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Abstract

Objectives: While preliminary evidence suggests that noninvasive vagal nerve stimulation
(nVNS) may enhance cognition, to our knowledge no study has directly assessed the effects of
nVNS on brain function and cognitive performance in healthy individuals. The aim of this study
was therefore to assess if "VNS enhances complex visuospatial problem solving in a normative
sample. Functional Magnetic Resonance Imaging (fMRI) was used to examine underlying neural
substrates.

Material and Methods: Participants received transcutaneous cervical nVNS (N=15) or sham
(N=15) stimulation during a 3T fMRI scan. Stimulation lasted for 2 minutes at 24 V for nVNS
and at 4.5 V for sham. Subjects completed a matrix reasoning (MR) task in the scanner and a
forced-choice recognition task outside the scanner. An Analysis of Variance (ANOVA) was used
to assess group differences in cognitive performance. And linear mixed effects (LME) regression
analysis was used to assess main and interaction effects of experimental groups, level of MR task
difficulty and recall accuracy on changes in BOLD signal.

Results: Subjects who received nVNS showed higher accuracy for easy (p=.017) and hard
(p=.013) items of the MR task, slower reaction times for hard items (p=.014) , and fewer false
negative errors during the forced-choice recognition task (p=.047). MR task difficulty related to
increased activation in frontoparietal regions (p < .001). No difference between nVNS and sham
stimulation was found on BOLD response during performance of the MR task.

Conclusions: We hypothesize that nVNS increased attention compared to sham, and that this
effect led to enhanced executive functions, and consequently to better performance on visuospatial
reasoning and recognition tasks. Results provide initial support that n\VNS may be a low risk, low
cost treatment for cognitive disorders.
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Introduction

Vagal nerve stimulation (VNS) is an effective treatment for several neurological and
psychiatric disorders'~2. In addition to robust findings of anticonvulsant and antidepressant
effects, there is evidence that VNS may also enhance cognition=’. A promising new
direction of VNS is consequently the treatment of cognitive disorders such as dementia
and the rehabilitation of cognitive deficits following stroke or traumatic brain injury8-10,
Traditionally, VNS is surgically implanted limiting its use and research studies to patients
treated for intractable seizures or depression. The potential impact of VNS on cognition in
other patient populations including healthy controls therefore remains unclear, especially
in a wider clinical and mechanistic context. In recent years, however, VNS has been
gaining increased popularity largely due to the development of noninvasive applications,
via transcutaneous stimulation of the neck (cervical) or the ear (auricular). While it remains
unclear whether improved cognitive function can also be achieved with noninvasive VNS
(nVNS), whether these effects translate to healthy subjects, how long these effects last,

and what the mechanism of action is, these novel devices permit low-risk study designs to
address these research gaps.

Early work characterizing potential adverse effects of VNS in patients treated for depression
and epilepsy focused on cognition and its potential impairment!®. Interestingly, these studies
reported better neuropsychological performances following the VNS implant!!, which
suggested cognitive enhancement was due either to VNS mediated symptom reduction or
supplementary VNS pathways. While studies using sham control conditions provide support
that VNS can improve cognitive functions independent of its effect on disease symptoms
(see review in Vonck et al 201412), others report correlations between symptom reduction
and improvements in cognition!®. It is therefore crucial to reproduce and expand cognition
specific findings of VNS in healthy subjects without underlying neurological or psychiatric
conditions.

In recent years, there has been a growing interest in the effects of transcutaneous VNS

on cognition in healthy subjects. Based on the neural pathways of n\VNS action, these
studies have been focusing mainly on cognitive processes that rely on prefrontal brain
regions (i.e. executive function!3-1) and on the hippocampus (i.e. memory function16-18) .
Study findings provide initial evidence for enhanced action control?®, post error slowing??,
divergent thinking20, cognitive flexibilityl4, as well as improved memory performancel9-16
in healthy adults following transcutaneous VNS. However, others did not confirm nVNS
mediated improvements in cognition or reported mixed findings16:21.22,

Likewise, underlying neurobiological substrates of functional changes in cognition
following NVVNS remain unclear as neuroimaging studies of nVNS and cognition are
lacking. A possible mechanism of action is the modulation of neurotransmitters (e.g.,
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norepinephrine, serotonin, gamma-aminubutryic acid/GABA) and brain regions (e.g., frontal
cortex and hippocampus) critical for cognitive functions23 following VNS. Foundational
neuroimaging work to improve the understanding of n\VNS mechanisms on healthy
cognition is therefore needed and may translate into therapeutic VNS for cognitive disorders.

Matrix reasoning (MR) and forced-choice recognition are useful tasks to measure cognitive
functioning that is often impaired in dementia, traumatic brain injury, stroke, as well as
disorders that are treated by VNS24-28, In addition, these tests are widely used measures

of complex problem solving and memory recognition, are largely dependent on executive
functions, and are regulated by prefrontal and hippocampal brain regions?®:3%, Ameliorative
effects of nVVNS of these cognitive functions would have substantial clinical implications
and significant potential to enhance the quality of life in these patients. In order to gain a
better understanding of the impact of nVNS on cognition and associated brain activation
patterns in healthy adults, the present study assessed performance on a matrix reasoning
task as well as incidental learning and later recall following nVVNS. In addition to assessing
memory function, the forced-choice recognition task serves as a validity check to ensure
subjects are engaged in the MR task during the scan. Functional Magnetic Resonance
Imaging (fMRI) was used to examine potential neural substrates of n\VNS and cognitive
functioning. In particular, we investigated whether subjects who received transcutaneous
cervical nVNS versus sham stimulation showed different brain activation patterns during
performance of the MR task, and if this brain response predicted which items were later
recalled.

Materials and Methods

Subjects

A total of 30 healthy, right-handed subjects (11 females and 19 males; age range 18-54
years; mean = SD: 27 + 8.4 years) were included in the present study (Table 1). Since
this was a pilot study, no a priori power calculation was conducted. This research was

a sub-study of another study32. Study visits lasted approximately 2 hours. See figure 1
for a flowchart of the study protocol and a timeline. Exclusion criteria were prior surgery
or abnormal anatomy in the anterior cervical neck region, history of neurologic disease,
implanted neurostimulator or cardiac pacemaker, cardiovascular disease or carotid artery
disease, metallic implants that are not MRI-safe as well as Diagnostic and Statistical
Manual of Mental Disorders, 4t edition (DMS-1V) Axis | psychiatric disorders. The
study was approved by the University of California San Diego, Institutional Review Board
(IRB#150943), and all subjects provided written informed consent prior to participation.

Stimulation paradigm

Subjects were randomly assigned to receive either transcutaneous cervical n\VNS (n=15) or
sham (n=15) stimulation during an fMRI scan. Subjects were blinded to which condition
they received. Sham and nVNS devices were identical in appearance and produced similar
sensations on the skin. In our previous work (pilot extension of parent study31), subjects
were unable to differentiate sham from active n\VVNS. A pair of electrodes was placed on the
neck and secured with a Velcro strap; the electrodes were placed on the right lateral cervical
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area for the sham condition or on the right anterior cervical area for the nVNS condition.
Electrodes were 1cm in diameter and made of stainless-steel. The stimulation unit, which
was connected to the electrodes via a shielded, grounded cable (6m long), was controlled by
the experimenter outside the MRI magnet room.

In both conditions, stimulation lasted for 2 minutes at 5,000 Hz with a repetition rate of

25 Hz (24 V for nVNS and 4.5 V for sham). The stimulation protocol for both n\VNS and
sham included an initial ramp-up period of 30 seconds, followed by a peak stimulation of the
remaining 90 seconds. Maximum tolerable amplitude for sham stimulation, which typically
produces greater discomfort than n\VVNS because it stimulates the neck muscles, is typically
between 2-8 V31-33_|n addition, low voltage stimulation of the lateral neck area does not
activate the vagus nerve31-33, Active 20 V nVNS placed over the carotid artery, on the other
hand, has been shown to result in activation of the vagus nerve34. We therefore used 4.5

V applied to the lateral neck area for sham stimulation and 24 V applied to the carotid
artery for nVVNS stimulation. Voltage settings were the same for all subjects (depending on
their condition). For more detailed information regarding the study design see Lerman et al.,
201931,

Matrix reasoning and forced-choice recognition tasks

Stimulation (nVNS/sham) was carried out approximately 35 minutes prior to completing the
MR task, both took place in the scanner. The MR task is comprised of 30 different matrices
including geometric shapes arranged in specific patterns in a 3x3 panel (Figure 2). Fifteen
shapes have one dimension of difficulty (shape, color, or orientation) and 15 shapes have
two dimensions of difficulty (color and shape, orientation and color, etc.). In each matrix, the
bottom right panel is left blank. Subjects were asked to complete each pattern by selecting
one of four shape options and pushing the corresponding button on a handheld button box,
which subsequently sent the responses to the research computer. No feedback was provided
regarding response accuracy and items varied in level of difficulty (easy and hard). After

a response is recorded, the task advances to the next item. If no response is detected, easy
items timed out after 16.8 seconds and hard items timed out after 26 seconds. Responses
were scored as error, correct, or timed-out. Subjects were not told they would be asked to
recall the items later to allow assessment of group differences in incidental learning.

Following the neuroimaging session and approximately 10 minutes after completing the MR
task in the scanner, subjects participated in a forced-choice recognition task outside the
scanner in a well-lit exam room. Task items were presented on a laptop and subjects were
instructed to indicate which stimuli they remembered seeing during the scan by pressing one
of two buttons on the laptop keyboard corresponding to “old” and “new”. Items timed out
after 12 seconds. Forced-choice response items had the same appearance as MR task items
and included 30 stimuli seen during the MR task (targets) and 30 new but similar stimuli
(foils). The number of correctly/incorrectly recognized items as well as types of errors (false
positives/ false negatives) were scored. For both tasks, subjects did not receive feedback
about whether their responses were correct or incorrect.
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Neuroimaging

Neuroimaging scans were acquired on a 3 Tesla General Electric Discovery MR 750 MRI
scanner using an 8-channel head coil. A high resolution T1-weighted FSPGR scan sequence
(172 sagittal Imm slices, flip angle = 12°, 256 x 256 matrix, TR =8.1s, TE = 3.17

s, 1 x Imm in-plane resolution) was acquired for anatomical and functional localization.
T2*-weighted echo-planar images were acquired for functional analyses (flip angle = 80°,
FOV =24 cm, 64 x 64 matrix, 3.75 x 3.75 mm in plane resolution, 30 3mm (1mm gap)
ascending interleaved axial slices, TR = 1.5 s, TE = 30 ms) runs averaged ~355 seconds
(~237 rep; ranging from 181 to 390).

MRI preprocessing

Analyses of functional and structural MRI data was performed with Analysis of Functional
Neurolmages (AFNI)3® and R statistical software. Echo planar images were corrected for
slice-time and motion and aligned to anatomical scans. Using 3dToutcount, volumes with
more than 20% voxels identified as outliers, were dropped from the analysis. In addition,
for all groups data points 1.5% data censor were used as outliers. Using 3dDespike,
outlying voxels in the time series were interpolated. Anatomical scans were aligned to
Montreal Neurological Institute (MNI) atlas and functional scans were then aligned to
standard space through alignment with anatomical scans (ANTsRCore::antsRegistration).
Functional images were whitened to reduce effects of autocorrelation, residualized for
motion regressors, and key noise components were removed (ANTsR::compcor) resampled
to 4-mm isotropic voxels. Using line interpolation, hemodynamics during the MR task were
modeled over time (easy and hard by correct and incorrect). Group differences in the time
course blood oxygen level-dependent (BOLD) responses over the course of task completion
were measured.

Statistical analyses

Differences between groups in terms of demographics and behavioral characteristics, as
well as performance on the MR task independent of difficulty level were assessed with
two-sample t-tests. Further analysis of MR task performance was included as reaction time
and accuracy for easy items and for hard items, respectively. Reaction time was calculated
as the sum of (number correct * reaction time correct) and (number errors * reaction time
errors) divided by the sum of number correct and number incorrect. Accuracy was calculated
as total correct divided by the sum of total correct and total errors. An Analysis of Variance
(ANOVA) was used to assess differences in accuracy and reaction times for easy and hard
MR items between groups. In addition, an ANOVA was used to assess group differences for
false positives and false negatives as well as correctly identified and correctly rejected items
on the recognition task.

A linear mixed effects (LME) regression analysis using AFNI’s 3dLME was used to
assess main and interaction effects of experimental groups (nVNS/sham), level of MR task
difficulty (easy and hard) and recall accuracy on changes in BOLD signal. Multi-voxel
multiple comparisons were performed using Monte Carlo simulations (3dClustSim [bug
fixed] with 3-parameter noise modeling) in order to reduce potential false positives. To
achieve cluster-wise threshold of p<.05 a per-voxel thresholds of p < .001 were set along
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with a minimum of 14 voxels per cluster. Statistical analyses were performed with R version
3.4.3 and SPSS version 26.

Results

Subject characteristics

Subjects were healthy men and women with an average age of 27 years (8.4 years). The
nVNS and sham groups did not differ significantly in terms of age, race, or sex. Subjects did
not report elevated levels of depression (BDI-I11 mean (SD): 2.7 (3.9)) or anxiety (BAI: 2.3
(3.4)) and there was no significant difference between groups. See Table 1 for demographics.

Cognitive performance

Analyses showed that during the MR task in the scanner, the n\VNS group solved overall
significantly more MR items correctly (26.36 +/- 1.3) compared to the sham group (23.08
+/-3.9), t(13)=2.786, p=0.015, regardless of item difficulty. More specifically, subjects who
received nVVNS showed higher accuracy for both easy (F(1,24) = 6.6, p=.017) and hard
(F(1,24) = 7.3, p=.013) MR items. In addition, the n\VVNS group showed slower reaction
times for solving hard MR items (F(1,24) = 6.9, p=.014). The group difference did not reach
statistical significance for easy MR items (F(1,24) = 4.2 p=.052) (Table 2).

During the post-scan forced-choice recognition task, the nVVNS group correctly rejected
more items than the sham group. However, this difference did not reach statistical
significance (F(1,27) = 3.735, p=0.064). However, there was a significant group difference
in error type. The nVNS group showed significantly fewer false negatives than the sham
group (F(1,27)=4.3, p=.047; Table 2), i.e. incorrectly indicating they had not seen an item,
which they had seen previously. There was no group difference in false positive rates
(F(1,27)=0.006, p=0.937; Table 2), i.e. incorrectly indicating they had not seen an item that
was previously seen.

Neuroimaging
A main effect for task activation for easy items is shown in Figure 3. Analyses showed a
main effect for MR task difficulty (Table 3) and a main effect for recall accuracy (Table
4) on BOLD response. In particular, harder items were linked to increased BOLD signal in
frontoparietal regions, with the largest clusters found in the left postcentral, right superior
frontal, and left cingulate gyri (p < .001; Table 3). In addition, post hoc comparison of the
BOLD signal during the MR task and items that were later remembered versus forgotten,
revealed a main effect for recall accuracy during the post scan recognition task. Increased
activation patterns in more visual processing areas, with the largest clusters in the precuneus,
lingual and middle occipital gyri (p < .002), during performance of the MR task predicted
recall accuracy during the forced-choice task, i.e. correctly recognized items (Table 4).
There were no main or interaction effects of group on BOLD response, indicating that nVNS
did not significantly affect brain activation during performance on the MR task.
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Discussion

The aim of this study was to assess whether n\VNS improves cognition in healthy adults,
which was measured with a complex visuospatial problem-solving task followed by a test

of forced-choice recognition of the visual stimuli. In addition, we examined whether nVNS
affects brain activation patterns during performance of the problem-solving task. The key
findings of this study suggest the existence of cognitive effects following cervical nVNS
compared to sham stimulation in the context of no significant difference in brain activation
patterns during performance of a reasoning task between groups. Specifically, n"VNS was
linked to better overall performance on the MR task, including higher accuracy for both easy
and hard items and slower reaction times for hard items of the MR task. The nVNS group
also made fewer false negative errors during later recognition of the stimuli.

Neuroimaging findings were two-fold. Firstly, we observed that MR item difficulty was
linked to incremental changes in BOLD signal in regions implicated in spatial cognition,
working memory, conflict anticipation, and response inhibition36-37. Secondly, we observed
that later recognition accuracy was linked to change in BOLD signal during the MR

task. Items that were later correctly recognized were linked to increased activation during
performance of the MR task in regions involved in visuospatial processing, visual attention,
and encoding of complex visual images38:3%. Together, fMRI findings suggest that solving
more complex matrices required increased activation in brain regions that are involved in
abstract thinking, and that those items that were visually inspected in more detail during
the MR task, were subsequently better encoded, predicting recall accuracy during post-scan
forced-choice recognition. Brain activation patterns were not affected by nVNS compared to
sham stimulation.

Effect of nVNS on cognitive performance

The present study shows that nVVNS has a beneficial effect on cognitive performance.
Compared to sham stimulation, subjects who received nVVNS spent more time on hard MR
items, which was linked to higher accuracy. In addition, nVVNS led to fewer false negative
errors during later recognition of items, i.e. subjects less often failed to recognize items
which they had previously seen. Based on these behavioral observations, we hypothesize
that n\VNS increased alertness and improved attention, which led to more engagement in
the tasks and consequently enhanced higher order executive processes, such as visuospatial
problem solving. It is possible that this effect lasted for at least 50 minutes following
stimulation and led to more efficient recognition and less errors compared to sham.
However, it is also possible that increased attention during the MR task led to better
encoding of the items, and consequently to less misses during the recognition. Further
research is necessary to disentangle the exact cognitive functions that may be enhanced by
nVNS and the duration of these effects.

These findings are in line with previous research reporting enhanced visual attention*?
response inhibition1141, working memory#0, as well as increased daytime alertness*2 in
patients with surgically implanted VNS. More recent studies provide support that these
effects can also be achieved with noninvasive VNS, including improved attention3,
response selection!®, cognitive flexibility!4, and enhanced response inhibition!3. It is
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important to point out that the majority of noninvasive VNS studies use auricular VNS.

To our knowledge, the present study is the first to suggest that cervical noninvasive VNS can
improve performance on visuospatial problem solving and recognition tasks by enhancing
alertness and attention.

Potential mechanisms of cognition enhancing effects following NVNS

Previous research has established a link between alertness and attention and improved
cognition (i.e., executive functions and memory) via activation of brainstem structures
(locus coeruleus) by the autonomic nervous system#344. This response typically involves
threatening or salient stimuli in the environment, that trigger the release of several
neurotransmitters with noradrenaline (NE) playing a central role. NE levels can also be
increased experimentally with VNS in the prefrontal cortex and hippocampus, as well as
other brain regions*47. Vagal fibers send mostly sensory information from the autonomic
nervous system to the central nervous system. Its fibers project to the locus coeruleus (and
other brainstem nuclei), which is the main production and release site of NE known to
activate a number of cortical and subcortical brain regions critical for attention, executive
function, and memory, including the prefrontal cortex, amygdala, and hippocampus9-12,

In addition to increased levels of NE in the prefrontal cortex, VNS raises GABA levels*8.
Both NE and GABA are neurotransmitter that play a critical role in attention and executive
functions, such as conflict monitoring, response selection, and response inhibition1348-51,

It is consequently likely that the increase in these neurotransmitters following nVNS, leads
to enhanced attention and executive functions, which results in a more focused mind and
better cognitive performance that is characterized by less errors, better reasoning, and higher
response accuracy. However, it is important to point out that since NE and GABA levels
were not measured in the present study, the mechanism proposed to underlie the observed
cognitive effects cannot be confirmed based on these results.

Limitations and future directions

Several methodological limitations and future directions should be considered when drawing
conclusions regarding potential effects of nVVNS on cognition, especially since the number
of studies in this field is still limited. For instance, it should be pointed out that the absolute
difference in accuracy for MR items was relatively small albeit statistically significant.
Moreover, caution is needed when interpreting slower reaction times during the MR task as
a direct effect of nVNS. An alternative explanation could be that the nVNS group consisted
of more “contemplating” individuals, resulting in higher accuracy. Another important
consideration is that performance on the MR is associated with intelligence. However, level
of education or estimate of intelligence were not obtained in this study and were therefore
not controlled for.

Furthermore, due to differing stimulation parameters between studies, it is unclear which
settings are ideal to accomplish optimal outcomes of cognitive improvement. Early reports
showing increased memory function in patients treated with VNS for epilepsy suggest
that the intensity of the stimulation plays a key factor as lower intensities improved word
recognition while higher intensities were found to have a negative effect on memory®12,
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In addition, stimulation parameters and intensities differ due to different stimulation sites,
i.e. invasively with a cuff electrode on the vagus nerve, or noninvasively by sending
electrical currents through the skin (neck/cervical or ear/auricular), limiting generalizability
of findings. Other design considerations include adding a third, no stimulation control
group in order to ensure sham stimulation does not have any effects on outcome measures.
Systematic research will require normalization of stimulation parameters such as intensity
as well as experimental setup (stimulation prior to or following learning or stimulus
presentation for memory tasks, repeated stimulation, duration of stimulation) before nVNS
can be established as a treatment for cognitive disorders.

Other study design considerations with regards to the recognition task include that beneficial
effects of VNS may be limited to different stages of memory function, such as encoding,
storage, recall, recognition, or different types of information (i.e., verbal versus non-verbal,
emotional versus neutral, implicit versus explicit). In the context of the recognition task

in the present study, it is therefore important to point out that only effects of nVNS on
incidental learning were assessed as subjects were not instructed to learn or try to remember
the stimuli presented during the scan. Optimal timing of vagus nerve stimulation during

the learning task is likely critical to eventual discrimination of short and long-term learning
effects. For instance, it is possible that nVVNS only improves memory function if it is
administered immediately prior to stimuli presentation to affect encoding. Instead, increased
attention may be sustained following nVNS, leading to better focus during recognition.
Noise of retrieval false negatives may consequently affect the non-focused mind more than
the focused mind. An alternative explanation for the observed cognitive effects could also
be that less errors during recognition and higher accuracy during the MR task was due to
subjects in the nVNS group spending more time on MR items as opposed to nVNS per se.

Limitations of the present study include the moderate sample size, demographic differences
between the groups, and the cross-sectional versus cross-over design. It is important to
point out that, despite randomization, the female to male ratio as well as the mean

age of the two groups were different. Although this difference did not reach statistical
significance, it is possible that these differences were not detected due to the moderate
sample size and consequently limited power. When interpreting cognitive performance and
brain activation patterns following nVNS versus sham stimulation, it is therefore relevant to
consider these group characteristics. For instance, males tend to show superior visuospatial
functioning®2:53 which may be due to sex differences in hemispheric laterality during
visuospatial tasks®*>°. In addition, cognitive processing slows with increasing age6->7.
However, since only two subjects in the sham group were 54 years old and slower reaction
times were found in the nVNS group and slower reaction time was linked to higher accuracy,
it is unlikely that age played a significant role in the present findings.

Further limitations of the present study include that cognitive effects were measured only
twice within approximately one hour and cannot be generalized to long-term effects. In
addition, cognitive differences between groups were relatively small, however statistically
significant. It is also important to stress that the present study did not use a comprehensive
neuropsychological assessment battery to characterize the effect of n\VNS on a broad
number of cognitive functions. For instance, administration of a free recall memory task
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would have added valuable information regarding the effect of n"VNS on memory function.
Limitations of the study design include that subjects did not participate in an fMRI scan
during the recognition task, which could have provided important information regarding
activation patterns indicative of different recall strategies, or recruitment of different

brain regions or mechanisms. Further research is needed to address these methodological
considerations and to evaluate whether VNS has only short-term effects or whether long-
term improvements in cognition can be achieved, and whether the effects translate to clinical
populations.

Conclusion

Taken together, nVVNS was linked to better performance on visuospatial reasoning and
memory recognition tasks than sham stimulation, which was likely mediated by enhanced
attention. However, these are proof-of-principle findings and further research is needed
before nVVNS can be implemented in clinical practice. This is the first study investigating the
effect of cervical nVNS on cognition in young, healthy subjects and results provide initial
support that nVVNS may be a low risk, low cost device with the capability of improving
cognitive function. It cannot be concluded whether n\VNS has ameliorative effects in
individuals with cognitive deficits. Further studies with larger cohorts, patient populations,
and study designs considering the above discussed stimulation parameters are warranted.
Although the present study included healthy adults to address the above described research
gap, replicating the current design with a cohort with cognitive impairments may yield more
detectable improvement in cognitive function as the present cohort showed a ceiling effect.
Therapeutic use of noninvasive neuromodulation opens a novel field of research, which

has the potential for important clinical implications for the treatment and management of
cognitive disorders due to stroke, traumatic brain injury, or dementia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Timeline of study illustrating order and timing of stimulation and tasks. Graphic adapted

with permission from Lerman et al. 2019.31
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Figure2.
Hard and easy sample items of Matrix Reasoning task. Task would automatically advance

upon selection or when time had expired (easy=16.8s, hard=26s). Task were separated by an
intertrial interval (1TI) of 1.5s and fixation time was provided sporatically through the task.
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Figure 3.
Lateral view of the brain showing main effect for task activation for easy items. L = left

hemisphere, R = right hemisphere. Color bar represents t statistic.
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Table 1.
Demographics study sample
Sham VNS Total Difference (p)
Male/female (N/%) 8 (539%)/7 (47%) 11 (73%)/4 (27%) 19 (63%)/11 (37%)  ,,ca
Ageinyrs. mean (SD) 30 (10.9) 25 (3.7) 27 (18-54) 109°
Race (N/%) .460b
Asian 5 (33%) 7 (47%) 12 (40%)
White 9 (60%) 7 (47%) 16 (53%)
Black 1 (7%) 0 (0%) 1 (3%)
Other 0 (0%) 1 (7%) 1 (3%)
BAI mean (range) 2.1 (0-12) 2.6 (0-13) 2.3 (0-13) 671€
BDI-2 mean (range) 2.3 (0-14) 3.1(0-17) 2.7 (0-17) 618°

Notes. BAl = Beck Anxiety Inventory, BDI-2 = Beck Depression Inventory. ond Edition,

a=_.
Fishers exact test,
b= .
Pearson Chi-Square,

C -
Two-sampled t-Test
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Group differences during forced-choice recognition (FC) and Matrix Reasoning (MR) task

Table 2.

P-value

Variable Sham nVNS F-Stat
True negative, mean (SD) 22.7 (2.0) 23.9(1.3) 3.735
True positive, mean (SD) 23.5(3.9) 23.2(2.7) 0.058
FC false negative, mean (SD) 7.3(2.0) 6.0 (1.3) 4318
FC false positive, mean (SD) 6.5 (4.0) 6.6 (2.7) 0.006
MR items correct, mean (SD) 23.1(3.9) 26.4(1.3) 10.763
MR easy accuracy, % mean (SD) 88.3(8.3) 946(37) 6569
MR hard accuracy, % mean (SD) 54.2(25.7) 74.3(10.2) 7.270

MR easy reaction time in sec., mean (SD) 7.1(0.7) 7.62(0.7) 4.191
MR hard reaction timein sec.,mean (SD) 7.9 (1.9) 9.8 (1.9) 6.987

0.064
0.812
0.047
0.937
0.015
0.017
0.013
0.052
0.014
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Notes. Recall errors during forced-choice recognition and accuracy and reaction times during MR task performance. nVNS = noninvasive vagal

nerve stimulation.
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Table 3.

Main effect of item difficulty level on BOLD response

voxels X Y z F-Stat  Region

175 -42 -25 49 17.859  Left Postcentral Gyrus (BA 2)

60 13 49 27 15.108  Right Superior Frontal Gyrus (BA 9)

48 -5 -87 -8 14.883 Left Lingual Gyrus (BA 18)

36 -2 -19 41 15.491  Left Cingulate Gyrus (BA 24)

21 25 -53 -27 15516 Right Culmen

11 10 -89 8 17.616  Right Cuneus (BA 17)

8 57 -47 9 14.714  Right Superior Temporal Gyrus (BA 21)
7 5 27 56 14.033  Right Superior Frontal Gyrus (BA 8)

7 =37 4 59 15.669  Left Middle Frontal Gyrus (BA 6)

Notes. ROIs with significant change in BOLD signal. BA=Brodmann’s Area
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Table 4.

Main effect of recognition accuracy on BOLD response

voxels X Y z F-Stat  Region

41 -23 -70 33 15.387 Left Precuneus (BA 7)

35 -19 -94 -4 16.045 Left Lingual Gyrus (BA 17)

34 24 -64 39 14909 Right Precuneus (BA 7)

24 26 -92 -2 18590 Right Middle Occipital Gyrus (BA 18)
14 -3 7 47 14.092  Left Cingulate Gyrus (BA 32)

11 2 -82 32 15947 Right Cuneus (BA 19)

8 -40 -2 30 18.318 Left Precentral Gyrus (BA 6)

7 -23 -7 49 13.109 Left Middle Frontal Gyrus (BA 6)

Notes. ROIs with significant change in BOLD signal. BA=Brodmann’s Area
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