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Abstract: Emotional processing deficits are key features in major depressive disorder (MDD). Neu-
roimaging studies indicate that the dorsolateral prefrontal cortex (DLPFC) plays a pivotal role in both
depressive symptoms and emotional processing. Recently, transcranial Direct Current Stimulations
(tDCS) applied over the DLPFCs have held the promise to alleviate the symptoms in patients with
MDD, but the effect on emotional processing in the patients is unclear. Here, we investigated the
effect of a single session of tDCS over the DLPFCs on the emotional processing in patients with
treatment-resistant MDD. In a randomized sham-controlled study, 35 patients received a single 30 min
session of either active (2 mA, n = 18) or sham tDCS (n = 17). The anode was placed over the left and
the cathode over the right DLPFC. Emotional processing accuracy was measured by a facial emotion
recognition (FER) task. We observed an overall improvement in FER performance after the active
tDCS, but not the sham tDCS. These exploratory results suggest that a single session of tDCS over
the DLPFCs may improve FER in MDD, a crucial function of social cognition. Further studies are
needed to investigate whether this acute improvement of FER in response to a single tDCS session
could translate into clinical benefits or predict remission following repeated sessions of stimulation.

Keywords: facial emotion recognition; tDCS; brain stimulation; depression; DLPFC; MDD

1. Introduction

Major depressive disorder (MDD) is the most common psychiatric disease. In 2017,
over 300 million people were estimated to suffer from depression, which corresponds to
4.4% of the world’s population [1]. Clinical symptoms and cognitive deficits associated
with MDD largely affect the social functioning of patients and contribute to the global
burden associated with the disease. Patients with MDD often display pessimistic thoughts,
increased self-attention, exhibit excessive processing and over-interpret negative emotional
stimuli [2]. All these deficits promote negative self-related information and prolonged
negative emotions leading to the onset and the maintenance of depressive episodes [3,4].
Among the abnormalities in the emotional processing in patients with MDD, facial emotion
recognition (FER), a key feature of social interaction, has been repeatedly observed to
be impaired, as evidenced by a lower global performance for both positive and negative
emotions [5–7].

Despite many years of research, the brain network that underlies FER deficits in
MDD remains unclear and may result from abnormal connectivity within widespread
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brain networks. Neuroimaging studies have suggested imbalanced activity within several
cortical and subcortical brain regions, with a hypoactive dorsolateral prefrontal cortex
(DLPFC) rendering altered top-down inhibitory control, thereby leading to hyperactivity
within the ventral anterior cingulate cortex, the insula, and the amygdala [2,8]. Otherwise,
in patients with MDD, a hypoactivity in the left DLPFC with regards to hyperactivity in
the right DLPFC has been linked to the severity of symptoms [9].

This imbalanced activity within the right and left DLPFC [10] has been considered the
hallmark of the hypothetical basis for the use of noninvasive brain stimulation (NIBS) as
an alternative therapy for treatment-resistant symptoms in MDD [11]. In this line, some
authors have proposed to target either the left DLPFC with high frequency repetitive tran-
scranial magnetic stimulation [12] or the right DLPFC with low frequency stimulation [13].
The authors have proposed to use a bifrontal transcranial direct current stimulation (tDCS)
with the anode over the left DLPFC coupled to the cathode over the right DLPFC, to
examine whether restoring this dysbalanced activity would in turn decrease depressive
symptoms. They have reported a beneficial effect of repeated sessions of tDCS with this
electrode set-up on depressive symptoms [14]. Although the real advantageous effects
of tDCS in clinical settings remain unclear, beneficial clinical effects of bifrontal tDCS in
MDD have been corroborated by recent large randomized clinical trials, and are supported
by meta-analyses and international evidence-based guidelines [15–17]. However, while
numerous studies have supported the clinical effect of tDCS to decrease symptoms and
increase cognitive functioning in MDD [18], only a few studies have investigated whether
tDCS can alleviate FER deficits, whereas the same brain regions appear to be involved in
both processes [11,19]. To our knowledge, although some studies have been conducted with
healthy volunteers, no sham-controlled, 2-arm parallel tDCS study has directly investigated
the effect of bifrontal tDCS on FER in patients with MDD. Only one cross-over study has
supported a beneficial effect of a single tDCS session at 1.5 mA on FER, with the anode over
the left DLPFC and the cathode over the right supraorbital region. However, this study
used an online design where the stimulation was delivered during the FER task, which
did not allow for an examination of whether the observed beneficial effect outlasted the
stimulation period [20].

Here, we propose to Investigate the acute effects of a single (30 min, 2 mA) session of
bifrontal tDCS, with the anode over the left DLPFC and the cathode over the right DLPFC,
on FER performance in patients with MDD. We hypothesize that an active tDCS would
result in an increase in FER abilities compared with a sham stimulation.

2. Materials and Methods
2.1. Sample

In a double-blind, sham-controlled study, 40 patients with a non-psychotic unipolar
major depressive episode, according to the DSM-V criteria, were recruited in our specialized
unit for treatment-resistant depression at CH le Vinatier psychiatric hospital. The diagnosis
was determined by a trained psychiatrist during a structured clinical interview with the
Mini International Neuropsychiatric Interview M.I.N.I. 7.0. In the current study, depression
was considered as treatment-resistant when at least two trials with antidepressants from
different pharmacological classes with adequate doses and durations failed to produce
a significant clinical improvement. Concomitant actual or past other psychiatric diagnoses
were exclusion criteria (except for tobacco use disorder and past anxious disorders).

Patients had to present disabling depressive symptoms, despite stable antidepressant
medication for at least 4 weeks at an adequate dosage. They had to present a mild to
severe depression evaluated by a 10-item Montgomery–Åsberg Depression Rating Scale
(MADRS) score greater than or equal to 20. All the participants signed a written informed
consent after a description of the study. The study was approved by an ethics committee
on 13 April 2016 (CPP sud Est III, Lyon, France, registration number 2016-019B; French
national health authorities ANSM 2016-A00415-46). The study was pre-registered in a pub-
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lic database (www.clinicaltrials.gov) before its completion on 8 June 2016 (registration
number NCT02793258).

Patients were randomly assigned to receive either an active (n = 20) or a sham tDCS
(n = 20). The allocation was provided by the sponsor of the study (CH le Vinatier, random-
ization in a 1:1 ratio by blocks with a block size of 4, no stratification). Due to technical
issues during the recording of the results or the completion of the task, five patients were
not included in the analysis: two patients from the active group (no post-tDCS evaluation)
and 3 from the sham group (2 pre-tDCS, 1 post-tDCS missing data). Thus, the final analyzed
sample consisted of 18 patients in the active group and 17 patients in the sham group.

2.2. Stimulation Procedure

Stimulation sessions were delivered by using a commercial NeuroConn DC Stimulator
Plus (Neurocare, Ilmeneau, Germany) with two 7 × 5 cm (35 cm2) electrodes in saline-
soaked sponges (0.9% NaCl). The anode was placed over the left DLPFC (F3 according to
the international EEG 10-20 system electrode placement system) and the cathode over the
right DLPFC (F4).

For the active tDCS session, the intensity was set at 2 mA and lasted for 30 min (ramp
up/down, 30 s). The sham stimulation was delivered using the commercial “STUDY mode”
of the NeuroConn device and consisted of delivering 60 s of active stimulation (ramp
up/down, 30 s) followed by no stimulation during the remaining 30 min of the stimulation
period. There were only brief pulses of 110 µA every 550 ms to control the impedance
and keep the manipulator blind to the condition. During the stimulation sessions, the
patients were comfortably seated in a room dedicated to brain stimulation. To control for
the influence of brain state during the stimulation procedure [21], patients were required
to feel the most neutral emotion as possible during the tDCS sessions. Moreover, in order
to avoid any influence of the variation of circadian rhythms, the stimulation sessions
were given at the same time, most often on Monday morning at 10:00 a.m. The treatment
was administered by trained nurses who were blinded to the treatment allocations. The
blinding of the nurses was ensured with a unique study code number allocated to each
participant and with the device that displayed a continuous measure of impedance during
the stimulation sessions.

2.3. Facial Emotion Recognition Task

The FER task required participants to categorize faces according to their expressions
into one of the six basic emotions (happiness, sadness, fear, disgust, anger and surprise).
To be more ecological, and based on previous works showing that it is more sensitive and
discriminative to identify cognitive biases based on moderate intensities, intensities of 20%,
40%, 50%, 60% and 80% were presented [22,23]. The stimuli were obtained by morphing
between neutral (0% expression) and expressive (100%) faces from Ekman’s validated
database. The task consisted of presenting 8 identities per emotion (4 males and 4 females)
at each intensity, for a total of 240 stimuli presented in a randomized order. Prior to the
task, all participants underwent a 36-trial practice block in which emotions were presented
at 100% intensity in order to familiarize participants with the stimuli used.

The task was presented as follows: a central fixation cross was displayed for 500 ms,
followed by the stimulus for 500 ms (the picture of the face was placed in the middle and
covered about 1/4 of the screen). Participants were then required to identify the emotion
as quickly and as accurately as possible, by pressing the key on a keyboard corresponding
to one of the 6 emotions. Finally, a blank screen was presented for 550 ms between the
response and the start of a new trial. Twenty minutes were required to complete the task
(Figure 1). The participant was placed at about 60 cm from the screen. The participants
were asked to perform the task twice in the same day, one before the stimulation session
(usually between 9.00 and 10.00 a.m.) and a second time immediately after the end of the
tDCS session (30 min to one hour later).

www.clinicaltrials.gov
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Figure 1. Illustration of the facial emotion recognition task. Faces expressing emotions at different
intensities (happy, surprise, disgust, angry, fear or sad) were successively presented for 500 ms on
a computer screen preceded by a fixation cross (500 ms).

2.4. Statistical Analysis

All statistical analyses were carried out using JASP software (created by Eric-Jan
Wagenmakers, version 0.12.2, Amsterdam, The Netherlands) by an experimenter blinded
to the treatment allocations. The alpha threshold was set at 0.05. For all statistical tests used
in this study, parametric tests were used only if the conditions of application were met,
otherwise non-parametric versions were used. Baseline clinical and socio-demographic
characteristics were compared using Student’s t- or Mann–Whitney U tests and Fisher’s
exact tests.

The primary outcome of the study was the change in accuracy to the FER task (the
proportion of correct responses for each emotion, averaged across morphing intensities).
A 3-way mixed standard repeated-measures ANOVA was undertaken to compare the effect
of the groups (the sham and active tDCS) as between-subject factors, and emotions (anger,
disgust, fear, happy, sad and surprise) and sessions (pre- and post-tDCS) as within-subject
factors. Further analyses were performed to investigate the change in overall emotion
recognition accuracy using two separate 2-factor repeated-measures ANOVAs (one by
group): session and emotion. Exploratory analyses were carried out using post hoc t-tests
with a Holm’s correction to investigate the change in the FER accuracy for each emotion,
emotion by emotion. In this study, morphing intensities, identities and sex were not
introduced as covariates in the analyses, but were used as tools to increase the sensitivity
and the ecological validity of the task.
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3. Results
3.1. Clinical and Sociodemographic Characteristics

No difference was observed between patients from the active and the sham groups
at inclusion regarding sex, age, education level, duration of the current episode, illness
duration and MADRS scores at baseline (see Table 1).

Table 1. Clinical and sociodemographic characteristics of the population included in the analysis.

Sham tDCS Active tDCS p

n (male/female) 17 (5/12) 18 (9/9) 0.36
Age 51.0 (±9.8) 48.4 (±9.1) 0.42
Education level (years) 15.2 (±3.1) 13.6 (±2.6) 0.11
Current episode duration (months) 16.6 (±14.9) 23.6 (±14.9) 0.14
Illness duration (years) 23.1 (±13.9) 23.7 (±12.2) 0.90
MADRS10 (baseline score) 27.2 (±5.0) 26.9 (±4.8) 0.86
Antidepressant medication (n)

SSRIs 11 10 0.73
SNRIs 5 6 1.00
TCAs 6 5 0.73
MAOIs 1 1 1.00

Other medication (n)
benzodiazepine 3 3 1.00
antipsychotics 2 3 1.00

Results are given as mean (±standard deviation), p: student t-test or Mann–Whitney U test, Fisher’s exact
test for gender and medication. MADRS10: Montgomery– Asberg Depression Rating Scale; tDCS: transcranial
Direct Current Stimulation; medication: SSRIs: selective serotonin reuptake inhibitors; SNRIs: serotonin and
norepinephrine reuptake inhibitors; TCAs: tricyclic antidepressants; MAOIs: monoamine oxidase inhibitors.

The tDCS session was well tolerated, and no serious adverse events were observed
throughout the study period. Only itching sensations were described by some patients in
both groups.

3.2. Effects of tDCS on Facial Emotion Recognition
3.2.1. Within-Group Analysis

The repeated-measures ANOVA on recognition accuracy (measured as the frequency
of correct responses) revealed a trend toward significance for the emotion*session*group
interaction (F(5,165) = 2.231; η2 = 0.062; p = 0.05).

3.2.2. Between-Group Analysis

To follow up on the three-way interaction, two separate two-factor repeated-measures
ANOVAs (session*emotion) were carried out, one in each group (see Figure 2).

These ANOVAs revealed a significant effect of emotion in the active group (F(5,85) = 25.689;
η2 = 0.602; p < 0.01), and in the sham group (F(5,80) = 28.495; η2 = 0.640; p < 0.01).

Regarding the effect of the sessions (the effect of the tDCS), a significant +2.6% overall
improvement in FER performance between the baseline and after the active tDCS was
observed (95% confidence interval (95% CI) = [−0.042; −0.009]; F(1,17) = 11.026; η2 = 0.393;
p < 0.01) (Figure 2A). Conversely, no significant effect of the session was observed in the
sham group: +2.0% (95% CI = [−0.042; 0.002]; F(1,16) = 3.587; η2 = 0.183; p = 0.08;) (Figure 2C).

Finally, the effect of the session*emotion interaction was significant in the active group
(F(5,85) = 2.399; η2 = 0.124; p = 0.04), but not in the sham group (F(5,80) = 0.497; η2 = 0.030;
p = 0.78).

3.2.3. Exploratory Analysis

To further examine how active tDCS affects FER differentially depending on the
emotion, we then compared the performance between pre- and post-tDCS by emotion
(averaging across intensity levels to increase sensitivity) using the t-test with Holm’s
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correction. The analyses revealed a significant +8.2% (95% CI = [−0.015; −0.007]; t = −3.812;
p < 0.01) improvement in the frequency of correct responses for “sad” face recognition in
the active tDCS group (Figure 2B). No other significant results were found on the five other
emotions in the active group. No significant effect of the sham tDCS was observed on any
of the six emotions (Figure 2D).
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Figure 2. Changes in mean correct recognition of facial emotion expression following active (panel A)
or sham tDCS (panel B). The repeated-measures ANOVA on recognition accuracy (measured as the
frequency of correct responses) revealed a trend toward significance for the emotion*session*group
interaction (F(5,165) = 2.231; η2 = 0.062; p = 0.05). (A) significant overall facial emotion recognition (FER)
improvement following active tDCS (ANOVA emotion*session, p = 0.04); (B) significant improvement
of sad faces recognition after active tDCS (post hoc t-test with Holm’s *: p-value < 0.05); mean
frequency of total correct responses emotion by emotion (±standard deviation) at baseline (black)
and post-tDCS (grey). (C) no significant effect of sham tDCS on overall FER performance: (p = 0.08).
(D) no significant effect of sham tDCS emotion by emotion.

Importantly, the improvement in sadness recognition did not occur at the expense of
an increased misinterpretation of other faces as sad. Indeed, we observed no significant
difference in the number of false alarms (number of faces misinterpreted as sad) among the
sessions of active tDCS (t = −0.856; df = 17; Cohen’s d = −0.202; 95% CI [−0.666; 0.268];
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p = 0.40), suggesting an overall increase in sad recognition without any increase in sad
sensitivity, excluding a negative impact of tDCS that could have reflected an increased
overinterpretation of all faces being misinterpreted as sad.

4. Discussion

In this randomized sham-controlled pilot study, we found a significant overall im-
provement in FER performance in patients with MDD after a single session of active tDCS,
for both positive and negative emotions. Given the exploratory nature of this pilot study, no
a priori sample size calculation was performed, and the power of the current study is limited.
The size of the sample is, however, comparable with other studies that have investigated
the effects of noninvasive brain stimulation on FER in patients with MDD (17 patients
in Brennan et al., 2017 [20]; 24 in de Moraes et al., 2020 [24]). Although promising, these
preliminary results should thus be taken with caution and require further replication before
drawing any strong conclusions. Only a marginal improvement in FER performance after
the tDCS sham session was reported, suggesting that the improvement in FER performance
in the active group could be causally attributed to the effect of the stimulation, not to
a learning effect between sessions. The marginal improvement in the control group may
reflect a test-retest effect and confirms the importance of including a control group in order
to draw causal conclusions based on the expected statistical interaction. Exploratory post
hoc investigations suggested that this effect was mainly driven by an increased perfor-
mance in the recognition of sad faces after the active tDCS. Importantly, the improvement
in sadness recognition did not appear to be related to a negative impact of tDCS that might
have resulted in an increased sensitivity to sad faces (i.e., an excessive misinterpretation of
all emotional faces as sad), as we did not observe a significant difference in the number of
false alarms (the number of faces misinterpreted as sad) among the tDCS sessions. This im-
provement in sad faces recognition was in line with previous studies demonstrating better
sad faces recognition performances in patients who had achieved remission as compared
with patients with acute depressive episodes [25].

These results are in line with other sham-controlled studies that have reported a bene-
ficial effect of a single session of NIBS over the left DLPFC on FER in patients with different
psychiatric disorders. In a first study conducted on 17 patients with MDD, Brennan and
colleagues [20] reported that an online tDCS (1.5 mA delivered during the FER task) could
improve the recognition of both positive (happy) and negative (anger) emotions. In this
study, the anode was placed over the left DLPFC and the cathode over the contralateral
supraorbital area, which differs from the bifrontal electrode set-up used in our study. Using
an offline design, a beneficial effect of tDCS on overall FER performance was observed
in patients with schizophrenia with the anodal tDCS over the left DLPFC coupled with
the cathodal over the right upper arm [26]. Finally, a single session of high frequency
rTMS over the left DLPFC induced an increased sensitivity for happy faces in patients
with MDD [24]. Combined with ours, these results support a key role of the left DLPFC
in FER and suggest that stimulating this brain region with NIBS in patients with FER
deficits would lead to beneficial outcomes in social cognition. Further studies are needed
to determine the optimal stimulation parameters in order to obtain a greater effect.

If one can hypothesize that stimulating the left DLPFC is sufficient to modulate
FER in MDD, it is important to note that the effects of tDCS are not limited to the brain
regions below the electrodes, but can spread through the interconnected cortical regions
modulating resting state networks [27], reaching deeper structures and modifying the
subcortical dopamine transmission [28]. Moreover, electric field modelling studies have
suggested that the position of the two electrodes matters for the current distribution in
the cortex. With the electrode montage we used (anodal F3, cathodal F4), the peak of the
induced electric field was situated in the medial PFC [29], corroborating imaging studies
that have observed the involvement of this brain region in FER [30]. An active control
condition combined with electric field modelling would have allowed us to investigate
some of the mechanisms by which tDCS may affect facial emotion recognition. Especially,
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such an active control condition applied over a control brain region should allow us to
decipher whether the targeted region (i.e., the DLPFC) plays a specific critical role, or not,
on the observed effects.

The overall improvement on the FER task, a key feature of social cognition [31],
observed after a single session of tDCS, would indicate that tDCS might allow the improve-
ment of interaction and communication with others, thus leading to a better understanding
of the surrounding environment. This is of major importance since abnormalities in social
cognition have been involved in relapses in MDD [32]. Addressing social cognition to im-
prove the interaction and communication with others should be considered in the treatment
of MDD, as these aspects are not always improved after conventional treatments [33]. It
seems of importance to propose a therapy that could act on these two fundamental aspects
to achieve remission and prevent a relapse in MDD. In this line, tDCS may be a useful
therapeutic strategy since the repeated sessions of tDCS, using the same electrode set-up
as suggested in the current study, hold the promise of being a treatment for depressive
symptoms [17,34]. Furthermore, the repeated sessions of tDCS combined with cognitive
emotion training may also improve FER [35]. The tDCS could therefore be a very attractive
treatment solution alleviating both the deficits in social cognition and the clinical symptoms.

It should be noted that the current results also show a very high inter-individual
heterogeneity in the response pattern to the tDCS session (Figure 2A). This heterogeneity
has been repeatedly observed in the field of NIBS, for both clinical and cognitive outcomes.
Further studies investigating predictive markers of response on the clinical, cognitive and
social levels are highly needed to rapidly identify patients who could benefit from a tDCS
session [36]. This is of major importance to avoid giving a false hope to treatment-resistant
patients with long histories of depression, and to avoid engaging them in time-consuming
protocols [37]. In line with the studies developed by Harmer and colleagues, further
studies are needed and encouraged to determine whether the early changes in FER after
a single NIBS session could predict future clinical improvement following repeated sessions.
Indeed, this seems of major interest since it has been reported that restoring emotional
processing at the behavioral and neural level may be a precursor to clinical improvements
after medication-based antidepressant treatment [38,39].

Some limitations should be acknowledged. The main limitation of the current study
is relative to the borderline statistical significance of the primary analysis, leading us to
investigate the effect of the tDCS on each arm separately. Secondly, despite the double-blind
design of the current study, we did not systematically evaluate the quality of the blinding
for neither the participants, the clinical raters nor the tDCS manipulator, while it has been
recently well described that the sham procedure is an important factor in the tDCS field [40].
For instance, the tDCS manipulator might observe redness under the electrode only in
patients from the active group. However, in order to limit this potential bias in the current
study, the person who analyzed the data was not in contact with the patients during the
stimulation sessions and had no information about their group assignments.

Finally, one may hypothesize that tDCS could have an effect on the overall basic
cognitive functioning in patients leading to FER improvements [18]. We did not test whether
such an increase in the basic cognitive functioning may lead to an indirect beneficial effect
on the observed improvement in FER in the current study. Investigating social cognition
with a laboratory FER task has some drawbacks that prevent us from making a direct
translation from what is observed in the lab to what happens in real life. We cannot rule out
that the explicit emotion recognition task we used may itself affect the emotion recognition
capacities of the participants through a feedback loop effect. The feedback loop effect
could modulate the general emotional state of the participants, their intrinsic capacities of
recognizing one’s emotional expression, as well as their own emotional states. However,
to increase the ecological validity of our task, we used different identities, sex and facial
expressions with varying emotional intensities (i.e., from 20 to 80%) and all the stimuli we
used were only presented one time to avoid a blunted effect on emotions.
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5. Conclusions

Although preliminary, the presented results suggest a beneficial effect of a single tDCS
session on FER performance as compared to a sham in MDD. These results support the
implication of the DLPFC in FER. However, the statistical power and the exploratory nature
of our study did not allow us to draw any clear conclusions regarding the usefulness of
tDCS on FER in clinical settings. The use of tDCS with the proposed parameters requires
further replication.
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