide some support to the role of left prefrontal cortex in the encoding and retrieval

of pleasant stimuli.

Introduction
Besides the well-established role of subcortical structures in the limbic system such as the
amygdala in the processing of affective information, other components of the emotional pro-
cessing network such as the prefrontal cortex (PFC) have received growing attention [1–4]. For
instance, recent studies have shown that dorsolateral prefrontal cortex (DLPFC)–which is tra-
ditionally thought to be involved in purely cognitive and executive functions (e.g., working
memory) − also contributes to emotional processes such as emotional judgment (i.e., evalua-
tions of affective valence [3]) and memory encoding of emotional stimuli [2, 5–6]. The specific
contribution of each hemisphere, however, continues to be debated. A number of studies
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support the valence-specific hypothesis, providing evidence of anterior asymmetry in favor of
left prefrontal regions for the processing of pleasant or approach-related emotional stimuli,
and of right prefrontal areas for the processing of unpleasant or withdrawal-related ones [2–3,
6, 7–9, 10–11]. By contrast, other studies do not report evidence consistent with hemispheric
asymmetry in PFC [12–15]. More evidence on the specific role of the left DLPC are still needed,
and the present paper aims at focusing on this specific aspect.

The understanding of how the brain is organized to process emotional information has rele-
vant clinical implications. Prefrontal brain regions, and in particular right and left DLPFC,
have been a focus of research examining the brain mechanisms underlying clinical depression
[16–18]. A number of studies have linked depression with reduced activity in (especially) left
DLPFC, which may account for the so-called negative emotional bias, that is, the tendency of
depressed individuals to show enhanced attention to and preferential memory for emotional
negative information [18–22]. For instance, one study [23] found that, compared to healthy
subjects, depressed patients showed left DLPFC hypoactivity while performing an emotional
judgment task. Also, the less activity in left DLPFC, the less positively the patients evaluated
positive emotional pictures.

Drawing on these findings, a number of attempts have been made to treat major depression
by altering the balance between left and right prefrontal areas using brain stimulation tech-
niques such as transcranial Direct Current Stimulation (tDCS) [24–26]. The tDCS is a non-
invasive technique delivering weak electrical current through two electrodes (one anode and
one cathode) positioned over the scalp, with cortical excitability increased under anodal and
decreased under cathodal stimulation [27–28]. In neuropsychological research, tDCS is com-
monly employed for the rehabilitation of various disorders, as well as for the experimental
study of cognitive processes in healthy subjects (for a review, see [29]). Thus far, however, the
use of prefrontal tDCS in the treatment of depression has shown inconsistent results, with
some studies finding a reduction of depressive symptoms after anodal stimulation of l-DLPFC
[24, 30], and other studies showing no beneficial effects [31–32].

Few studies have so far examined the effects of prefrontal tDCS on emotional processing in
healthy individuals [4, 33–37]. These studies measured the effects of brain stimulation on sub-
jects’ performance on a range of cognitive tasks (e.g., valence ratings, recognition tasks, mem-
ory encoding) that require the processing of emotional information (either visual scenes or
emotional facial expressions). Overall, results are mixed. Some studies [33, 34, 36] have
reported that anodal tDCS of left DLPFC as compared to sham (baseline) tDCS lowers the per-
ception of unpleasantness while viewing negative images, thus supporting the valence hypothe-
sis. By contrast, other studies have observed that anodal tDCS of l-DLPFC (relative to baseline)
has a small beneficial effect on recognition of emotional stimuli, regardless of valence [4].

Starting from this theoretical background, the present study follows the approach of two
recent studies that have used similar experimental paradigms to examine whether stimulation
of left prefrontal areas affect memory encoding and retrieval of emotional images. Penolazzi
et al. [37] found that left anodal/right cathodal tDCS of frontal and temporal areas while view-
ing emotional images facilitated free memory recall of unpleasant images, while left cathodal/
right anodal stimulation improved the recall of pleasant ones—notably, this effect is opposite
to what would be expected based on the valence-specific hypothesis. By contrast, Morgan et al.
[35] failed to find any significant effect of either anodal or cathodal tDCS of left DLPFC on the
speed or accuracy of memory retrieval; yet, the study did not include a sham condition. These
studies represent a first important step toward the study of the role of prefrontal areas in emo-
tional processing with tDCS; however, both studies have used bilateral tDCS (i.e., stimulation
of the left hemisphere is combined with antagonistic stimulation of homologue right areas),
making thus difficult to establish the relative contribution of each hemisphere, which, as
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discussed above, is still controversial. In other words, results may be due to a combination of
facilitation exerted by anodal stimulation in one hemisphere and interference exerted by cath-
odal stimulation in the contralateral hemisphere [37].

The present study adds to previous research by employing unilateral tDCS to test the unique
contribution of left DLPFC in the encoding and retrieval of emotional stimuli in healthy sub-
jects. Specifically, we aimed at verifying whether tDCS of left DLPFC while viewing neutral,
pleasant and unpleasant images influences recall in a subsequent memory effect paradigm.
According to the valence hypothesis (i.e., the two hemispheres are specialized in processing sti-
muli with opposite emotional valence), we hypothesized that anodal stimulation of left DLPFC
would selectively enhance retrieval of pleasant images, while we expected to observe
impairment in pleasant stimuli retrieval following left DLPFC cathodal stimulation.

Materials and Method

Participants
Forty-five right-handed undergraduate students from different disciplines (23 females; mean
age = 21.55, SD = 1.17) joined the study. Participants were volunteers and received no credit or
compensation for their participation. None of the participants had a history of neurological or
psychiatric disorders. Due to technical problems during the stimulation, however, data of three
participants were discarded from the analyses.

The study was conducted in accordance with the ethical standards of the Declaration of Hel-
sinki and participants were free to withdraw from the study at any time. Participants provided
written informed consent to the study by signing a printed consent form. The study and con-
sent procedures received ethical approval from the Ethics Committee of the Faculty of Psychol-
ogy of Catholic University in Milano. Although subjects were informed on the procedures,
they were not aware of the goals of the study until after their participation had ended.

Transcranial Direct Current Stimulation (tDCS) Protocol
The tDCS equipment used in the study (HDC Series by Newronika S.r.l, Milano) consisted of
two sponge-based electrodes (25 cm2, 5cmx5cm). In order to constrain tDCS application to
one hemisphere, one electrode (either the anodal or the cathodal one, according to the stimu-
lation condition) was positioned on the subject’s scalp and the other on the ipsilateral mas-
toid. This specific montage has been used in previous studies [38], and its effectiveness
discussed in a recent review [39]. Participants’ left DLPFC—identified through the 10–20
EEG international system (F3 electrode position)–was stimulated at a constant current of 1.5
mA for 15 minutes, resulting in a current density of 0.032 mA/cm2 (calculated by using the
formula J = I/A, where J = current density in amperes/m2, I = current through a conductor,
in amperes, and A = cross-sectional area of the conductor, m2). Previous experiments have
shown that this stimulation duration induces cortical excitability shifts stable for at least 1 h
after the end of tDCS (studies on M1: [40–41]) and it is specifically effective on the DLPFC,
using the same size electrodes [42–43].

The experiment had a randomized, sham-controlled, parallel, single blind design. Although
the stimulation protocol was single blind, the researcher who conducted data coding and analy-
sis was not aware of the stimulation condition of the participants. Participants were randomly
assigned to one of three conditions, depending on the type of stimulation: anodal (n = 14),
cathodal (n = 14), and sham (n = 14). In the anodal condition, the anode electrode was posi-
tioned on F3 and the cathode electrode on the ipsilateral mastoid. In the cathodal condition the
two electrodes were switched (cathode over F3, anode over ipsilateral mastoid). In sham or
baseline condition, electrodes were placed in the same positions of anodal and cathodal
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conditions; stimulation of 1.5 mA was delivered for 30 seconds, which has been demonstrated
to be unable to modulate cognitive functions, but is perceivable enough to give participants the
impression of being stimulated [44]. Sham conditions (i.e., sham anodal and sham cathodal)
were randomly varied and balanced within the sham group (i.e., half participants received
sham anodal and the other half sham cathodal stimulation).

Stimulation was initiated five minutes before the beginning of the encoding phase (i.e.,
before pictures started to be displayed on the screen). During this interval (habituation phase),
participants were asked to relax. Picture presentation lasted for 10 minutes and finished syn-
chronically with the stimulation.

Stimuli
Stimuli consisted of a set of 60 images (20 neutral, 20 pleasant and 20 unpleasant) derived from
the International Affective Pictures System (IAPS; [45]). More in detail, the pictures were
selected on the basis of the IAPS content categories [46]. Neutral images comprised images
depicting everyday objects (e.g., a lamp, a light bulb, wicker baskets, etc.). Pleasant pictures
depicted contents eliciting different positive emotions according to the functional evolutionary
approach on positive emotion [47]: anticipatory enthusiasm (food), awe (landscapes), excite-
ment (attractive men/women), nurturing and attachment love (kittens, puppies with their
mother). In a similar way, negative images depicted contents eliciting different negative emo-
tions such as fear (e.g., threatening animals), disgust (e.g. dirty toilets, insects), sadness (e.g.,
sad children), and anger (e.g., animals killed; [46]). Strong negative contents such as human
mutilations were not considered. A description of the images employed in this study is pro-
vided in S1 Table.

The pictures were pre-tested on a sample of 40 undergraduate students (mean age = 21.70,
SD = 2.29; 30 females). During the pre-test, the participants were individually asked to view (in
random presentation order) and rate each picture for valence and arousal on the 9-point scale
of the Self-Assessment Manikin [45]. Mean scores and standard deviations are shown in S1
Table. Pleasant and unpleasant pictures differed from neutral ones in terms of both valence
(pleasant vs. neutral: F(1,39) = 514.38, p = .000; unpleasant vs. neutral: F(1,39) = 580.16, p =
.000) and arousal (pleasant vs. neutral: F(1,39) = 369.39, p = .000; unpleasant vs. neutral: F
(1,39) = 266.48, p = .000). Pleasant and unpleasant pictures differed from each other in terms
of valence, F(1,39) = 834.10, p = .000, but elicited similar arousal levels, F(1,39) = 2.90, p = .10.

Task and Procedure
Participants were seated with their eyes approximately 60 cm from a 15-inch monitor, and the
stimuli were sized to fill the screen. Participants were instructed to look at images carefully for
a subsequent recall test (intentional learning). The pictures were sequentially displayed in a
random order for 10 seconds each, without any inter-stimulus interval. This encoding phase—
during which tDCS was applied—was followed by a filler task that lasted 10 minutes (partici-
pants were asked to invent a story). The filler task was included in order to avoid active mem-
ory strategies during the retention interval. At the end of the filler task, participants were asked
to remember as many images as possible (without following the presentation order) during a
time interval of 10 minutes. In particular, participants were asked to write a short description
for each image they could remember, in a way that, when reading this description, a person
would be able to univocally identify the image among all the others. Three raters coded whether
each picture was correctly recalled or not (1 = correct recall; 0 = not recalled) on the basis of
the descriptions provided by the participants.
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Data Analysis
A Generalized Linear Mixed Model (GLMM) was run using SPSS 23. Logistic binary regression
(logit) was selected as link function. tDCS Condition (anodal, cathodal, sham), picture Valence
(pleasant, unpleasant, neutral), and their interaction were included in the model as fixed fac-
tors, while Participant and the type of Image were included as random variables to control for
variance due to differences among participants and images. Recall (yes/no) was used as dichot-
omous dependent variable [48–49]. Bonferroni adjusted pairwise comparisons were employed
to analyze significant effects.

Results
Results are shown in Fig 1. The analysis showed a significant main effect of Valence, F(2,2511) =
15.84, p = .000, with neutral images remembered to a less extent than pleasant and unpleasant
ones. The interaction effect was also significant, F(4,2511) = 3.61, p = .006, while the main effect
of condition was not significant, F(2,2511) = 1.82, p = .164. Estimates of fixed coefficients and
random variance are reported in Tables 1 and 2. Adjusted pairwise comparisons (Table 3)
showed that participants who received anodal tDCS were more likely to recall pleasant images
than participants in the cathodal and sham conditions. By contrast, participants who received
anodal tDCS were not more likely to recall unpleasant images than participants in the cathodal
and sham conditions.

Discussion
In the present tDCS study, healthy volunteers received left DLPFC unilateral stimulation dur-
ing presentation and encoding of neutral, pleasant and unpleasant pictures in order to test its
effects on a subsequent free recall task. By using brain stimulation, our main goal was to

Fig 1. Task Performance.Mean proportions of correct recall as a function of picture valence (neutral,
pleasant, unpleasant) and tDCS condition (anodal, cathodal, sham).

doi:10.1371/journal.pone.0159555.g001
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examine the specific contribution of left DLPFC to the encoding and retrieval of emotional sti-
muli. So far, the few studies examining prefrontal tDCS effects on emotional processing and
memory [35, 37] have in fact employed bilateral stimulation − which means that both left and
right areas were simultaneously stimulated with opposite polarities − combining facilitation
effects exerted by anodal stimulation in one hemisphere and interference effects exerted by
cathodal stimulation in the contralateral hemisphere.

Our results revealed that participants were able to remember a larger amount of emotional
(both pleasant and unpleasant) pictures than of neutral ones, regardless of the type of tDCS
condition. This result is consistent with previous evidence showing that, in general, individu-
als remember more emotional events than non-emotional ones [50–52]. Also, left DLPFC
stimulation influenced emotional memory as evidenced by the significant interaction
between type of stimulation and picture valence. Specifically, participants in the anodal con-
dition were significantly more likely to recall pleasant images than participants in the other
conditions, thus supporting a facilitation effect of anodal tDCS of left DLPFC on the encod-
ing and retrieval of pleasant stimuli. This result is consistent with the valence-specific
hypothesis, which considers left prefrontal regions (including DLPFC) specialized in the pro-
cessing of pleasant stimuli [7–10].

Our hypotheses, however, were only partially confirmed, as we did not find a corresponding
interfering effect of cathodal stimulation of left DLPFC—participants in the cathodal and sham
(i.e., absence of stimulation) conditions were able to recall a similar number of positive images.
A recent meta-analytic review [53] has shown that if the anodal-excitation effect occurs quite
commonly in cognitive studies (as measured by relevant cognitive tasks), the cathodal-inhibi-
tory effect is far less stable. This failure of the cathode electrode to induce changes when applied
over non-motor regions has been interpreted in different ways. First, it may reflect contralat-
eral compensation processes given that cognitive functions are typically implemented in

Table 1. Results of Generalized Linear Mixed Model: Fixed Coefficients.

Fixed Factor β SE t p 95% CI Lower limit 95% CI Upper limit

Intercept -1.105 .253 -4.370 .000

Condition

Cathodal -.217 .313 -.694 .488 -.831 -.397

Anodal -.007 .324 -.021 .983 -.642 .628

Valence

Unpleasant .656 .250 2.629 .009 .167 1.145

Pleasant .510 .250 2.041 .041 .020 1.001

Condition x Valence

Cathodal * Unpleasant .533 .265 2.010 .045 .013 1.053

Cathodal * Pleasant .289 .266 1.086 .277 -.233 .812

Anodal * Unpleasant .584 .269 2.173 .030 .054 1.111

Anodal * Pleasant .886 .270 3.287 .001 .358 1.415

Note. Reference categories: Sham (Condition), Neutral (Valence).

doi:10.1371/journal.pone.0159555.t001

Table 2. Results of Generalized Linear Mixed Model: RandomEffects.

Fixed Factor Variance SE Z p 95% CI Lower limit 95% CI Upper limit

Participant .436 .119 3.65 .000 .255 .746

Image .271 .074 3.66 .000 .158 .462

doi:10.1371/journal.pone.0159555.t002
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complex brain networks involving both hemispheres. Alternatively, it may be due to the fact
that cognitive tasks highly activate brain regions during stimulation, so that cathodal stimula-
tion acts in a ‘high competition’ environment [53].

Notably, no significant differences among conditions were found in the recall of unpleasant
pictures. This result seems compatible with the valence hypothesis, which assumes right PFC
as specialized in the processing of unpleasant stimuli. Since we employed left-unilateral rather
than bilateral tDCS, stimulation of the left PFC (either anodal or cathodal) was not combined
with antagonistic stimulation of homologue right areas.

Three limitations of this study bear noting. First, the size of the sample studied here did not
allow testing for gender differences; however, prior research has observed that females gener-
ally remember more emotional stimuli than males [54–56]. Also, it has been shown that males
and females may differ in the lateralization of emotional processing [55]. A second limitation is

Table 3. Generalized Liner Mixed Model: Bonferroni Adjusted Pairwise Comparisons.

Fixed Factor β SE t p 95% CI Lower limit 95% CI Upper limit

Condition

Cathodal vs. Sham .013 .059 .22 .829 -.103 .128

Anodal vs. Sham .114 .065 1.76 .235 -.041 .269

Anodal vs. Cathodal .101 .064 1.57 .235 -.044 .246

Valence

Unpleasant vs. Neutral .227 .043 5.26 .000 .124 .331

Pleasant vs. Neutral .196 .043 4.56 .000 .100 .292

Unpleasant vs. Pleasant .031 .048 .65 .515 -.063 .125

Condition x Valence

Unpleasant

Cathodal vs. Sham .077 .073 1.07 .574 -.085 .240

Anodal vs. Sham .142 .076 1.89 .179 -.039 .323

Anodal vs. Cathodal .065 .076 .86 .574 -.096 .226

Pleasant

Cathodal vs. Sham .017 .069 .24 .809 -.119 .153

Anodal vs. Sham .215 .074 2.91 .014 .038 .392

Anodal vs. Cathodal .198 .073 2.70 .011 .034 .363

Neutral

Cathodal vs. Sham -.038 .055 -.69 1.00 -.171 .094

Anodal vs. Sham -.001 .060 -.02 1.00 -.120 .118

Anodal vs. Cathodal .037 .057 .65 1.00 -.090 .164

Cathodal

Unpleasant vs. Neutral .256 .054 4.77 .000 .128 .385

Pleasant vs. Neutral .162 .051 3.15 .003 .047 .277

Unpleasant vs. Pleasant .095 .058 1.64 .101 -.019 .208

Anodal

Unpleasant vs. Neutral .285 .056 5.05 .000 .158 .411

Pleasant vs. Neutral .323 .056 5.80 .000 .190 .457

Unpleasant vs. Pleasant -.039 .060 -.64 .520 -.157 .079

Sham

Unpleasant vs. Neutral .141 .054 2.62 .026 .012 .270

Pleasant vs. Neutral .107 .053 2.03 .084 -.011 .225

Unpleasant vs. Pleasant .034 .057 .60 .547 -.077 .145

doi:10.1371/journal.pone.0159555.t003
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that the neurostimulation technique used in this study (i.e., tDCS)–though less invasive—has
lower spatial resolution compared to other techniques, such as transcranial magnetic stimula-
tion (TMS). Finally, in this study we employed an experimental paradigm used in prior
research [37] targeting emotional retrieval and memory; for this reason, our results may not be
generalized to other types of emotional processing. So far, research using brain stimulation in
order to examine the contribution of prefrontal areas has employed a range of experimental
tasks, including valence ratings, recognition tasks, memory encoding and retrieval of emotional
stimuli—with stimulation generally applied during the presentation and encoding of stimuli
(for an exception, see [35]). The mixed results obtained—with some studying supporting the
valence hypothesis and other studies finding no support—suggest that valence effects may be
dependent on the task used [10, 14], as well as on the type of cognitive process involved by the
task itself (e.g., judgment, recognition, memory).

In conclusion, in this study, we found that unilateral anodal tDCS of left DLPFC during the
encoding of emotional images facilitated participants’ subsequent recall of positive images.
This result is relevant as it helps clarifying conflicting results reported by previous studies [35,
37] by focusing on the specific role of left DLPFC in emotional memory. Although further
research using brain stimulation is needed to better evaluate the relative contribution of right
prefrontal areas (as right DLPFC was not simulated in this study), our findings seem to support
the role of left DLPFC in positive memory recall.

Supporting Information
S1 File. Main experiment data: Recall of neutral, positive, and negative pictures.
(SAV)

S2 File. Pre-test data A: Valence ratings.
(SAV)

S3 File. Pretest data B: Arousal ratings.
(SAV)

S1 Table. Pre-test: Means and standard deviations of valence and arousal ratings (Self-
Assessment Manikin).
(DOC)

Author Contributions
Conceived and designed the experiments: SB BC. Performed the experiments: SB BC. Analyzed
the data: SB BC. Wrote the paper: SB BC.

References
1. Davidson RJ, Irwin W The functional neuroanatomy of emotion and affective style. Trends in Cognit.

Sci. 1999 Jan; 3(1):11–21.

2. Dolcos F, LaBar KS, Cabeza R Dissociable effects of arousal and valence on prefrontal activity index-
ing emotional evaluation and subsequent memory: an event-related fMRI study. NeuroImage, 2001
Sep; 23(1): 64–74.

3. GrimmS, Schmidt CF, Bermpohl F, Heinzel A, Dahlem Y, Wyss M, et al. Segregated neural representa-
tion of distinct emotion dimensions in the prefrontal cortex—an fMRI study. NeuroImage, 2006 Mar; 30
(1): 325–340. PMID: 16230029

4. Nitsche MA, Koschack J, Pohlers H, Hullemann S, PaulusW, Happe S Effects of frontal transcranial
direct current stimulation on emotional state and processing in healthy humans. Front Psychiatry, 2012
Jun 18; 3:58. doi: 10.3389/fpsyt.2012.00058 PMID: 22723786

Left DLPFC and Emotional Memory

PLOS ONE | DOI:10.1371/journal.pone.0159555 July 19, 2016 8 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159555.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159555.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159555.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159555.s004
http://www.ncbi.nlm.nih.gov/pubmed/16230029
http://dx.doi.org/10.3389/fpsyt.2012.00058
http://www.ncbi.nlm.nih.gov/pubmed/22723786


5. Sergerie K, Lepage M, Armony JL. A face to remember: Emotional expression modulates prefrontal
activity during memory formation. NeuroImage 2005 Jan 15; 24 (2):580–5. PMID: 15627601

6. Weigand A, Grimm S, Astalosch A, Guo JS, Briesemeister BB, Lisanby SH et al. Lateralized effects of
prefrontal repetitive transcranial magnetic stimulation on emotional working memory. Exp. Brain Res.
2013 May; 227(1):43–52. doi: 10.1007/s00221-013-3483-7 PMID: 23543102

7. Adolphs R, Jansari A, Tranel D Hemispheric perception of emotional valence from facial expressions.
Neuropsychology, 2001 Oct; 15(4):516–24. PMID: 11761041

8. Ahern GL, Schwartz GE Differential lateralization for positive and negative emotion in the human brain:
EEG spectral analysis. Neuropsychologia, 1985; 23(6):745–55. PMID: 4080136

9. Jansari A, Tranel D, Adolphs R A valence-specific lateral bias for discriminating emotional facial
expressions in free field. Cogn. and Emot., 2000; 14(3):341–53.

10. Rodway P, Wright L, Hardie S The valence-specific laterality effect in free viewing conditions: the influ-
ence of sex, handedness, and response bias. Brain and Cognit. 2003 Dec; 53(3):452–63.

11. Wedding D, Stalans L Hemispheric differences in the perception of positive and negative faces. Int. J of
Neurosci.,1985 Aug; 27(3–4):277–81

12. Borod JC, Cicero BA, Obler LK, Welkowitz J, Erhan HM, Santschi C, et al. Right hemisphere emotional
perception: Evidence across multiple channels. Neuropsychology, 1998; 12(3):446–58. PMID:
9673999

13. Lane RD, Reiman EM, Bradley MM, Lang PJ, Ahern GL, Davidson RJ, Schwartz GE Neuroanatomical
correlates of pleasant and unpleasant emotion. Neuropsychologia, 1997 Nov; 35(11):1437–44. PMID:
9352521

14. Ley RG, Bryden MP Hemispheric differences in processing emotions and faces. Brain and Lang. 1979
Jan; 7(1):127–38.

15. Tamietto M, Corazzini LL, de Gelder B, Geminiani G Functional asymmetry and interhemispheric coop-
eration in the perception of emotions from facial expressions. Exp. Brain Res., 2006 May; 171(3):389–
404. PMID: 16374630

16. Davidson RJ, Pizzagalli D, Nitschke JB, Putnam K Depression: perspectives from affective neurosci-
ence. Annual Rev.of Psychol., 2002; 53:545–574.

17. Heller W, Nitschke JB Regional brain activity in emotion: a framework for understanding cognition in
depression. Cogn.and Emot. 1997; 11(5/6):637–61.

18. Nitschke JB, Heller W, Etienne MA, Miller GA. Prefrontal cortex activity differentiates processes affect-
ing memory in depression. Biol. Psych., 2004 Oct; 67(1–2), 125–143.

19. Disner SG, Beevers CG, Haigh EA, Beck AT Neural mechanisms of the cognitive model of depression.
Nature Rev. Neurosci., 2011 Jul 6; 12(8):467–77.

20. Fales CL, Barch DM, Rundle MM, Mintun MA, Snyder AZ, Cohen JD et al. Altered emotional interfer-
ence processing in affective and cognitive-control brain circuitry in major depression. Biol. Psychiatry,
2008 Feb 15; 63(4):377–84. PMID: 17719567

21. Hecht D Depression and the hyperactive right-hemisphere. Neurosci. Res., 2010 Oct; 68(2):77–87.
doi: 10.1016/j.neures.2010.06.013 PMID: 20603163

22. Koenigs M, Ukueberuwa D, Campion P, Grafman J, Wassermann E Bilateral frontal transcranial direct
current stimulation: Failure to replicate classic findings in healthy subjects. Clin Neurophysiol. 2009Jan;
120(1):80–4. doi: 10.1016/j.clinph.2008.10.010 PMID: 19027357

23. Grimm S, Beck J, Schuepbach D, Hell D, Boesiger P, Bermpohl F et al. Imbalance between left and
right dorsolateral prefrontal cortex in major depression is linked to negative emotional judgment: An
fMRI study in severe major depressive disorder. Biol. Psychiatry 2008 Feb 15; 63(4):369–76. PMID:
17888408

24. Boggio PS, Bermpohl F, Vergara AO, Muniz AL, Nahas FH, Leme PB, et al. Go-no-go task perfor-
mance improvement after anodal transcranial DC stimulation of the left dorsolateral prefrontal cortex in
major depression. J of Affect Disord. 2009 Aug; 101(1–3):91–8.

25. Fregni F, Boggio PS, Nitsche MA, Marcolin MA, Rigonatti SP Treatment of major depression with tran-
scranial direct current stimulation. Bipolar Disorders 2006 Apr; 8(2):203–4. PMID: 16542193

26. Nitsche MA, Boggio PS, Fregni F, Pascual-Leone A Treatment of depression with transcranial direct
current stimulation (tDCS): a review. Exp. Neurol. 2009 Sep; 219(1):14–9. doi: 10.1016/j.expneurol.
2009.03.038 PMID: 19348793

27. Nitsche MA, Liebetanz D, Antal A, Lang N, Tergau F, PaulusWModulation of cortical excitability by
weak direct current stimulation—technical, safety and functional aspects. Suppl Clin Neurophysiol.
2003; 56:255–76. PMID: 14677403

Left DLPFC and Emotional Memory

PLOS ONE | DOI:10.1371/journal.pone.0159555 July 19, 2016 9 / 11

http://www.ncbi.nlm.nih.gov/pubmed/15627601
http://dx.doi.org/10.1007/s00221-013-3483-7
http://www.ncbi.nlm.nih.gov/pubmed/23543102
http://www.ncbi.nlm.nih.gov/pubmed/11761041
http://www.ncbi.nlm.nih.gov/pubmed/4080136
http://www.ncbi.nlm.nih.gov/pubmed/9673999
http://www.ncbi.nlm.nih.gov/pubmed/9352521
http://www.ncbi.nlm.nih.gov/pubmed/16374630
http://www.ncbi.nlm.nih.gov/pubmed/17719567
http://dx.doi.org/10.1016/j.neures.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20603163
http://dx.doi.org/10.1016/j.clinph.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/19027357
http://www.ncbi.nlm.nih.gov/pubmed/17888408
http://www.ncbi.nlm.nih.gov/pubmed/16542193
http://dx.doi.org/10.1016/j.expneurol.2009.03.038
http://dx.doi.org/10.1016/j.expneurol.2009.03.038
http://www.ncbi.nlm.nih.gov/pubmed/19348793
http://www.ncbi.nlm.nih.gov/pubmed/14677403


28. Priori A Brain polarization in humans: a reappraisal of an old tool for prolonged non-invasive modulation
of brain excitability. ClinNeurophysiol. 2003 Apr; 114(4): 589–95.

29. Utz KS, Dimova V, Oppenländer K, Kerkhoff G Electrified minds: transcranial direct current stimulation
(tDCS) and galvanic vestibular stimulation (GVS) as methods of non-invasive brain stimulation in neu-
ropsychology—a review of current data and future implications. Neuropsychologia 2010 Aug; 48
(10):2789–810. doi: 10.1016/j.neuropsychologia.2010.06.002 PMID: 20542047

30. Kalu UG, Sexton CE, Loo CK, Ebmeier KP Transcranial direct current stimulation in the treatment of
major depression: a meta-analysis. Psychol. Med. 2012 Sep; 42(9):1791–800. doi: 10.1017/
S0033291711003059 PMID: 22236735

31. Berlim MT, Van den Eynde F, Daskalakis ZJ Clinical utility of transcranial direct current stimulation
(tDCS) for treating major depression: a systematic review and meta-analysis of randomized, double-
blind and sham controlled trials. J Psychiatry Res. 2013 Jan; 47(1):1–7.

32. Palm U, Schiller C, Fintescu Z, Obermeier M, Keeser D, Reisinger E et al. Transcranial direct current
stimulation in treatment resistant depression: a randomized double-blind, placebo-controlled study.
Brain Stimul. 2012 Jul; 5(3):242–51. doi: 10.1016/j.brs.2011.08.005 PMID: 21962978

33. Boggio PS, Zaghi S, Fregni F Modulation of emotions associated with images of human pain using
anodal transcranial direct current stimulation (tDCS). Neuropsychologia 2009 Jan; 47(1):212–17. doi:
10.1016/j.neuropsychologia.2008.07.022 PMID: 18725237

34. Maeoka H, Matsuo A, Hiyamizu M, Morioka S, Ando H Influence of transcranial direct current stimula-
tion of the dorsolateral prefrontal cortex on pain related emotions: a study using electroencephalo-
graphic power spectrum analysis. Neurosci. Lett. 2012 Mar 14; 512(1): 12–6. doi: 10.1016/j.neulet.
2012.01.037 PMID: 22326385

35. Morgan HM, Davis NJ, Bracewell RM Does transcranial direct current stimulation to prefrontal cortex
affect mood and emotional memory retrieval in healthy individuals? PLoS One 2014 Mar 20; 9(3):
e92162. doi: 10.1371/journal.pone.0092162 PMID: 24651375

36. Penã-Gòmez C, Vidal-Piñeiro D, Clemente IC, Pascual-Leone Á, Bartrés-Faz D Down-regulation of
negative emotional processing by transcranial direct current stimulation: effects of personality charac-
teristics. PLoS One 2011; 6(7):e22812. doi: 10.1371/journal.pone.0022812 PMID: 21829522

37. Penolazzi B, Di Domenico A, Marzoli D, Mammarella N, Fairfield B, Franciotti R et al. Effects of Tran-
scranial Direct Current Stimulation on episodic memory related to emotional visual stimuli. PLoS One
2010 May 13; 5(5):e10623. doi: 10.1371/journal.pone.0010623 PMID: 20498700

38. Asthana M, Nueckel K, Mühlberger A, Neueder D, Polak T, Domschke et al. Effects of transcranial
direct current stimulation on consolidation of fear memory. Frontiers in Psychiatry 2013; 4, article 107.

39. Tremblay S, Lepage JF, Latulipe-Loiselle A, Fregni F, Pascual-Leone A, Théoret H The uncertain out-
come of prefrontal tDCS. Brain Stimulation 2014, 7:773–783. doi: 10.1016/j.brs.2014.10.003 PMID:
25456566

40. Nitsche MA, Nitsche MS, Klein CC, Tergau F, Rothwell JC, PaulusW Level of action of cathodal DC
polarisation induce disinhibition of the humanmotor cortex. Clin Neurophysiol. 2003 Apr; 114(4):600–
4. PMID: 12686268

41. Nitsche MA, PaulusW Excitability changes induced in the human motor cortex by weak transcranial
direct current stimulation. J Physiol. 2003 Sep 15; 527:633–9.

42. Yekta M, Rostami R, Fayyaz E. Transcranial Direct Current Stimulation of Dorsolateral Prefrontal Cor-
tex in Patients with Obsessive Compulsive Disorder to Improve Decision Making and Reduce Obses-
sion Symptoms. Practice in Clinical Psychology. 2015 Jul 15; 3(3):185–94.

43. Austin A, Jiga-Boy G, Rea S, Newstead S, Roderick S, Davis NJ, Clement RM, Boy F. Prefrontal electri-
cal stimulation in nondepressed reduces levels of reported negative affects from daily stressors. arXiv
preprint arXiv:1510.02261. 2015 Oct 8.

44. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al. Transcranial direct current
stimulation: State of the art 2008. Brain stimulation. 2008; 1(3):206–23. doi: 10.1016/j.brs.2008.06.004
PMID: 20633386

45. Lang PJ, Bradley MM, Cuthbert BN International Affective Picture System: Affective rating of measures
and instruction manual (Tech. Rep. A-6). Gainesville, FL: University of Florida.

46. Mikels JA, Fredrickson BL, Larkin GR, Lindberg CM, Maglio SJ, Reuter-Lorenz PA Emotional category
data on images from the International Affective Picture System. Behav. Res. Methods. 2005 Nov; 37
(4):626–30. PMID: 16629294

47. Griskevicius V, Shiota MN, Neufeld SL Influence of different positive emotions on persuasion process-
ing: A functional evolutionary approach. Emotion 2010 Apr; 10(2):190–206. doi: 10.1037/a0018421
PMID: 20364895

Left DLPFC and Emotional Memory

PLOS ONE | DOI:10.1371/journal.pone.0159555 July 19, 2016 10 / 11

http://dx.doi.org/10.1016/j.neuropsychologia.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20542047
http://dx.doi.org/10.1017/S0033291711003059
http://dx.doi.org/10.1017/S0033291711003059
http://www.ncbi.nlm.nih.gov/pubmed/22236735
http://dx.doi.org/10.1016/j.brs.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21962978
http://dx.doi.org/10.1016/j.neuropsychologia.2008.07.022
http://www.ncbi.nlm.nih.gov/pubmed/18725237
http://dx.doi.org/10.1016/j.neulet.2012.01.037
http://dx.doi.org/10.1016/j.neulet.2012.01.037
http://www.ncbi.nlm.nih.gov/pubmed/22326385
http://dx.doi.org/10.1371/journal.pone.0092162
http://www.ncbi.nlm.nih.gov/pubmed/24651375
http://dx.doi.org/10.1371/journal.pone.0022812
http://www.ncbi.nlm.nih.gov/pubmed/21829522
http://dx.doi.org/10.1371/journal.pone.0010623
http://www.ncbi.nlm.nih.gov/pubmed/20498700
http://dx.doi.org/10.1016/j.brs.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25456566
http://www.ncbi.nlm.nih.gov/pubmed/12686268
http://dx.doi.org/10.1016/j.brs.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20633386
http://www.ncbi.nlm.nih.gov/pubmed/16629294
http://dx.doi.org/10.1037/a0018421
http://www.ncbi.nlm.nih.gov/pubmed/20364895


48. Jaeger Tf Categorical Data Analysis: Away from ANOVAs (transformation or not) and towards Logit
Mixed Models. J Mem Lang. 2008 Nov; 59(4): 434–446. doi: 10.1016/j.jml.2007.11.007 PMID:
19884961

49. Quene´ H, van den Bergh H Examples of mixed-effects modeling with crossed random effects and with
binomial data. J Mem Lang. 2008; 59: 413–425

50. Bradley MM, Greenwald MK, Petry MC, Lang PJ Remembering pictures: pleasure and arousal in mem-
ory. J Exp. Psychol. Learn. Mem. Cogn. 1992 Mar; 18(2):379–90. PMID: 1532823

51. Hamann S Cognitive and neural mechanisms of emotional memory. Trends in Cogn. Sci. 2001 Sep 1;
5(9):394–400.

52. Kensinger EA Remembering emotional experiences: the contribution of valence and arousal. Rev.
Neurosci. 2004; 15(4):241–51. PMID: 15526549

53. Jacobson L, Koslowsky M, Lavidor M tDCS polarity effects in motor and cognitive domains: A meta-
analytic review. Exp Brain Res. 2012; 216:1–10. doi: 10.1007/s00221-011-2891-9 PMID: 21989847

54. Bloise SM, Johnson MKMemory for emotional and neutral information: Gender and individual differ-
ences in emotional sensitivity. Memory 2007 Feb; 15(2):192–204. PMID: 17534112

55. Wager TD, Luan Phan L, Liberzon I, Taylor SF Valence, gender, and lateralization of functional brain
anatomy in emotion: a meta-analysis of findings from neuroimaging. NeuroImage 2003 July; 19(3):
513–31. PMID: 12880784

56. Canli T, Desmond JE, Zhao Z, Gabrieli JDE Sex differences in the neural basis of emotional memories.
PNAS 2002 Aug; 99(16): 10789–94. PMID: 12145327

Left DLPFC and Emotional Memory

PLOS ONE | DOI:10.1371/journal.pone.0159555 July 19, 2016 11 / 11

http://dx.doi.org/10.1016/j.jml.2007.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19884961
http://www.ncbi.nlm.nih.gov/pubmed/1532823
http://www.ncbi.nlm.nih.gov/pubmed/15526549
http://dx.doi.org/10.1007/s00221-011-2891-9
http://www.ncbi.nlm.nih.gov/pubmed/21989847
http://www.ncbi.nlm.nih.gov/pubmed/17534112
http://www.ncbi.nlm.nih.gov/pubmed/12880784
http://www.ncbi.nlm.nih.gov/pubmed/12145327

