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Objective: To evaluate the efficacy of transdermal vagal nerve stimulation (tVNS) to mitigate the effects of fatigue
induced by sleep deprivation on aspects of cognition including attention, arousal, multitasking, and memory in
populations of Department of Defense (DoD) subjects.

Primary Objective: Demonstrate a >20% improvement in at least one cognitive skill during sleep deprivation stress
when compared to the control population.

Secondary Objective: Assess effects of tVNS on subjective mood.

Methods: This study will utilize a single factor, between subjects, double blinded experimental design. The factor will
be “stimulation type” and will be tested at two levels: active and sham. Participants will be randomly assigned to one of
two experimental groups (n=20 for each group). Group 1 will receive active tVNS on the skin over the left and right
cervical vagus nerve (neck) at 25 Hz for 2 minutes on each side (with a 2 minute break in between) at 1800. Group 2 will
receive sham tVNS at 1800 on both the left and right cervical vagus. The sham will be conducted with a separate sham
tVNS device provided by the manufacturer. The sham provides similar sensations (e.g., vibrations) without providing
stimulation of the nerve.

After consenting to participate in the study, participants will fill out the medical screening questionnaire. Two days prior
to their scheduled experimental trial, participants will be given an activity wrist monitor and instructed that their daily
schedules should include a minimum of seven hours of sleep per night between the hours of 2300 and 0600. Also during
this time participants will receive training on all four performance tasks to be utilized in the study. Participants will be
trained to asymptote on the performance tasks to guard against learning effects during experimental testing. Therefore,
more training may be administered if necessary. Participants will also become familiarized with the subjective
questionnaires at this time.

On the day of their experimental trial, participants will be required to awaken at 0600 and perform their daily activities
as normal. They will be instructed to not consume any caffeine or central nervous system (CNS)-altering
medications/substances on the experimental test day. Each participant will arrive at the test facility at 1530 hours. Upon
arrival, their activity data will be analyzed to ensure that proper sleep cycles were maintained. Starting at 1600 hours,
participants will complete one session of the vigilance task (30 mins), one session of the working memory task (20
mins), one session of the psychomotor vigilance test (PVT) task (10 mins), one session of the Multi-attribute task
battery (MATB) task (20 mins), and fill out the Profile of Mood States-Brief (POMS-B), Visual Analogue Scale (VAS),
and side—effects questionnaire. Afterwards, participants will then be provided a break of approximately 90 minutes
where they can talk, watch TV, walk, read, or play video games. The second session will begin at 1900 hours. These
procedures will be repeated every three hours with the final session occurring at 1600 the following day (36 hours
continuous wakefulness). At 1900, participants will be given active or sham tVNS depending on their experimental

group.

Impact: High levels of performance at all times is a requirement for success in both military and space exploration
populations. Non-invasive vagal nerve stimulation has been shown to augment cognitive performance such as learning,
memory retention, attention, and arousal. The results from this research will help determine the feasibility of tVNS to
limit the effects of fatigue stress on NASA and military operators. While there is no substitute for adequate sleep, this
may substantially reduce errors and attention lapses caused by increased fatigue when rest is not an option.

Impact: High levels of performance at all times is a requirement for success in both military and space exploration
populations. Non-invasive vagal nerve stimulation has been shown to augment cognitive performance such as learning,
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limit the effects of fatigue stress on NASA and military operators. While there is no substitute for adequate sleep, this
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The study data collection has now been completed, the data analyzed, and the journal manuscript has been drafted. Two
groups of participants with twenty in each group completed the procedures of this study. One group received either
non-invasive tVNS over the left and right cervical vagal nerve (neck), or sham tVNS at 1900 hours during 34 hours of
sustained wakefulness. Every 3 hours throughout the night, until 1700 the next day, participants completed a battery of
cognitive tasks and subjective mood questionnaires. The task battery included the Mackworth Clock Test (Sustained
Attention Task), the N-Back working memory task, the Psychomotor Vigilance Task (PVT), and the Air
Force-Multi-Attribute Task Battery (AF-MATB). The Mood Questionnaire was a 15-item mood questionnaire where the
participants checked a box closer to the mood on the scale that they most identified with at the moment. For example,
“Fatigued or Energized,” “Happy or Sad,” and “Optimistic and Pessimistic”” were items on this questionnaire.
Depending on the box selected, the questionnaire would output a numerical score (1-7) to quantify the mood.

The purpose of this study was to investigate the use of peripheral nerve stimulation on the cervical vagus as a fatigue
countermeasure. One of the primary findings from this study was a significant interaction for the multi-tasking test that
occurred later in the testing at the 0700 and 1000 sessions. Participants had been awake for 24 to 27 hours during these
two testing sessions, respectively, which represents a traditional low point for circadian rhythms; further analysis showed
that the group receiving tVNS stimulation had a significantly higher throughput capacity than the sham group. In fact,
the tVNS group’s throughput capacity decreased only 5% from their baseline at 1600 (when they first arrived at the lab,
9 hours awake) whereas the sham group’s capacity fell 15%. Twelve total minutes of non-invasive stimulation delivered
at 1900 hours appears to be providing a long-lasting benefit to multi-tasking performance, 15 hours post-stimulation,
when performance should be at its worst.

To our knowledge, the present study is the first to assess multi-tasking cognitive performance during VNS, and the first
to do so under conditions of lengthy sleep deprivation. Given the results from the AF-MATB task that indicates the
greatest performance benefit is found for tasks requiring visual attention, it is not surprising that a performance benefits
for the visually-based psychomotor vigilance task (PVT) was also detected. The PVT is a simple reaction time test that
requires visual attention, rapid detection and response, and more generally, measures physiological arousal levels. Our
results indicated that the tVNS group performed significantly better than sham on the PVT for the duration of the
testing, which by the end of the study was 19 hours after stimulation. In our previous research with tDCS and sleep
deprivation, we repeatedly found that tDCS enhanced arousal levels (as measured by the PVT) compared to caffeine and
sham stimulation for as long as 24-hours post stimulation (Mclntire et al., 2017; MclIntire et al., 2014). Furthermore,
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when we delivered cervical tVNS on 4 consecutive days using the same device and stimulation procedures from this
study, we found elevated PVT accuracy scores as long as 90 days post-stimulation (Mclntire et al., 2019).

Another interesting finding from this study was the smaller increase in subjective fatigue rating by participants who
received tVNS when compared to sham. It is possible, if not likely, that this reduction in fatigue is caused by activation
of the locus coeruleus (LC). This brain region is involved with attention, memory, wakefulness, and arousal. These are
all aspects of behavioral that we showed to be influenced by tVNS. Future research should investigate other forms of
cognitive enhancements and consider biomarker or imaging analysis to more deeply explore the mechanisms of action,
determine why low-current neural stimulation seems to be effective, and what neural sites and regions are being
differentially activated.
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