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The role of dorsolateral

and ventromedial prefrontal cortex
in the processing of emotional
dimensions

Vahid Nejati**?, Reyhaneh Majdi?, Mohammad Ali Salehinejad ©3* & Michael A. Nitsche*®

The ventromedial and dorsolateral prefrontal cortex are two major prefrontal regions that usually
interact in serving different cognitive functions. On the other hand, these regions are also involved

in cognitive processing of emotions but their contribution to emotional processing is not well-

studied. In the present study, we investigated the role of these regions in three dimensions (valence,
arousal and dominance) of emotional processing of stimuli via ratings of visual stimuli performed

by the study participants on these dimensions. Twenty- two healthy adult participants (mean age
25.21+3.84 years) were recruited and received anodal and sham transcranial direct current stimulation
(tDCS) (1.5 mA, 15 min) over the dorsolateral prefrontal cortex (dIPFC) and and ventromedial
prefrontal cortex (vmPFC) in three separate sessions with an at least 72-h interval. During stimulation,
participants underwent an emotional task in each stimulation condition. The task included 100 visual
stimuli and participants were asked to rate them with respect to valence, arousal, and dominance.
Results show a significant effect of stimulation condition on different aspects of emotional processing.
Specifically, anodal tDCS over the dIPFC significantly reduced valence attribution for positive pictures.
In contrast, anodal tDCS over the vmPFC significantly reduced arousal ratings. Dominance ratings
were not affected by the intervention. Our results suggest that the dIPFC s involved in control and
regulation of valence of emotional experiences, while the vmPFC might be involved in the extinction
of arousal caused by emotional stimuli. Our findings implicate dimension-specific processing of
emotions by different prefrontal areas which has implications for disorders characterized by emotional
disturbances such as anxiety or mood disorders.

The prefrontal cortex (PFC) consists of about two-thirds of the human frontal cortex and is involved in various
aspects of behavioral management. Anatomically, the prefrontal cortex is divided into three main areas, includ-
ing the dorsolateral prefrontal cortex (dIPFC), the medial prefrontal cortex (mPFC), and the ventral, inferior or
orbital frontal cortex (OFC). Functionally and structurally, the two latter areas are highly interconnected and
often considered as a more or less uniform structure, the ventromedial prefrontal cortex (vmPFC)'.

Functionally, the dIPFC is mainly involved in executive functioning and cognitive control**. Here, it con-
tributes to a large variety of psychological processes, such as working memory?, divergent thinking®, executive
attention®”, and decision making®. On the other hand, the vmPFC is sensitive to the reward or value of stimuli®*’,
value-based decision-making!!, anticipation of reward'? and self-based evaluation!. To put it in a nutshell, the
vmPFC is assumed to have a crucial role in emotional processing, whereas the dIPFC is predominantly involved
in cognitive control and executive processing.

It is however debatable if such a strict functional distinction of the respective areas does hold. On the one
hand, concepts about the relation between cognition and emotion have a long, and confusing history in philoso-
phy and psychology. Respective concepts have ranged from more or less complete independence of cognition
and emotion' to a interaction with primacy of affect!®, or cognition'®. In general agreement with the interaction
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hypothesis, functional imaging studies show a gradual transition between ventromedial, and dorsolateral pre-
frontal areas with regard to emotion processing'’.

Beyond the simultaneous contribution of both, dIPFC and vmPFC areas in emotional processing, specific
concepts are available proposing that and how these areas interact to handle emotional experiences. Two main
mechanisms for interaction between emotion and cognition are considered as modes of communication between
vmPFC and dIPFC. First, emotional stimuli serve as modulators of executive functions. Emotionally high-
valenced information can capture attentional resources and thus direct or change the outcomes of executive
functions. In other words, attributing emotional value to some stimuli will improve their chance being selected
for further processing'®. Second, there is a regulating or controlling role of cognitive processing on emotional
processing, labeled reappraisal or emotion regulation'*. Onset, duration, intensity, or content of emotional
response are regulated by executive functions. Hence, any deficit in executive functions results in impairment
of emotion regulation, as found in attention deficit- hyperactivity disorder (for a review see?!).

The interaction between these PFC compartments has an important impact on behavior. One well-docu-
mented role of the dIPFC is maintenance and regulation of top-down control for driving appropriate behavior*>?.
Respective prefrontal control deficits are tightly connected to psychopathology as well as treatment procedure
in disorders with executive dysfunctions**?*. Hyperactivity of the vmPFC, and the amygdala due to insufficient
control via the dIPFC leads to an attention bias to threat-related stimuli in anxiety?. In the same way, a lack
of regulatory control of the dIPFC on dysregulated fear circuits in the vmPFC is involved in post-traumatic
stress disorder (PTSD)?” which comes with cognitive deficits in both emotional and non-emotional materials?.
Reduced dIPFC control over the vmPFC or an imbalance of respective interactions is furthermore associated
with depression?*.

In most available studies, the valence of emotional stimuli has been studied as a decisive factor in the inter-
action between cognition and emotion, and the respective contribution of the dIPFC and vmPFC. vmPFC and
dIPFC are interacting in hot and cold executive functions’!. Furthermore, positive affect improves executive
functioning®, and psychological well-being is associated with vmPFC activity in response to negative stimuli®,
but dIPFC activity in response to positive stimuli**. These results argue for the involvement of both areas in
valenced-based information processing, which might be specific for emotional quality. In further accordance,
the dIPFC is involved in the evaluation of the valence of pleasant pictures®. The role of the vmPFC in the pro-
cessing of valence-specific processing of emotional content remains however more unclear. In contrast, it has a
distinctive function in arousal attribution®. In light of these findings, the specific role of vmPFC and dIPFC in
emotional processing remains a matter of debate.

Non-invasive brain stimulation methods provide an opportunity for the investigation of the causal rela-
tionship between cortical structure and various cognitive / emotional functions in both healthy and clinical
populations®’~#!. In the present study, we used transcranial direct current stimulation (tDCS) to explore the role
of dIPFC and vmPFC in the perception of emotional dimensions. This technique modulates cerebral neuronal
activity, and excitability by applying a weak direct electrical current to the brain through the scalp. Depending
on the current flow direction, the electrical current between the anode and cathode electrodes results in an
increase or decrease of cortical excitability underneath the respective electrodes. Within certain limits, tDCS
with the anode positioned over the target area enhances cortical excitability, and cathodal tDCS reduces it at the
macroscopic level*? although there are unexpected effects outside standard protocols of tDCS*. The primary
effect during stimulation is thought to be caused by respective subthreshold membrane polarization effects, while
after-effects, which can last for an hour or more after the intervention, depend on strengthening or weakening
of glutamatergic synapses in the presence of downregulation of GABA*4*,

Earlier tDCS studies have investigated the role of the dIPFC in emotional processing separately in the light
of laterality. Based on these studies in healthy individuals, anodal tDCS over the left dIPFC resulted in enhanced
positive mode*~** and decreased negative mood***° while over the right dIPFC led to mood dysregulation
and negative emotional processing®'. Imbalance in this lateralized emotional processing has been considered
as a hallmark of depression®? and therefore using anodal right and cathodal left dIPFC stimulation is used for
amelioration of depressive symptoms?®. A recent combined tDCS and pupillometry study in healthy individuals
found the role of the left dIPFC in processing of negative emotional images, while the right vmPFC decreases the
reaction to emotional images irrespective of valence®. Together, these studies suggests the left dIPFC is a more
important structure in emotional processing and regulation.

However, modulatory effects of tDCS in cognitive and behavioral domains have not been as consistent as for
the motor areas®*® and thus it might not be reasonable to hold a linear, simplistic assumption for effects of tDCS
on cognition and behavior. Stimulation parameters including stimulation intensity, duration polarity and even
task-specific features®*” are important determinates of cognitive effects of tDCS. For example, a recent study
reported that while 1 mA tDCS (anodal, cathodal, sham) did not affect top-down control 2 mA cathodal tDCS
significantly improved it*® or in another study the opposite or bidirectional effect of anodal vs cathodal tDCS
was not observed at the behavioral level®. Taking these considerations into account, in this study, we aimed to
determine the respective roles of the dIPFC and vmPFC in the attribution of valence, arousal and dominance to
emotional stimuli via an increase of their excitability through anodal tDCS. We hypothesized that upregulation
of the dIPFC, and vmPFC via anodal tDCS might alter emotion processing if the respective areas are involved.
Specifically, we expected that both areas might contribute at least gradually differently to the respective emotional
dimensions and that the dIPFC and vmPFC are relevant for the attribution of valence and arousal, respectively.
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Figure 1. (a) The SAM scales for rating stimulus valence, arousal, and dominance, in order from top to
bottom; (b) a schematic diagram for the effect of the dIPFC and vimPFC on the valence and arousal based on
the findings of the present study. Abbreviations: dIPFC: dorsolateral prefrontal cortex, vimPFC: ventromedial
prefrontal cortex.

Experimental procedures

Participants. Twenty-two right-handed university students aged between 20-30 years (mean 25.21 +3.84;
4 men, 18 women), which were blinded to the study hypothesis, took part in the experiment. All participants
were university students, native speakers, and had normal or corrected-to-normal vision. We used G*power®
to determine the required sample size. Results showed that based on a power of 0.95, an alpha level of 0.05, and
a medium effect size (f=0.40) suggested for tDCS studies®, the required sample size for our design (repeated-
measures ANOVA with 3 measurements) is 18. We added four more subjects to compensate for drop-outs, and
unforeseen variability. Participants had no history of head injury or surgery, drug abuse or dependence, psychi-
atric or neurological disorders, and were not pregnant. All participants signed a written informed consent form
after the aim and procedure of the study were explained, and were free to withdraw from the experiment at any
stage. The experimental procedure was approved by the ethics committee for research involving human partici-
pants at the neurocognitive laboratory at the Shahid Beheshti University and the study was conducted in accord-
ance with the latest version of the Declaration of Helsinki. All participants signed a written informed consent
form before participation. The authors attest to informed consent for both study participation and publication of
identifying information/images for publication.

Emotional picture rating task. In this task, images appear on the screen together with a self-assessment
manikin (SAM). SAM includes 3 rating scales ranging from 1 to 9 for evaluation of valence, arousal, and domi-
nance (Fig. 1a). SAM is a non-verbal pictorial assessment technique consisting of a graphic figure depicting a
9-point scale of valence, arousal and dominance and participants are asked to place an "X" over any of the five
figures in each scale, or between any two figures, which resulted in a 9-point rating scale for each dimension®.
Larger values on this scale represent higher values on the respective emotion dimensions. For the valence rating,
higher values encode for positive, medium for neutral, and low for negative valence. The images were selected
from the international affective picture system (IAPS)%, based on normative data of their valence, arousal and
dominance. Three categories were selected based on the mean of valence, arousal, and dominance, lower than 4
(low), 4 to 6 (medium), and upper than 6 (high). The number of images at low, medium and high levels were 34,
41, and 24 in valence; 20, 55, and 25 in arousal; 13, 66, and 21 in dominance respectively. The original picture
numbers of the IAPS were 1112, 1230, 1240, 1390, 1505, 1645, 1650, 1935, 2101, 2205, 2206, 2230, 2272, 2278,
2279,2301, 2309, 2312, 2383, 2399, 2400, 2410, 2446, 2455, 2456, 2458, 2490, 2516, 2520, 2590, 2600, 2695, 2700,
2780, 2810, 2830, 3300, 5470, 5535, 5621, 5626, 5629, 5970, 6000, 6800, 6837, 6930, 7002, 7011, 7013, 7044, 7046,
7054, 7092,7137,7211, 7405, 7476, 7484, 7487, 7650, 8030, 8034, 8080, 8121, 8161, 8163, 8170, 8178, 8185, 8186,
8190, 8191, 8193, 8206, 8251, 8300, 8341, 8492, 8499, 9000, 9001, 9046, 9080, 9220, 9280, 9290, 9291, 9295, 9330,
9341, 9342, 9395, 9468, 9469, 9472, 9582, 9635, 9832, 9913.
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tDCS session Pain Burning sensation | Itching sensation | Trouble concentrating | Fatigue
Anodal dIPFC 0.9 (1.28) |3.1(1.91) 1.1 (1.63) 0.33 (0.70) 0.41 (0.69)
Anodal vimPFC | 0.6 (0.84) | 2.4 (2.01) 0.8 (1.31) 0.30 (0.48) 0.60 (0.84)
Sham 0.6 (1.74) | 1.5(1.64) 0.9 (1.28) 0.22 (0.44) 0.10 (0.31)
PipeC vs sham 0.27 0.03 0.55 0.68 0.16
P1pEC vs sham 0.99 0.08 0.34 0.34 0.19

Table 1. Reported side effects during tDCS. Shown are the mean intensities of reported side effects, with
standard deviations in brackets. tDCS =transcranial direct current stimulation; dIPFC = dorsolateral prefrontal
cortex; vmPFC = ventromedial prefrontal cortex; significant results (p <0.05) are highlighted in bold.

The pictures remained on the screen until the response of the participants, which was self-paced, was com-
pleted, and the inter-trial interval was 1000 ms. Each image was shown three times, in an identical order, for the
separate ratings of valence, arousal, and dominance. The images were presented in their original size (1024 x 768
resolution) at the center of a 13-inch computer screen with a 1280 x 1024 resolution and at an eye- distance of
approximately 50-60 cm.

The pictures were divided into three randomly ordered subsets, and subset order was randomized across
participants. The task takes about 10 min to complete. Participants were first screened to ensure their willing-
ness to view negatively valenced images and then agreed to participate following the screening procedure. All
participants rated valence, arousal and dominance items using SAM displayed on a computer screen.

tDCS protocol. The tDCS device was an “ActivaDose Iontophoresis” manufactured by Activa Tek, with a
9-V battery serving as the power source. An electrical direct current of 1.5 mA generated by the stimulator was
applied through a pair of saline-soaked sponge electrodes with a size of 25 cm? (current density: 0.06 mA/cm?)
for 15 min (with 15 s ramp up and 15 s ramp down). In the present study, three tDCS electrode positions were
used, including (a) anodal vmPFC (FpZ)/ cathode over the right forearm, (b) anodal left dIPFC (F3)/ cathode
over the right forearm, and (c) sham stimulation with one electrode over the left dIPFC and the other on the right
forearm. The reference electrode over the forearm had the same size as the target electrode positioned on the
head. These electrode placements were used in previous studies for targeting the respective cortical areas®*+%,
The 10-20 EEG international system was used for electrode placement. For sham stimulation, electrical cur-
rent was ramped up, and then immediately down for each 15 s at the start of intervention, to generate the same
sensation as the active condition®. The electrodes remained on the head for 15 min also in the sham stimulation
condition, equivalent to active stimulation.

Procedure. After checking the inclusion criteria, receiving information about the study, and signing the
written consent form, the participants received the task instructions. Participants were blinded to the type of
stimulation they received. The order of stimulation was randomized across participants. The interval between
the sessions was at least 72 h to prevent carry-over effects. Five minutes after the beginning of stimulation, par-
ticipants performed the picture rating tasks, which lasted for about 10 min. Following each simulation session,
participants were asked to complete a short post-stimulation survey about potential side effects of the interven-
tion. The checklist of side effects during stimulation included 5 questions addressing “itching’, “tingling”, “burn-
ing”, “pain” and “trouble concentrating” during stimulation, which were rated on a 0-5 Likert scale, where “0”
represented the absence of the respective sensation, and “5” extreme intensity.

Data analysis. This study had a single-blind, complete crossover design. Data analyses were conducted
using the statistical package SPSS for Windows, version 24 (IBM, SPSS, Inc., Chicago, IL). Normality and homo-
geneity of variance of the data collected from each stimulation condition were confirmed using the Shapiro-
Wilk and Levin tests respectively. To explore the effect of tDCS on task performance, a repeated measure 3 x 3
analysis of variance (ANOVA) was conducted with emotional dimension (3 values: valence, arousal, and domi-
nance), tDCS condition (3 values: anodal dIPFC, anodal vmPFC and sham), and emotional valence of the pic-
tures (3 values: high (positive), neutral, low(negative)) as the within-subject factors. The numerical values of the
rating scale served as the dependent variable. Mauchly’s test was used to evaluate the sphericity of the data and
in case of violation of data sphericity, degrees of freedom were corrected using the Greenhouse- Geisser method.
For significant ANOVA results, for all stimulation conditions, values were pair-wise compared via Sidak post
hoc comparisons. Reported side effects for each active tDCS protocol vs sham tDCS were analyzed via Student’s
paired t-test (two-tailed, p <0.05). A significance level of p <0.05 was used for all statistical comparisons.

Results

All participants tolerated tDCS well. No adverse effects were reported during and after stimulation except for a
mild itching, tingling and burning sensation under the electrodes during approximately the first 30 s of stimula-
tion in each tDCS condition. The occurrence of side effects is summarized in Table 1. The perceived side effects
were not significantly different between stimulation conditions, except for the item “burning sensation’, which
was rated significantly higher for anodal left dIPFC tDCS (p=0.037), as compared with the sham condition. A
similar trend was observed for this item in the anodal vmPFC tDCS condition, as compared to sham (p=0.081).
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Sham vmFC stimulation | dIPFC stimulation
M(Sd) M (SD) M (SD)
Arousal
High Arousal 5.72(2.10) |4.88 (2.61) 5.94 (1.98)
Medium Arousal 3.33(.99) 2.90 (1.39) 3.85(1.17)
Low Arousal 3.11(1.28) |2.48 (1.16) 3.39 (1.22)
All images 4.05(1.29) | 3.42(0.92) 4.39 (1.42)
Valence
High Valence 6.62 (1.12) | 6.65 (0.84) 6.06 (1.31)
Neutral Valence 4.10 (.89) 4,05 (0.93) 3.86 (1.31)
Low Valence 3.12(.93) 2.83(0.86) 3.08 (1.04)
All images 4.61 (1.69) | 4.51(1.68) 4.33 (1.50)
Dominance
High Dominance 4.76 (1.48) | 4.59 (1.22) 4.74 (1.41)
Medium Dominance 3.88(1.33) |4.01(1.53) 4.26 (1.28)
Low Dominance 3.88 (1.54) | 3.42(1.38) 3.77 (1.36)
All images 4.17 (1.55) |3.51(1.18) 4.25(1.24)

Table 2. Descriptive statistics (mean, standard deviation) for the effects of tDCS on different dimensions
of emotional processing. tDCS = transcranial direct current stimulation ; M = mean; sd = standard eviation;
vmPFC = ventromedial prefrontal coretx; dIPFC = dorsolateral prefrontal cortex.

Task df | Meansquare |F P 1y

tDCS condition 1.79 7.65 4.60 | <0.05 |0.054
Emotional dimension 1.66 17.37 2.50 |0.10 0.258
Emotion valence 1.36 | 427.28 84.57 | £0.01 | 0.358
tDCS x emotional dimension 3.43 6.81 4.188 | <0.01 |0.075
tDCS x emotional valence 2.98 1.11 1.63 |0.19 0.083
Emotional dimension x emotional valence 331 3327 18.02 | <0.01 | 0.004
tDCS x emotional dimension X emotional valence | 5.22 0.66 1.01 |0.41 0.015

Table 3. Results of the three-way repeated-measures ANOVA for effects of tDCS conditions (anodal vmPFC/
anodal dIPFC/sham), emotional dimension (arousal, valence, dominance) and emotional valence (high, low,
neutral) on emotional processing. tDCS = transcranial direct current stimulation ; vimPFC = ventromedial
prefrontal cortex; dIPFC =left dorsolateral prefrontal cortex;; #,>= partial eta squared; Significant results are
highlighted (p<0.05) in bold.

A data overview including the descriptive data (i.e., means and standard deviation) for the arousal, valence and
dominance ratings of the stimuli under different stimulation conditions is shown in Table 2.

The overall ANOVA shows a significant main effect of tDCS condition (F, ;o=4.61, p=0.019, partial n’>=0.180)
indicating a significant overall performance difference between vimPFC (3.98 +0.0.17), dIPFC (4.33+0.0.15),
and sham stimulation conditions (4.27 +0.0.16). Results of the Sidak post hoc analyses revealed only a significant
difference between dIPFC and vmPFC stimulation (p=0.007). The main effect of emotional valence was also
significant (F(; 35=84.58, p<0.001, partial n2 =0.801), showing the expected significant difference between high
(M =5.55, SD=0.26), neutral (M=, 3.81 SD=0.11) and low (M =3.22, SD=0.14) levels of emotional valence.
The respective post hoc tests for pairwise comparisons were significant (p <0.05). Results of the ANOVA are
displayed in Table 3.

More importantly, the interaction of stimulation condition x emotional dimension (F;4;=4.18, p=0.006,
partial n2 =0.483) was significant, indicating that tDCS effects on performance were dependent on the spe-
cific emotional dimension. Follow up post-hoc comparisons using Sidak adjustment showed that for the dIPFC
stimulation, compared to sham condition, the valence of the pictures was significantly rated less positive only for
high-valenced positive pictures. When compared to the sham stimulation condition, only anodal dIPFC tDCS
(t=2.33, p=0.036), but not anodal vmPFC tDCS (¢=0.12, p =0.999) significantly reduced numerical ratings of
only high-valenced (emotionally positive) stimuli. Furthermore, post-hoc comparisons using Sidak adjustment
was analyzed and for tDCS over the vmPFC compared to dIPFC stimulation, a significant diminishing effect of
vmPFC tDCS on all levels of arousal ratings (i.e., high, low, neutral) was found (vmPFC tDCS vs dIPFC tDCS:
thigh=3.15, p=0.014; 1,043, = 3.88, p=0.003; t;,,,= 3.54, p=0.006). In comparison with the sham condition, a sig-
nificant difference between vmPFC tDCS was found only for picture with low arousal (¢=2.83, p=0.030), but not
for high arousal (t=2.40, p=0.075) and medium arousal (¢=1.87, p=0.207) was observed. Anodal dIPFC tDCS
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Figure 2. Shown are the effects of tDCS on valence, arousal and dominance of emotion ratings. Note

vmPFC =ventromedial prefrontal cortex; dIPFC =dorsolateral prefrontal cortex; ns = non-significant; High
emotional intensities represents positive, and low emotional intensities negative emotions for valence.
*=indicates significant pairwise comparisons between stimulation conditions based on the results of post-hoc
t-tests (paired, p <0.05) n=22; all error bars indicate Standerd Error of Mean (SEM).

however did not result in significant differences as compared with sham tDCS, in pictures with high (t=1.06,
p=0.653),low (t=0.87, p=0.775) and neutral (¢=2.06, p=0.147) arousal. With regard to emotional dominance,
no significant differences were found between the active stimulation protocols (dIPFC vs vmPFC), and between
the respective active, and sham protocols (Fig. 2). A significant interaction of emotional dimension x emotional
valence (Fs 3 =18.02, p=0.001, partial n2=0.702) was found as well. We found no significant interaction of
tDCS x emotional dimension x emotional valence (F; 4=1.01, p=0.414). Results are displayed in Table 3.

Discussion

The results of this study suggest a discernable contribution of the dIPFC and vmPFC on the differential emo-
tional evaluation of visual stimuli. Valence and arousal of emotional stimuli were modulated by application of
anodal tDCS over the dIPFC and vimPFC, respectively. The dominance of emotional stimuli was not altered by
any stimulation condition.

In detail, anodal tDCS over the dIPFC altered valence attribution to emotional pictures. Specifically, during
anodal tDCS over the left dIPFC, the picture valence was rated lower (selectively for high-valence or positive
stimuli), as compared to the sham condition only. In other words, increasing the excitability of dIPFC led to
modulation of interpretation bias in valence attribution to the positive stimuli. Some studies however, with
relatively similar tasks, found that anodal tDCS over the dIPFC resulted in more positive ratings of negative
stimuli®®®’. Furthermore, this effect of tDCS has been used for amelioration of depressive symptoms®*8. While
the reason for these opposing effects with regard to emotional quality is unclear at present, they share a common
component, which is the reduction on non-neutral emotional qualities by the dIPFC activation. Accordingly, the
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dIPFC reduces the valence of high- valence/ positive stimuli and increases the valence of low- valence / negative
stimuli, and has thus a balancing effect. Given the negative interpretation bias in individual with depression®,
balancing this bias resulted in a positive effect. This modulatory effect has been reported in treatment of indi-
viduals with depression through psychotherapy’® and cognitive rehabilitation”"”2

Furthermore, a significant effect of anodal tDCS over the vmPFC was found for the arousal attribution to
emotional stimuli. The arousal level attributed to emotional stimuli was reduced in the vmPFC tDCS condition.
Thus the results of the present study imply that the dIPFC is closely involved in balancing the value of emotions,
while the vmPFC is relevant for the arousal aspect of emotional stimuli.

It is however worth mentioning that arousal and valence are two interwoven dimensions of an emotional
stimulus. Some tDCS- studies using ratings tasks found a role of the dIPFC in arousal ratings’®, and a role of the
vmPFC in valence ratings’*. One reason for such mixed results might be methodological differences, especially
with respect to task characteristics. Although these studies used ratings tasks, they did not explicitly differentiate
between valence and arousal at the level of task instruction or stimuli. For instance, Freeser et al. (2014) applied
an arousal ratings task after the participants underwent cognitive reappraisal strategies to down- or upregulate
negative emotions. They found higher arousal ratings in the upregulation condition and lower arousal ratings
in the downregulation condition after applying anodal tDCS over the right dIPFC”. Given the instruction of
this study, up-/downregulation of an emotional stimulus is however related to the over-/ underestimation of its
valence. This priming intervention, which involves manipulation of valence, likely influences the arousal rat-
ings. Notably, the different results between that and the present study might also be caused by the fact that in the
Feeser et al. study the right dIPFC was targeted for anodal tDCS, whereas in the present study the left dIPFC was
the target. Furthermore, a relevance of the vmPFC has been identified for valence ratings. For instance, a tDCS
study used a categorical approach of emotion ratings, and found a role of the vmPFC in happy faces, compared
with fearful faces”. In that study, although happiness is a valence- related category of emotion, each emotional
face had a mixed and uncontrolled level of arousal and valence, which makes it impossible to disentangle the
relative contribution of these dimensions on the outcome. Thus these results are not in principle opposition to
the findings of the present study.

For dominance as the third dimension, the different intervention conditions did not affect the ratings scores.
In contrast to the well understood neural correlates of both, arousal and valence’>’, the neural correlates of
dominance are understudied and not well understood. This paucity of research might be caused by the relatively
minor contribution of dominance to emotional ratings. While valence and arousal explain more than 50% of the
variance in ratings of emotional experiences, dominance has a contribution of about 15%%. Accordingly, most
dimensional studies are based on a two-dimensional model of emotion restricted to arousal and valence. One
fMRI study describes a role of the bilateral anterior insula in dominance ratings”. Given the validity of these
findings, a null effect of interventions of the present study on dominance ratings would make sense, because the
respective tDCS protocols did not tackle the insula.

The main implication of our findings is thus a discernable contribution of dIPFC and vmPFC in specific
aspects of emotional processing, implying that the dIPFC is a valence-sensitive, and the vmPFC an arousal-
sensitive region. This dimension-specific contribution has been suggested by neuroimaging studies. The medial
prefrontal cortex, and also the amygdala, were shown to be activated during arousal ratings in a functional
magnetic resonance imaging (fMRI) study’®. Another fMRI study has shown that regardless of valence, the
amygdala, dorsomedial prefrontal cortex, and vmPFC respond equally to high-arousal pictures and words®. In
contrast, dIPFC activity was described in high-valenced emotional experiences by an fMRI study’®. Hence, a
respective distinction of arousal- and valence- sensitive brain areas is supported by the results of these studies.

The results of this study are furthermore in accordance which concepts suggesting different processing modes
related to arousal and valence”, which are specifically related to medial and dorsolateral regions of the prefrontal
cortex. Arousal-related information is likely processed automatically and unconsciously to guide attentional
resources to emotional stimuli for rapid evaluation of incoming information'?. Several subcortical areas, includ-
ing the amygdala and nucleus accumbens, are involved in arousal processing and controlled by medial prefrontal
regions, including the vmPFC88!,

In contrast, valence attribution as a higher cognitive function requires conscious awareness of respective
stimuli. The dIPFC, as a cognitive controller of emotion, is involved in valence-related and executive- related
emotional processing, such as affective/reward processes®"?, craving modulation®, resistance to frustration®,
and inhibition of impulsive emotional responses®. In sum, the perception of arousal might be considered as an
early and automatic component of emotional processing, mostly related to vmPFC activation, whereas percep-
tion of valence attribution as a late and cognitive component of emotional processing is mediated by the dIPFC.

A respective discernable contribution of dIPFC and vmPFC in emotional processing is also supported by the
psychopathology of clinical syndromes, such as anxiety and depression. According to the two stage theory of
depression and anxiety developed by Williams®®, anxiety is related to early information processing and attention
bias to threat-related stimuli. In contrast, depression is related to abnormal late information processing such as
elaboration and negative interpretation of information. From a neurophysiological perspective, hypoactivity of
the dIPFC in depression®” and hypoactivity of the vmPFC in anxiety®® confirms this concept. Recent studies in
healthy humans also show that increasing vmPFC activity enhances fear extinction which has implications for
anxiety disorders® . Correspondingly, anxious individuals are affected by an abnormal function of the arousal
dimension of emotional experience®, while in depressed individuals the valence dimension of emotional experi-
ence is negatively biased®.

With respect to psychotherapeutic approaches, correction of valence overestimation is a therapeutic goal in
depression. For example, cognitive behavioral therapy downregulates neural activity during emotion regulation
and modulates valence overestimation®. In contrast, the modulation of arousal is a primary therapeutic goal in
the treatment of anxiety syndromes, namely exposition training®.
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Figure 3. Emotional attribution system disorders in depression and anxiety. A schematic diagram for the
assumed role of arousal and valence in the psychopathology of anxiety and depression. Abbreviations: dIPFC:
dorsolateral prefrontal cortex, vmPFC: ventromedial prefrontal cortex.

The results of our study do not only confirm a relevant role of both prefrontal areas in emotion processing,
they furthermore support a specific function of these areas in eliminating, controlling, or diminishing arousal
and valence associated with emotional experiences, which is critical for normal reactions to emotional experi-
ences. Indeed, impairment or dysregulation of this control leads to psychopathologic states®. The respective
emotion control mechanisms might however differ between vmPFC and dIPFC. The vmPFC, in a basic manner,
is involved in extinction for emotional control®®®’, while the dIPFC is relevant for cognitively more complex
regulation strategies®.

In this line, increased activation of the vmPFC during extinction has been shown by neuroimaging studies®,
and cortical thickness of vmPFC predicts the rate of extinction®”. Moreover, extinction deficits have been reported
in anxiety95, and PTSD!%. In further accordance, exposition therapies used for phobias, and anxiety disorders
focus mainly on alteration of the arousal dimension of emotional stimuli, and increase of vmPFC excitabil-
ity through repetitive transcranial magnetic stimulation leads to symptom improvement in individuals with
anxiety'"l.

On the other hand, the dIPFC is crucial for valence attribution to emotional experience. This includes cogni-
tive regulation strategies'®?, such as suppression, attention redirection, or reappraisal strategies'®®. For example,
reappraisal is used to reinterpret a picture in a less or more negative context'*%. Impaired emotional regulation
due to the dIPFC dysfunction is closely associated with depression, in which the interaction of cognition and
emotion is largely disturbed. Furthermore, executive dysfunctions, which involve crucially the dIPFC, play an
important role in depression'®*!'%. This also explains why excitatory brain stimulation over the dIPFC is well-
suited to reduce depressive symptoms and states*>1%¢177 (Fig. 3).

At last, the results of the present study suggest that an association of emotions with specific prefrontal brain
areas can be appropriately explored with the dimensional approach. In another approach to categorize emotions,
the categorical approach, 6 basic emotions are considered as main emotional states, including sadness, happi-
ness, anger, fear, disgust, and surprise'®. Some studies consider this categorical approach for the study of neural
correlates of emotions. For instance, a role of the vmPFC in perception of fear, disgust, and anger1°9, but also in
the perception of positive emotions''* has been identified. Based on the findings of the present study, respective
findings are not contradictory, if one assumes that the common factor, which is relevant for positive and negative
emotions, and for which vmPFC is relevant, is the dimension of arousal.

Some limitations of this study should be taken into account. In the present study, as usual in studies of emo-
tional dimensions, we asked the participants to rate the pictures based on a self-assessment manikin, explicitly.
At least for arousal, which is to a relevant degree processed implicitly, it would have been advantageous to add
electrophysiological recordings, which take this into account. We thus propose that future studies should add
recording of somatic markers such as heart rate, galvanic skin response or pupil diameter for evaluation of
arousal.

Each picture was presented three times for ratings of valence, arousal, and dominance in identical order
throughout the experiment. Therefore, we cannot rule out that a familiarity effect was present for the later ratings,
due to the identical order of the respective ratings. Because the ratings at different presentation time points were
however uniformly dedicated to the respective dimensions, and identical between sessions, it is unlikely that
such a possible order effect would have had a discernable effect on the respective ratings between intervention
sessions. In future studies, it would however be preferable to use a counterbalanced order of dimension ratings
to enable the analysis of the effect of order of presentation.

Methodologically, our study had an exploratory design. The results should thus be confirmed in larger sample
sizes. Finally, a one-to-one transferability of the study results obtained in healthy participants to clinical popula-
tions of interest, including anxiety disorders, phobias, and depression, cannot be taken for granted. It would,

Scientific Reports |

(2021) 11:1971 | https://doi.org/10.1038/s41598-021-81454-7 nature research



www.nature.com/scientificreports/

however, be important to explore respective mechanisms also in these patient populations, because it might help
to identify promising targets for future intervention approaches, including brain stimulation.
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