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Research plan 

Introduction  

The vagal nerve is the longest cranial nerve in the human body, and its fibers send sensory information 
from the body (e.g., digestive system, heart) to the brain1. In the last several decades, stimulation of the 
vagal nerve was used for the treatment of epilepsy, depression, and migraines, with good safety and 
clinical efficacy2. Yet, given that vagal nerve stimulation (VNS) is highly invasive and requires general 
anesthesia, non-invasive approaches have been gaining attention and were shown to be both safe3 and 
effcticve4. These noninvasive techniques, referred to as transcutaneous vagal nerve stimulation (tVNS), 
apply an electrical current to branches of the vagal nerve on the skin, through commercially available, 
FDA-approved devices5. The hypothesized effect of tVNS occurs through the applied electrical current 
that leads to depolarization of the neurons along the nerve, resulting in the activation of subcortical 
nuclei and the parasympathetic nervous system6. 

Animal studies have consistently shown evidence for a positive impact of VNS on cognition and brain 
plasticity7,8. Recent non-invasive studies in humans have demonstrated that tVNS can enhance cognition 
in healthy individuals, particularly in the domain of executive function9,10. Executive functions (EF) is an 
umbrella term used to describe a series of higher-order cognitive abilities involved in controlling goal-
directed behavior11. Executive deficits are common in patients with traumatic brain injury (TBI)12, and 
have a profound negative impact on everyday functioning. Lower EF predicts poor rehabilitation 
outcomes13,14, lower quality of life15, and decreased participation16. 

There is a strong need for new therapies to enhance cognitive rehabilitation of EF after brain injury. 
While tVNS is considered a promising tool in the treatment of cognitive disorders in general17 and 
executive functions specifically18, it has not been studied in people with brain injuries for this purpose. 
Importantly, the technique has been used with patients after severe TBI for other purposes and was 
found safe and feasible in this patient population19,20. In summary, tVNS is a promising potential 
supplementary therapy for cognitive recovery after TBI, which is well tolerated, noninvasive, and easily 
available. The proposed study aims to establish safety and feasibility of this new method with patients 
with mild TBI (mTBI), with the long-term goal of conducting a randomized controlled trial to test its 
clinical effectiveness. 

B. Specific Aims  

1. Determine safety and feasibility of the use of tVNS in individuals with mTBI, as a tool to enhance 
executive functions post brain injury. 

2. Assess the potential efficacy of tVNS in enhancing executive functions post brain injury. 
 

C. Methods 

Participants:  

Given that the main aim of this study is to establish feasibility, it is not recommended to power the 
study with large sample size that is required  for null hypothesis testing21,22. Therefore, based on the 
current literature guidelines23 , 12 individuals will participate in this study. Participants will be recruited 
through referrals made by brain-injury physicians at SRAlab and surrounding hospitals. Inclusion criteria 
include (1) age between 18-80 (2) mild TBI confirmed by medical records (3) at least 6 months post-
injury, and (4) ability to understand the experimental procedures and to give informed consent. 
Exclusion criteria include pre-morbid dementia, cardiac diseases, severe depression, and abuse of 
alcohol or drugs. 

https://my.clevelandclinic.org/health/articles/7041-the-structure-and-function-of-the-digestive-system
https://www.sciencedirect.com/topics/neuroscience/cognitive-disorders


Study design 
This is a single-blind sham-controlled randomized crossover pilot study. Participants will first be 
interviewed to establish eligibility and screen for depression (using the PHQ-924) and dementia (using 
the Montreal Cognitive Assessment, MoCA25). Eligible participants will be invited to two sessions, 2-7 
day apart.  In each session either tVNS or sham stimulation will administer while the participants are 
preforming tasks of executive functions. The order of the sessions (tVNS vs Sham) will be 
counterbalanced across participants.  

Transcutaneous vagus nerve stimulation 

In line with the commonly reported procedure4, transcutaneous electrical stimulation will be applied to 
the cymba conchae of the left ear, an area thought to be exclusively innervated by the auricular branch 
of the vagus nerve5,6. In the sham condition, the device will be applied to the left ear lobe, an area 
considered free of vagal innervation. To ensure stimulation over the entire task performance, the 
stimulation will be delivered continuously with a pulse width of 200–300 ms at 25 Hz. Stimulus intensity 
of the tVNS will be adjusted individually based on participant‘s self-report, so that it is  above the 
detection threshold but do not cause discomfort26.  

Executive functions task 

Participant will complete tasks of set shifting and working memory, core executive function which have 
shown to improve following tVNS  in previous studies with healthy individuals18,27. Specifically, we will 
use the Trail Making Test (TMT-B28) to asses set shifting and, and the N-back29 task to asses working 
memory. Given that these tasks have shown to have minimal practice effect30,31, the same tasks will be 
administered on both sessions.  

D. Primary outcome measures 

To address the first aim of this study- establishing safety and feasibility- we will collect the following 
outcome measures: Total number of referrals, total number of eligible participants, reasons for 
ineligibility/refusal to participate, percent of individuals completing the study, type and frequencies of 
adverse events and participant’s feedback about the treatment. 

To address the second aim of this study- preliminary evaluation of efficacy- we will collect the following 
outcome measures: TMT B28: response accuracy and time to complete;  N-back29: number of hits, 
number of false alarms and reaction time. 

Data analysis: Visual aids such as histograms and QQ plots as well as statistical tests such as the 
Kolmogorov-Smirnov test will be used to assess data distribution. Given the small sample size, non-
parametric tests (e.g., Mann Whitney U test) will be used to assess changes in executive functions in the 
tVNS condition vs. sham, with a significance level of α=.05. Effect size will be calculated to establish 
desired sample size for a larger trial. 

E. Study Timeline: 0-14 Months: IRB approval; Patient recruitment, Data acquisition. 15-17 Months: data 
analysis; Local presentation of findings. 18-20 Months: National presentation of findings; Publication 
submission. 21-24 Months: Preparation of NIH R21 award application.  

F. final deliverables will include research presentations and peer-reviewed publication, as well as a 
feasibility and preliminary efficacy data on the use of tVNS with patients with TBI. The results of this 
study will be necessary pilot data for a NIH R21 award application. 



References  
1. Howland RH. Vagus Nerve Stimulation. Curr Behav Neurosci Rep. 2014;1(2):64-73. 

doi:10.1007/s40473-014-0010-5 
2. Johnson RL, Wilson CG. A review of vagus nerve stimulation as a therapeutic intervention. J Inflamm 

Res. 2018;11:203-213. doi:10.2147/JIR.S163248 
3. Redgrave J, Day D, Leung H, et al. Safety and tolerability of Transcutaneous Vagus Nerve stimulation 

in humans; a systematic review. Brain Stimulation. 2018;11(6):1225-1238. 
doi:10.1016/j.brs.2018.08.010 

4. Ben-Menachem E, Revesz D, Simon BJ, Silberstein S. Surgically implanted and non-invasive vagus 
nerve stimulation: a review of efficacy, safety and tolerability. European Journal of Neurology. 
2015;22(9):1260-1268. doi:10.1111/ene.12629 

5. Yap JYY, Keatch C, Lambert E, Woods W, Stoddart PR, Kameneva T. Critical Review of 
Transcutaneous Vagus Nerve Stimulation: Challenges for Translation to Clinical Practice. Frontiers in 
Neuroscience. 2020;14. Accessed May 10, 2022. 
https://www.frontiersin.org/article/10.3389/fnins.2020.00284 

6. Butt MF, Albusoda A, Farmer AD, Aziz Q. The anatomical basis for transcutaneous auricular vagus 
nerve stimulation. Journal of Anatomy. 2020;236(4):588-611. doi:10.1111/joa.13122 

7. Olsen LK, Moore RJ, Bechmann NA, et al. Vagus nerve stimulation-induced cognitive enhancement: 
Hippocampal neuroplasticity in healthy male rats. Brain Stimulation. 2022;15(5):1101-1110. 
doi:10.1016/j.brs.2022.08.001 

8. Smith DC, Modglin AA, Roosevelt RW, et al. Electrical stimulation of the vagus nerve enhances 
cognitive and motor recovery following moderate fluid percussion injury in the rat. J Neurotrauma. 
2005;22(12):1485-1502. doi:10.1089/neu.2005.22.1485 

9. Colzato L, Beste C. A literature review on the neurophysiological underpinnings and cognitive effects 
of transcutaneous vagus nerve stimulation: challenges and future directions. Journal of 
Neurophysiology. 2020;123(5):1739-1755. doi:10.1152/jn.00057.2020 

10. Ridgewell C, Heaton KJ, Hildebrandt A, Couse J, Leeder T, Neumeier WH. The effects of 
transcutaneous auricular vagal nerve stimulation on cognition in healthy individuals: A meta-
analysis. Neuropsychology. 2021;35(4):352-365. doi:10.1037/neu0000735 

11. Cristofori I, Cohen-Zimerman S, Grafman J. Executive functions. Handbook of clinical neurology. 
2019;163:197-219. 

12. Serino A, Ciaramelli E, Di Santantonio A, Malagù S, Servadei F, Làdavas E. Central executive system 
impairment in traumatic brain injury. Brain Injury. 2006;20(1):23-32. 
doi:10.1080/02699050500309627 

13. Ownsworth T, Shum D. Relationship between executive functions and productivity outcomes 
following stroke. Disability and Rehabilitation. 2008;30(7):531-540. 
doi:10.1080/09638280701355694 

14. Park YH, Jang JW, Park SY, et al. Executive Function as a Strong Predictor of Recovery from Disability 
in Patients with Acute Stroke: A Preliminary Study. Journal of Stroke and Cerebrovascular Diseases. 
2015;24(3):554-561. doi:https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.09.033 

15. Azouvi P, Ghout I, Bayen E, et al. Disability and health-related quality-of-life 4 years after a severe 
traumatic brain injury: A structural equation modelling analysis. Brain Injury. 2016;30(13-14):1665-
1671. doi:10.1080/02699052.2016.1201593 

16. Ownsworth T, Shum D. Relationship between executive functions and productivity outcomes 
following stroke. Disability and Rehabilitation. 2008;30(7):531-540. 
doi:10.1080/09638280701355694 



17. Broncel A, Bocian R, Kłos-Wojtczak P, Kulbat-Warycha K, Konopacki J. Vagal nerve stimulation as a 
promising tool in the improvement of cognitive disorders. Brain Research Bulletin. 2020;155:37-47. 
doi:10.1016/j.brainresbull.2019.11.011 

18. Borges U, Knops L, Laborde S, Klatt S, Raab M. Transcutaneous Vagus Nerve Stimulation May 
Enhance Only Specific Aspects of the Core Executive Functions. A Randomized Crossover Trial. 
Frontiers in Neuroscience. 2020;14. Accessed February 23, 2023. 
https://www.frontiersin.org/articles/10.3389/fnins.2020.00523 

19. Hakon J, Moghiseh M, Poulsen I, Øland CML, Hansen CP, Sabers A. Transcutaneous Vagus Nerve 
Stimulation in Patients With Severe Traumatic Brain Injury: A Feasibility Trial. Neuromodulation: 
Technology at the Neural Interface. 2020;23(6):859-864. doi:10.1111/ner.13148 

20. Jang SH, Cho MJ. Transcutaneous auricular vagus nerve stimulation in disorders of consciousness: A 
mini-narrative review. Medicine. 2022;101(50):e31808. doi:10.1097/MD.0000000000031808 

21. Tickle-Degnen L. Nuts and bolts of conducting feasibility studies. The American journal of 
occupational therapy : official publication of the American Occupational Therapy Association. 
2013;67(2):171-176. doi:10.5014/ajot.2013.006270 

22. Orsmond GI, Cohn ES. The Distinctive Features of a Feasibility Study: Objectives and Guiding 
Questions. OTJR: Occupation, Participation and Health. 2015;35(3):169-177. 
doi:10.1177/1539449215578649 

23. Julious SA. Sample size of 12 per group rule of thumb for a pilot study. Pharmaceutical Statistics. 
2005;4(4):287-291. doi:https://doi.org/10.1002/pst.185 

24. Kroenke K, Spitzer RL, Williams JBW. The PHQ-9. Journal of General Internal Medicine. 
2001;16(9):606-613. doi:10.1046/j.1525-1497.2001.016009606.x 

25. Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive Assessment, MoCA: A Brief 
Screening Tool For Mild Cognitive Impairment. Journal of the American Geriatrics Society. 
2005;53(4):695-699. doi:10.1111/j.1532-5415.2005.53221.x 

26. Fischer R, Ventura-Bort C, Hamm A, Weymar M. Transcutaneous vagus nerve stimulation (tVNS) 
enhances conflict-triggered adjustment of cognitive control. Cogn Affect Behav Neurosci. 
2018;18(4):680-693. doi:10.3758/s13415-018-0596-2 

27. Sun JB, Cheng C, Tian QQ, et al. Transcutaneous Auricular Vagus Nerve Stimulation Improves Spatial 
Working Memory in Healthy Young Adults. Frontiers in Neuroscience. 2021;15. Accessed February 
21, 2023. https://www.frontiersin.org/articles/10.3389/fnins.2021.790793 

28. Delis DC, Kaplan E, Kramer JH. Delis-Kaplan Executive Function System (D–KEFS). APA PsycTests; 
2001. https://doi.org/10.1037/t15082-000 

29. Jaeggi SM, Buschkuehl M, Perrig WJ, Meier B. The concurrent validity of the N-back task as a 
working memory measure. Memory. 2010;18(4):394-412. doi:10.1080/09658211003702171 

30. Bowie CR, Harvey PD. Administration and interpretation of the Trail Making Test. Nat Protoc. 
2006;1(5):2277-2281. doi:10.1038/nprot.2006.390 

31. López-Vicente M, Forns J, Suades-González E, et al. Developmental Trajectories in Primary 
Schoolchildren Using n-Back Task. Frontiers in Psychology. 2016;7. Accessed March 1, 2023. 
https://www.frontiersin.org/articles/10.3389/fpsyg.2016.00716 

 


