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Background: The vagus nerve plays an important role in the regulation of food intake.
Modulating vagal activity via electrical stimulation (VNS) in patients and animal studies
caused changes in food intake, energy metabolism, and body weight. However, the
moderating impact of cognitive processes on VNS effects on eating behavior has not
been investigated so far.

Hypothesis: We hypothesized that transcutaneous VNS (tVNS) affects food intake by
altering cognitive functions relevant to the processing of food-related information.

Methods: Using a repeated-measurement design, we applied tVNS and a sham
stimulation for 2 h on two different days in normal-weight subjects. We recorded
standard scalp EEG while subjects watched food and object pictures presented in an
oddball task. We analyzed the event-related potentials (ERPs) P1, P2, N2, and LPP
and also examined the amount of consumed food and eating duration in a free-choice
test meal.

Results: Significant differences between stimulations were observed for the P1, P2, and
N2 amplitudes. However, we found no tVNS-dependent modulation of food intake nor a
specific food-related stimulation effect on the ERPs. Further analyses revealed a negative
relationship between P2 amplitude and food intake for the sham stimulation. Significant
effects are additionally confirmed by Bayesian statistics.

Conclusion: Our study demonstrates tVNS’ impact on visual processing. Since the
effects were similar between food and object stimuli, a general effect on visual perceptual
processing can be assumed. More detailed investigations of these effects and their
relationship with food intake and metabolism seem reasonable for future studies.
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INTRODUCTION

The obesity epidemic in developed countries is one of the
most pressing health problems. Between 1975 and 2016, the
worldwide prevalence of obesity almost tripled in adults, whereas
in children and adolescents (5–19 years), it increased nearly five-
fold [World Health Organization (WHO), 2020]. In contrast,
current treatment approaches, such as behavioral interventions,
pharmacological treatments, and bariatric surgery, show limited
effectiveness, are costly, or are burdened with side effects (Butryn
et al., 2011; Kakkar and Dahiya, 2015; Al-Najim et al., 2018).
Effective treatment options for the management of body weight
are relevant because increased body weight is associated with
various diseases (Afshin et al., 2017). Therefore, additional
treatment modalities are urgently needed.

Brain stimulation techniques might represent such an
alternative. Possible procedures currently include invasive
approaches such as deep brain stimulation (DBS) and vagus
nerve stimulation (VNS) and non-invasive options like
transcranial magnetic stimulation (TMS), transcranial DC
stimulation (tDCS), and transcutaneous VNS (tVNS). The scarce
evidence on these techniques in the treatment of obesity has
been reviewed recently (McClelland et al., 2013; Gorgulho et al.,
2014; Val-Laillet et al., 2015; Göbel et al., 2017; Johnson and
Wilson, 2018). Remarkable effects on food intake and body
weight were shown by DBS of the hypothalamus and nucleus
accumbens, regions associated with energy homeostasis and
reward processing, respectively (albeit in single cases or small
case series). Yet, the TMS and tDCS affected food craving, but
no evidence exists so far that these two techniques also influence
food intake and/or body weight. VNS also showed promising
effects in animal studies, but the results of human (replication)
studies are inconsistent so far (Pelot and Grill, 2018).

However, the modulation of vagal nerve afferents using brain
stimulation techniques appears to be promising for a variety of
reasons. De Lartigue (2016) reviewed evidence that vagal afferent
neurons provide a satiety signal to the brain but lose sensitivity
to peripheral signals in obesity, leading to further ingestion of
palatable food. Disrupting vagal afferent neurons can lead to
hyperphagia and weight gain. Several studies which used invasive
vagal nerve stimulation to modulate these processes reported
effects on body weight, metabolism, and fat tissue activity in
animal models (Roslin and Kurian, 2001; Sobocki et al., 2002,
2006; Bugajski et al., 2007; Gil et al., 2011; Banni et al., 2012;
Han et al., 2015). In human patient studies targeting refractory
epilepsy and treatment-resistant depression, weight loss has been
reported (Burneo et al., 2002; Bodenlos et al., 2007; Pardo
et al., 2007; Abubakr and Wambacq, 2008; Vijgen et al., 2013;
Ghani et al., 2015).

Using functional MRI, it has been shown that VNS leads to
widespread activation in several brainstem regions (ipsilateral
NTS, bilateral spinal trigeminal nucleus, dorsal raphe, locus
coeruleus, and contralateral parabrachial area, Chae et al., 2003).
In particular, the parabrachial area projects to a variety of
structures comprising the hypothalamus, the insular cortex,
the limbic system, and frontal regions such as the lateral
prefrontal cortex (Van Bockstaele et al., 1999). Those regions

have been shown to be activated by VNS as well (Lomarev
et al., 2002; Chae et al., 2003). Since the insular cortex and
hypothalamus are known for their involvement in the regulation
of ingestive behavior (Sainsbury and Zhang, 2012; De Silva
et al., 2012), both structures are candidates for the mediation
of the potential effect of VNS on body weight and food intake.
Moreover, it is assumed that VNS induces brain satiety signals by
mimicking anorexigenic hormonal signals transmitted by vagal
afferents; this ultimately leads to decreased food consumption
(animal: Val-Laillet et al., 2010; Banni et al., 2012; human:
Bodenlos et al., 2007). In addition, it was shown that the satiety
status modulates various cognitive functions which occur in
the cognitive processing of food information (Carbine et al.,
2018). However, it is still unclear whether VNS also affects these
cognitive functions in addition tometabolic and neuronal effects.

A recent development is tVNS that operates via electrodes
placed in the outer ear (cymba conchae) that stimulate the
auricular branch of the vagus nerve which projects to the nucleus
tractus solitarii (NTS, Ellrich, 2011). Just like VNS, tVNS showed
a similar activation pattern in the aforementioned brainstem
and (sub)cortical brain regions (Frangos et al., 2015), leading
to the assumption that tVNS could carry the same potential for
modulating body weight and food intake behavior.

As tVNS has been shown to impact cognitive functions
(Jacobs et al., 2015; Colzato et al., 2018; Sellaro et al., 2018)
including action selection (Jongkees et al., 2018) and cognitive
control (Fischer et al., 2018), this technique appears to be suitable
to study the relevance of alterations in the cognitive processing of
food information and the impact on food intake.

Cognitive functions are an essential part of the regulation of
food consumption. They constantly integrate metabolic signals
indicating homeostatic requirements, motivational needs, and
external information by neurocognitive processes (Ferrario et al.,
2016). Using event-related potentials (ERPs), it has been shown
that being in a hungry state already affects early attentional
functions during visual processing of food-related information
resulting in higher P1 and N1 amplitudes (Plihal et al., 2001;
Schacht et al., 2016). Indicated by varying P2, P3, and late positive
potential (LPP) amplitudes, the homeostatic status also impacts
selective and higher-order attentional processes to food-related
information (Carbine et al., 2018). Based on the known tendency
of organisms to approach food, an increase in the food-associated
Nogo-N2 amplitude can be seen as an indicator for inhibiting
the immanent approach tendencies toward food items (Watson
and Garvey, 2013; Kong et al., 2015; Carbine et al., 2017).
In some studies, the cognitive control-related N2 component
correlates negatively with the body mass index (BMI) and food
consumption (Carbine et al., 2018). This suggests that a decline
in inhibitory control may lead to increased food consumption
and, accordingly, to increased body weight. Similarly, a positive
correlation between BMI and P2 has been found which points
to an increased allocation of attentional resources to food items
in people with a high BMI (Carbine et al., 2018). However, only
one out of ten studies reported a relationship between increased
LPP and elevated BMI (Versace et al., 2016) indicating that
cognitive processes are just one of many factors which influence
ingestive behavior.
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To gain a first insight into a potential effect of tVNS on
food-related cognition and ingestive behavior, we conducted the
current study in healthy participants receiving stimulation of the
cymba conchae or sham stimulation at the outer upper ear for
about 120 min. This was done in a blinded crossover design
after having fasted from 6 pm the day before. During sham and
verum stimulation, the varying processing of food and object
pictures (control visual stimuli) was assessed using event-related
potentials (ERPs).

Based on previous findings, we were expecting a differential
effect of tVNS on ERPs to food vs. object pictures. We tested
effects on different ERP components (N1, P1, N2, P2, P3, and
LPP), as in the absence of previous similar tVNS studies we
could not formulate a more specific hypothesis. Furthermore,
food intake was assessed after the ERP session to test whether
tVNS leads to a reduction in calorie intake. Statistical analyses
were performed in terms of frequential and Bayesian statistics to
get a reliable estimate of the effects.

MATERIALS AND METHODS

Subjects
The procedures were approved by the local ethics committee
prior to the study. Thirty-one healthy, right-handed subjects
(15 women) were recruited via mailing lists from the university
community and gave written informed consent to participate.
All participants were compensated for their effort. Thirty
participants exercised regularly between 1 and 7 h per week.
Five participants indicated that they had been dieting at
one point, but none of the participants was currently on a
diet. Five participants were smokers (all <10 cigarettes per
day). As visible in Table 1, the BMI for all subjects was
within the normal range. It turned out that the women were
distributed evenly across the cycle ruling this out as a nuisance
factor in our results. Exclusion criteria were the presence of
any psychological (e.g., depressive episode, eating disorders),
neurological (e.g., seizure, migraine), and/or somatic (e.g.,
cardiac arrhythmia, diabetes) disorders; a BMI greater than
30 kg/m2; an age above 40 years; and any kind of irregular sleep
cycle (sleeping disorder, shift-working) and/or diet style (low-
carb, vegetarian/vegan, weight reduction diet). All subjects had
a normal or corrected-to-normal vision.

Procedure
Participants took part in two sessions (experimental stimulation,
control stimulation) which were spaced 1 week apart. The order
of the sessions was counterbalanced across participants. The
participants were required to abstain from eating beginning
at 18:00 h on the evening before the experimental sessions.
They appeared either at 8:00 h or at 10:00 h in the laboratory.
Participants indicated their subjective hungriness on a visual
analog scale of 15 cm length. As visible in Table 1, there was no
difference in the stated hungriness rating between each session
(within-subject) as well as in terms of the measurements starting
time (8 am vs. 10 am; between-subject). Also, the starting time
point did not influence the eating duration in the final test meal.

Transcutaneous Vagal Nerve Stimulation
Before the application of the EEG cap and ECG electrodes, a
titanium/titanium–iridium ear electrode (Nemosr, Cerbomed,
Germany) was applied to the cymba conchae of the left
ear to stimulate the auricular branch of the vagus nerve
transcutaneously (experimental condition, Figure 1A). As a
control stimulation, the outer upper ear was targeted (Figure 1B).
This region does not contain vagal afferents (Berthoud and
Neuhuber, 2000). In both conditions, stimulation was performed
with 0.6 mA and a frequency of 25 Hz and a biphasic impulse
interval (30 s stimulation, 30 s pause). This stimulation leads to
a tingling sensation at the ear. To enhance the contact between
skin and electrode, a contact spray was used (TIGA-TRONIC,
Tiga-med, Ronneburg, Germany). The total duration of the
stimulation was 1.9 h (SD 0.2) in both conditions.

Visual Stimuli and Procedure
After the application of all electrodes, participants were seated in
a comfortable chair in front of a video monitor (viewing distance
90 cm). They viewed a sequence of 140 pictures (duration
1,000 ms, intertrial interval 2,400–2,700 ms), subtending 20
(height) by 20 (width) degrees of visual angle. The picture
set comprised 70 different food (sweet and savory, high and
low caloric) and 70 different object pictures (e.g., household
objects, items from nature) that were repeated seven times in
a random order in seven blocks of approximately 8 min in
duration (Figure 2). Between blocks, short breaks were given to
allow the participants to stretch and move. Each block contained

TABLE 1 | Descriptive sample statistics with mean (M) and standard deviation (SD) as well as statistical significance (p).

variables mean (SD) mean (SD) test-statistic p-value

Age (years) 23.0 (2.0)
BMI (kg/m2) 22.5 (1.7)
sportive Activity (week) 3.3 (1.7)

Day 1 Day 2
Hungriness (VAS) 8.5 (3.6) 8.9 (3.2) zw

(32) = −0.6 0.556
8 am Group 10 am Group

Hungriness (VAS) 8.8 (3.2) 8.6 (3.7) zmw
(34,28) = 0.17 0.865

tVNS and 8 am tVNS and 10 am
Eating Duration (h) 0.22 (0.1) 0.19 (0.1) zmw

(16,13) = 0.15 0.124
sham and 8 am sham and 10 am

Eating Duration (h) 0.21 (0.1) 0.21 (0.1) zmw
(16,13) = 0.15 0.878

zw = Wilcoxon sign rank test for paired samples (two-sided). zmw = Mann-Whitney-Wilcoxon test for unpaired samples (two-sided). n = 31; females = 15.
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FIGURE 1 | Positions of the ear-electrode (NEMOSr, Cerbomed
Erlangen-Germany). (A) Transcutaneous stimulation of the auricular branch of
the vagus nerve (tVNS), (B) stimulation of the auricular scaphoid fossa (sham).
Stimulation parameters: 25 Hz, biphasic, 30 s ON and 30 s OFF interval,
current intensity of 0.6 mA so that a tingly was perceptible.

10 pictures (both object and food items) that contained a small
green square (1 × 1 cm) that could appear anywhere within the
picture. The participant’s task was to screen each picture for the
presence of the green square and to press a button whenever
a square was detected. This ensured attentive processing of
all pictures.

Food Intake/Standardized Meal
After removing EEG and ear electrodes, the participants received
a standardized breakfast containing a variety of foods typical for a
continental breakfast (no meat; Supplementary Table S1). They
were instructed to eat as much and as long as they wanted until
they were satiated. To calculate the consumed amount of food,
we calculated the difference between the food’s weight before
and after breakfast. Also, the duration of food consumption
was documented. For the analysis, the energy density of the
consumed food was calculated using the fddb database.1

EEG Recording and Analysis
The electroencephalogram was recorded from 29 scalp channels
(FP1, FP2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7,
P8, FZ, CZ, PZ, FC1, FC2, CP1, CP2, PO3, PO4, FC5, FC6,
CP5, CP6) referenced to the nose tip (bandpass of 0.01–50 Hz,
500 samples/s). Ocular fixation was verified by recordings of the
horizontal EOG. Trials which were contaminated by eye blinks
were detected by vertical electrooculogram.

EEG data were processed using EEGlab (Delorme and
Makeig, 2004) and ERPlab (Lopez-Calderon and Luck, 2014)
implemented in MatLab R2017a (MathWorks Inc.). First,
frequencies below 0.1 Hz and above 48Hz were filtered out. Next,
the data were divided into 3,000-ms epochs starting 1,000 ms
before the onset of the picture presentation. Independent
component analysis (ICA) was used to remove ocular andmuscle
artifacts from the data. Briefly summarized, ICA separates the
signal into different statistically independent sources. Sources
identified as artifactual were removed (Bell and Sejnowski,

1https://fddb.info

1995; Makeig et al., 1996). Additionally, artifact-contaminated
epochs were rejected based on the identification of peak-to-
peak amplitudes exceeding 130 µV and visual inspection. Less
than 20% of the epochs were rejected per participant. The
remaining epochs were used to calculate an average ERP per
subject and condition.

For statistical testing, mean amplitudes with a baseline of
−100 to 0 ms were calculated using component-specific time
windows for early (P1 100–140 ms, N1 140–180 ms), middle
(P2 210–260 ms, N2 260–360 ms), and late components (LPP
400–600 ms). P1 and P2 mean amplitudes were calculated for
the occipital–parietal scalp regions (P3, P4, PO3, PO4, O1, O2),
N1 and N2 mean amplitudes for midline electrode positions (FZ,
CZ, PZ), and the mean amplitudes LPP at the electrode sites C3,
C4, P3, P4, O1, and O2.

Each component was analyzed separately. For P1, P2, and
LPP, a 3 (gradient: parietal, occipital–parietal, occipital) × 2
(hemisphere: left vs. right) × 2 (stimulation: tVNS vs. sham) × 2
(picture: food vs. object) repeated-measures ANOVA and for
the N1 and N2 components a 3 (electrode: FZ, CZ, PZ) × 2
(stimulation: tVNS vs. Sham) × 2 (picture: food vs. object)
repeated-measures ANOVA were calculated using IBM SPSS
(Version 22). All tests were conducted two-sided at the 5%
significance level and adjusted for multiple comparisons using
Bonferroni correction. Effect sizes were reported as partial η2

for ANOVAs and Hedges g for post hoc paired-sample t-tests.
To assess stimulation effects on food consumption, two-sided
paired-sample t-tests on a 0.05 alpha level were conducted in
SPSS and effects sizes are reported (Hedges g).

Following Colzato et al. (2018) and Warren et al. (2019),
we additionally used Bayesian statistics (Kennedy, 2015;
Wagenmakers et al., 2016, 2018) to further evaluate the
significance of effects. In contrast to frequential statistics, one
benefit of Bayesian statistics is the calculation of the Bayes
factor (BF) representing the strength of evidence for the null
(H0) and the alternative hypothesis (H1) given by the empirical
data. Bayesian statistics is also known to be more conservative
when testing for the alternative hypothesis (Gelman et al., 2012;
Wagenmakers et al., 2018) and can accordingly be seen as a lower
limit of the effect’s strength, providing further evidence for the
validity of the reported findings.

Bayesian paired-sample t-tests for post hoc analysis of the
ANOVA effects were calculated using the JASP software package
(JASP v0.8.6.0).2 For these statistics, the prior probability was
defined by a Cauchy distribution (default setting) and the BF
(H1|H0) is reported. The BF(H1|H0) is the ratio that quantifies
the likelihood of H1 over H0; i.e., a BF(10) of three means
that H1 is three times more likely (based on the empirical
data) than H0. According to Kass and Raftery (1995), a BF
between one and three indicates anecdotal, between three
and ten moderate, between 10 and 30 strong, and between
30 and 100 very strong evidence for H1. Potential interrelations
between electrophysiological effects and food consumption
were tested using Pearson correlation and Bayesian correlation
pairs, respectively.

2https://jasp-stats.org/

Frontiers in Human Neuroscience | www.frontiersin.org 4 June 2020 | Volume 14 | Article 206

https://fddb.info
https://jasp-stats.org/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Obst et al. tVNS Alters P2 and N2

FIGURE 2 | EEG Oddball-Paradigm. During the EEG-Measurements pictures of food with high and low caloric content as well as unexceptional objects (control)
were presented to the subjects. If the presented picture contained a green square, participants had to press the right mouse button with the index finger of the right
hand as fast as possible.

RESULTS

Electrophysiological Results
Descriptive statistics (mean, standard error, and 95% confidence
interval values) are reported in Table 2.

The visual inspection of the ERPs (Figure 3A) reveals the
most pronounced effect for the P1 amplitudes at occipital
electrode sites. The main effect stimulation reached significance
(F(1,30) = 5.36, p = 0.028, η2par = 0.15) revealing lower amplitudes
in the tVNS condition. The corresponding BF(10) for this effect
is 1.91 (Figure 4A). Food pictures evoked higher P1 amplitudes
than object pictures did, although this difference reached only
a statistical trend level (F(1,30) = 3.98, p = 0.055, η2par = 0.12).
There was no significant interaction between the stimulation
and picture factor (F(1,30) = 0.12, p = 0.732, η2par < 0.01) or any
other factor.

Regarding the N1 component (Figure 3B), visual inspection
suggested lower N1 amplitudes in response to food compared

to object pictures and likewise higher amplitudes after tVNS
compared to the control condition. Statistical analysis revealed,
however, that the main effects for the factors picture and
stimulation and their interaction were not significant. There
was a trend effect for the interaction between the factors
electrode × picture × stimulation (F(2,29) = 3.22, p = 0.054,
η2par = 0.10). Exploratory post hoc ANOVA showed a significant
stimulation main effect only at PZ electrode (F(1,30) = 4.93,
p = 0.034, η2par = 0.14) with larger N1 amplitudes in
the tVNS (M = 3.30, SD = 0.70) compared to the sham
condition (M = 3.73, SD = 0.63). Inspected with Bayesian
statistics, this main stimulation effect reached a BF(10) of 1.6
(Figure 4B).

Analyzing the later components P2 and N2 both ANOVAs
revealed a significant stimulation main effect indicating smaller
P2 amplitudes (Figure 3A) but higher N2 amplitudes (Figure 3B)
for tVNS (P2: F(1,30) = 6.21, p = 0.018, η2par = 0.17;
N2: F(1,30) = 7.20, p = 0.012, η2par = 0.19). Post hoc

TABLE 2 | Descriptive statistic for component analysis.

picture stimulation

M(SE) p CIDifference M(SE) p CIDifference

P1 food 6.61 (0.61) 0.055t
−0.01 0.86 tVNS 6.18 (0.61) 0.028∗

−0.78 −0.05
object 6.20 (0.60) Sham 6.63 (0.60)

N1 food 0.67 (0.43) 0.587 −0.20 0.34 tVNS 0.50 (0.45) 0.119 −0.60 0.07
object 0.60 (0.41) Sham 0.77 (0.40)

P2 food 15.94 (1.13) <0.001∗∗∗ 1.36 2.38 tVNS 14.05 (1,12) 0.018∗
−1.85 −0.18

object 13.63 (1.02) Sham 15.07 (1.05)
N2 food 0.88 (0.56) <0.001∗∗∗ 2.75 3.39 tVNS −0.91 (0.58) 0.012∗

−0.89 −0.12
object −2.19 (0.55) Sham −0.40 (0.53)

LPP food 7.26 (0.57) <0.001∗∗∗ 0.62 1.23 tVNS 6.48 (0.59) 0.059t
−1.30 0.03

object 6.34 (0.58) sham 7.12 (0.62)

Significance of two-sided paired sample t-test: ∗p < 0.05, ∗∗∗p < 0.001. tStatistical trend at 10% significance level. Mean (M), standard error (SE), significance (p) and 95%-confidence
interval. n = 31.
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FIGURE 3 | Effects of tVNS on ERPs calculated with frequential statistics. Channel (A) shows positive potentials (P1 and P2), channel (B) negative potentials
(N1 and N2) and channel (C) LPP potential. Line plots: mean change in electrical potentials (µV) in relation to a baseline (−100 to stimulus onset) over the time
(x-axis) are shown for the conditions (lines). Bar plots: mean potential for each task condition pooled across electrodes. Abbreviations describe task conditions
(stimulation and picture type; VF = tVNS Food, SF = Sham Food, VO = tVNS Object, SO = Sham Object). Horizontal lines signify statistical main effects. tp < 0.10,
∗p < 0.05, ∗∗∗p < 0.001.

testing of these stimulation main effects showed small (P2,
BF(10) = 2.66) to moderate (N2, BF(10) = 3.88) effect sizes
(Figures 4C,D). Moreover, food pictures evoked higher P2 but
smaller N2 amplitudes compared to object pictures (P2:
F(1,30) = 57.05, p < 0.001, η2par = 0.66; N2: F(1,30) = 384.32
p < 0.001, η2par = 0.93). The interaction between the stimulation
and any other factor was not significant for the P2, nor the
N2-component (P2: F(1,30) = 0.22, p = 0.643, η2par = 0.01; N2:
F(1,30) = 0.22, p = 0.644, η2par = 0.01).

Larger LPPs (Figure 3C) were observed in response to
food compared to object pictures (F(1,30) = 37.52 p ≤ 0.001,
η2par = 0.56). In the tVNS condition, LPP amplitudes were smaller
than in the sham condition but the difference reached only a
statistically trend level (F(1,30) = 3.87 p = 0.059, η2par = 0.11). The
uncertainty is also reflected by a BF(01) of 0.91 for the null and
BF(10) of 1.04 for the alternative hypothesis (see Figure 4E). No
further significant interactions between the stimulation and any
other factor were observed.

Results on Food Consumption
The total food intake (in kcal); the consumption of protein, fat,
and carbohydrates; and the duration of food consumption are
given in Table 3. No stimulation effects were found, neither for

the general food consumption nor the eaten amount of protein,
fat, or carbohydrates.

Correlation of Electrophysiological
Stimulation Effects With Food
Consumption
As expected, the number of consumed kilocalories correlated
positively with the BMI in the control condition, but only as
a statistical trend effect (r = 0.35, p = 0.057, see Figure 5A).
Interestingly, this correlation was even weaker in the tVNS
condition (r = 0.29, p = 0.112). As displayed in Figure 5B,
P2 amplitudes (pooled across task conditions) and BMI
correlated negatively in both stimulation conditions (tVNS:
r = −0.40, p = 0.028; sham: r = −0.41, p = 0.021) while the
amount of food intake (see Figure 5C and Supplementary
Figure S1) correlated with the P2 amplitudes in the sham
(r = −0.38 p = 0.035) but not in the tVNS condition (r = −0.291,
p = 0.112). Corrected for multiple testing (0.05/5 = 0.01),
all correlations missed statistical significance. However, the
found relations are supported by the corresponding BFs (food
intake and BMI: tVNS = 0.75, sham = 1.27; BMI and P2:
tVNS = 2.27, sham = 2.85; food intake and P2: tVNS = 0.7,
sham = 2.27).
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FIGURE 4 | Effects of tVNS on ERPs calculated with Bayesian statistics. Graphics show the prior and posterior probability density for the stimulation main effect on
(A,B) early latency phase components P1 and N1, (C,D) on middle latency phase components P2 and N2 and (E) on late latency phase component LPP. Cl
describes the Bayesian credible interval. BF(10) is the Bayes factor in favour to the alternative hypothesis (H1) and BF(01) in favor of the null hypothesis. ∗Result of
exploratory analysis.

DISCUSSION

The present study used event-related potentials to test tVNS’
impact on food-related cognitive functions and whether these
changes mediate food intake.

As hypothesized, our study shows that tVNS indeed has an
impact on EEG components related to the processing of visual

stimuli. TVNS significantly decreased P1 and P2 amplitudes
and increased N2 amplitudes compared to sham stimulation. A
similar trend was also seen for the LPP component. Against our
assumptions, stimulation effects were food-stimulus-unspecific
given that none of the expected interactions between stimulation
condition and picture type reached significance. We also could
not find any effects of tVNS on food intake. However, we did find
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TABLE 3 | Descriptive food consumption statistics.

Food consumption mdn (IQR) mdn (IQR) t(30) p g BF(10)

tVNS Sham

kCal (g) 1,307 (891–1,454) 1,144 (960–1,335) 0.10 0.92 0.02 0.19
Proteins (g) 39 (32–49) 39 (28–46) 0.20 0.49 0.26 0.20
Fat (g) 48 (36–59) 48 (41–59) 0.71 0.85 0.07 0.24
Carbohydrates (g) 144 (102–177) 138 (112–164) 0.94 0.36 0.39 0.29

Medians (mdn), inter quartile ratio (IQR), test statistic (t, p) and effect size (Hedges’ g) and Bayes Factor (BF) for consumed kilocalories (kcal) and food ingredients for both conditions
(tVNS, sham), n = 31.

FIGURE 5 | Correlation of P2-amplitude and behavioral outcomes. P2 amplitudes are pooled across electrodes and task conditions. Significant relations were
found for (A) only sham condition. (B) Both conditions. (C) Only sham condition.

a significant relationship between P2 amplitudes and the food
consumption in sham but not with tVNS.

The reliability of our results is supported by the previously
reported differential processing of food and object items (Plihal
et al., 2001; Schacht et al., 2016; Carbine et al., 2018). The
significant stimulation main effects are additionally confirmed
by the results of Bayesian statistics. However, while large effect
sizes were calculated using frequential statistics (η2par range:
0.14–0.19), the results of Bayesian statistics indicated small to
medium effect sizes (BF(10) range: 1.6–3.88). It can therefore
be assumed that the actual effect sizes are in the middle,
since the results of Bayesian statistics can be regarded as
the lower limit.

Stimulation effects on P1 and N1 suggest that tVNS already
modulates initial sensory and visual attentional functions
(Hillyard and Anllo-Vento, 1998; Bernat et al., 2001). More
specifically, the reduced P1 and increased N1 potentials can
be speculated to represent improved flexibility in attentional
directing and/or allocation by reducing the costs of disengaging
(P1) and an increased benefit in guiding attention (N1; Luck
et al., 1990). This is corroborated by a study in which cervical
VNS increased N1 amplitude in a working memory task in
epilepsy patients (Sun et al., 2017).

P2 has been reported to be elevated in obese subjects (Nijs
et al., 2010; Carbine et al., 2018), as well as in restraint-eaters
in a hungry state (Plihal et al., 2001; Hachl et al., 2003), and to
be decreased in the latter group after food intake. Thus, P2 was
interpreted to indicate the arousing value of food (Sänger, 2019).

Considering these findings, the decreased P2 amplitudes in the
tVNS condition might indicate that tVNS reduces the processing
of external stimuli unspecifically.

However, in our study, we also found a negative correlation
between P2 amplitudes and food intake but only in the control
group. This correlation is interesting because it implies a second
factor by which the P2 component can be modulated—the blood
glucose level. Previous research described reduced P2 amplitudes
during hypoglycemic states in a food-unrelated cognitive task
(Schultes et al., 2005; Svaldi et al., 2010). Presuming that
the (preceding) blood glucose level influences the amount
of food intake (during homeostatic eating), it is justified to
infer (from our correlation) that the higher food intake after
the examination indicates lower blood glucose levels (reflected
by the P2 amplitudes) at the beginning of our examination.
Importantly, that relation was not significant in the tVNS
condition (see Figure 5), pointing to the discussed impact
of tVNS on food metabolism and the modulation of satiety
signaling (Banni et al., 2012; Malbert et al., 2017). This
interpretation is in line with the increased P2 amplitudes
observed in obese individuals since obesity is known to manifest
higher blood glucose levels (Spiegelman et al., 1992). Taken
together, our results imply that the P2 amplitudes are not
only moderated by arousal—a fast switching reaction toward
stimuli—but also by basic metabolic states. Unfortunately, we did
not examine further somatic state variables as well as food intake-
related behavior (hungriness, craving, wanting, liking; Berridge
and Robinson, 1998) more closely.
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The increased N2 amplitudes in the tVNS condition might
tentatively suggest that tVNS enhances inhibitory processes
and/or conflict monitoring (Carretié et al., 2004; Jonkman et al.,
2007; Folstein and Van Petten, 2008) given prior findings on
this component. This is in line with prior assumptions that
(t)VNS modulates the NE-hormone release in the brain that is
associated with neural inhibition (Henry, 2002; Fornai et al.,
2011). Moreover, effects on conflict processing have already been
reported by Fischer et al. (2018). This interpretation should be
tested further in dedicated studies.

While visual inspection suggested a less pronounced LPP
in the tVNS condition, this effect was neither robust with
conventional statistics (p = 0.059) nor with Bayes statistics
(BF(01) = 1; BF(10) = 1).

Finally, the fact that we did not find any effects on food intake
can be explained by at least three reasons. First, in the present
study normal-weight individuals were tested. However, Pardo
et al. (2007) suggested that the VNS effects could be weight-
dependent; the higher the initial body weight, the stronger
the VNS effect on body weight. Second, we applied tVNS for
approximately 2 h but studies showing effects on food intake
(and body weight) stimulated much longer (weeks or months).
Therefore, the time of stimulation could have been too short
to reveal behavioral effects and we recommend long-term trials.
Third, despite hunger, food intake is driven by a variety of
reasons for example by habits or as a strategy for emotion
regulation (Davidson et al., 2019). While habits should be
constant in each participant, the personal stress level could
have been varied. However, both could have overlaid possible
effects on food intake—while the top-down regulated habits (‘‘I
always eat only a croissant in themorning’’) overwrite bottom-up
salience allocation and/or hunger feelings and therefore the
assumed tVNS effects, the evaluation of the stress level before the
test meal could have been a valuable covariate. Therefore, food
intake behavior and the states of participants should be surveyed
more precisely.

To summarize, while our study failed to reveal an effect
of short-term tVNS on food consumption and differential
processing of food pictures (i.e., no interaction between tVNS
and picture type), a general effect on several ERP components
was found that indicates a possible influence on attentional
and inhibitory aspects in visual perception processes. We,
therefore, suggest two lines of research for future studies. First,
given the reported effects on weight in long-term invasive
VNS, a longer-term intervention study seems to be justified.

Second, the potential effects of tVNS on attentional and
inhibitory cognitive functions need to be examined using
dedicated paradigms. This information might also be important
to judge potential side effects of this method of non-invasive
brain stimulation.
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