
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3975  | https://doi.org/10.1038/s41598-024-54026-8

www.nature.com/scientificreports

Transcutaneous cervical vagus 
nerve stimulation improves 
sensory performance in humans: 
a randomized controlled crossover 
pilot study
Michael Jigo 1*, Jason B. Carmel 1,2, Qi Wang 1,3 & Charles Rodenkirch 1,4*

Accurate senses depend on high-fidelity encoding by sensory receptors and error-free processing 
in the brain. Progress has been made towards restoring damaged sensory receptors. However, 
methods for on-demand treatment of impaired central sensory processing are scarce. Prior invasive 
studies demonstrated that continuous vagus nerve stimulation (VNS) in rodents can activate the 
locus coeruleus-norepinephrine system to rapidly improve central sensory processing. Here, we 
investigated whether transcutaneous VNS improves sensory performance in humans. We conducted 
three sham-controlled experiments, each with 12 neurotypical adults, that measured the effects of 
transcutaneous VNS on metrics of auditory and visual performance, and heart rate variability (HRV). 
Continuous stimulation was delivered to cervical (tcVNS) or auricular (taVNS) branches of the vagus 
nerve while participants performed psychophysics tasks or passively viewed a display. Relative to 
sham stimulation, tcVNS improved auditory performance by 37% (p = 0.00052) and visual performance 
by 23% (p = 0.038). Participants with lower performance during sham conditions experienced 
larger tcVNS-evoked improvements (p = 0.0040). Lastly, tcVNS increased HRV during passive 
viewing, corroborating vagal engagement. No evidence for an effect of taVNS was observed. These 
findings validate the effectiveness of tcVNS in humans and position it as a method for on-demand 
interventions of impairments associated with central sensory processing dysfunction.

Abbreviations
LC  Locus coeruleus
LC-NE  Locus coeruleus-norepinephrine system
tVNS  Transcutaneous vagus nerve stimulation
taVNS  Transcutaneous auricular vagus nerve stimulation
tcVNS  Transcutaneous cervical vagus nerve stimulation
HRV  Heart rate variability
SCM  Sternocleidomastoid muscle
ABVN  Auricular branch of the vagus nerve
cd/m2  Candelas per meter squared
LMM  Linear mixed model
SDNN  Standard deviation of normal-to-normal heartbeat intervals
RMSSD  Root mean square of successive differences between heartbeat intervals
LF  Low frequency
HF  High frequency
RT  Reaction time
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Accurate and detailed sensory perception is vital for navigating daily life. But cognitive constraints—including 
aging, inattention, and fatigue—reduce the precision with which the brain processes sensory stimuli and lead to 
consequential  misperceptions1–3. Recent research in rodents showed that activation of the locus coeruleus-nor-
epinephrine system (LC-NE), a major subcortical noradrenergic nucleus, can increase sensory processing fidelity 
when stimulated directly or indirectly via the vagus  nerve4–6. In humans, branches of the vagus nerve traverse the 
neck and ear and project to the brain where it modulates the LC-NE via the nucleus tractus solitarius  pathway6–9. 
Transcutaneous stimulation of these vagal branches is tolerated and  safe10. In this study, we investigated the 
potential of transcutaneous vagus nerve stimulation (tVNS) for improving sensory performance in humans.

Neuromodulatory systems, such as the LC-NE, are well-known to modulate the functioning of subcortical 
and cortical sensory processing  pathways11–17. Noradrenergic and cholinergic systems play influential roles in 
inducing attentive and alert behavioral states that promote heightened sensory  performance14–20. Recent work 
in animal models has shown that during continuous activation of LC-NE, somatosensory processing is rapidly 
enhanced via NE-mediated suppression of thalamic burst spiking that would otherwise degrade detailed sensory 
 transmission4. Continuous invasive vagus nerve stimulation in rodents has been shown to similarly activate the 
LC-NE to generate steady sensory enhancements that parallel direct LC activation. These NE-mediated sensory 
enhancements were found to have a rapid onset and be transient, occurring during ongoing stimulation and 
dissipating when stimulation  ends5. Collectively, these findings demonstrate that direct activation of the LC-NE 
system, or indirect activation via vagus nerve stimulation, generates rapid improvements to central sensory 
processing that persist during stimulation delivery.

By coupling these recent neuroscientific advances with contemporary neuromodulation techniques, it may be 
possible to enhance human sensory performance safely and on demand. tVNS emerges as a promising approach 
due to its ability to safely activate the vagus nerve in  humans10. Neuroimaging studies support this potential by 
demonstrating that tVNS can modulate brain activity in a manner consistent with vagus nerve  activation21–24. 
Transcutaneous auricular VNS (taVNS) targets the auricular branch of the vagus nerve in the  ear21,23,25, presum-
ably a primarily afferent fiber due to its peripheral  nature25,26, whereas transcutaneous cervical VNS (tcVNS) most 
likely targets both afferent and efferent fibers of the cervical branch in the  neck8,22,24. Furthermore, stimulation 
of terminal vagal fibers that project into the laryngeal and pharyngeal  muscles27 neighboring the tcVNS site, 
may also provide antidromic vagal activation during tcVNS. However, the reliability of tVNS in activating the 
LC-NE in humans, as assessed by non-invasive NE markers such as pupil diameter, P300, and salivary alpha 
amylase, has to this point been  inconclusive28.

Here, we investigated the hypothesis that continuous tVNS improves metrics of sensory performance in 
neurotypical human adults. We further examined cardiac markers commonly used to demonstrate efferent vagal 
 activation28,29. Using a crossover design, we conducted three experiments that included control conditions (no 
stimulation or continuous sham stimulation at the forearm, ear, or neck), and active taVNS or tcVNS condi-
tions. We explored the efficacy of two different patterns of tcVNS (30 Hz and triple pulse) and taVNS (30 Hz and 
3 Hz) that have been shown to drive LC activity in rodents during invasive  VNS30 and are based on parameters 
commonly used for  tVNS28. While receiving stimulation, participants passively viewed a computer display or 
performed auditory gap discrimination and visual letter discrimination psychophysics tasks that are constrained 
by central sensory processing.

Briefly, our findings reveal that tcVNS improved auditory performance by 37% and visual performance by 
23%, on average, compared to control conditions. Notably, tcVNS led to greater improvements in individuals 
with poorer sensory performance during control conditions. Furthermore, tcVNS increased heart rate variabil-
ity (HRV) during passive viewing, corroborating vagal engagement. However, tcVNS-evoked changes in HRV 
were absent during active task engagement. These results provide evidence that continuous tcVNS can engage 
the vagus nerve to improve sensory performance in humans and suggest more extensive testing is warranted to 
probe the clinical relevance of using tcVNS to induce NE-mediated enhancement of central sensory processing.

Results
We investigated the impact of tcVNS, taVNS, and sham stimulation on sensory performance across three experi-
ments (Fig. 1A), two stimulation frequencies (30 Hz and 3 Hz), and two waveforms (single pulse—30 Hz and 3 Hz 
stimulation—and triple pulse; Fig. 1B). In total, 29 individuals participated in the study and each experiment had 
a sample of 12 participants. Continuous stimulation was delivered while participants performed sensory tasks 
constrained by central sensory processing, namely auditory gap discrimination and visual letter discrimination 
tasks (Fig. 1C). Adaptive psychophysical procedures determined sensory thresholds in each task, representing 
the shortest gap duration or smallest letter size that yielded 75% perceptual accuracy (Fig. 1D). Stimulation 
conditions were completed in a counterbalanced or randomized order, except in Experiment 2 where conditions 
were pseudo-randomized (Fig. 1E). In Experiment 2, Baseline and Arm controls served as a conditioning period 
that familiarized participants with the stimulation sensation and sensory tasks, after which Sham and tVNS 
conditions were performed. To avoid potential confounds arising from this pseudo-randomization procedure, 
Baseline and Arm conditions from Experiment 2 were excluded from analyses. Sensory tasks (and passive viewing 
in Experiment 2) were performed during each testing block, with continuous stimulation delivered throughout.

tcVNS improved auditory performance
The gap discrimination task probed participants’ ability to detect silent gaps in sound, a critical function for 
decoding speech that depends on central auditory temporal  processing31,32. Gap duration thresholds represented 
sensory performance during each stimulation condition, with shorter gap duration thresholds corresponding to 
heightened auditory performance. We delivered two tcVNS waveforms (single pulse and triple pulse; Fig. 1B) 
continuously at 30 Hz while participants performed the task. Linear mixed models (LMM) determined the 
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Figure 1.  Stimulation protocols and psychophysics procedures. (A) Stimulation sites. Electrode placement 
shown on an author. Colored boxes group the stimulation sites tested in each experiment. (B) Stimulation 
waveforms and frequencies. (C) Trial sequence for the auditory and visual sensory tasks. (top) Trials of the 
auditory task consisted of two tone stimuli—one tone contained a gap and participants reported whether it 
occurred in Tone 1 or 2. (bottom) Trials of the visual task comprised a brief letter display and participants 
reported its identity using a keyboard. (D) Adaptive psychophysical procedures for measuring auditory 
(top) and visual sensory performance (bottom). The panels depict data from representative participants. 
In Experiment 1, the adaptive procedure initially presented gap durations that were easily judged correctly 
but became progressively more difficult until converging on a duration that maintained 75% accuracy. In 
Experiments 2 and 3, the adaptive procedure dynamically presented stimuli that yielded performance ranging 
from near-chance to near-perfect. Logistic functions were fit to trial-wise data and related perceptual accuracy 
with changes in the sensory stimulus; the size of individual dots on the logistic function depict the number 
of trials. An adaptive procedure for the visual task is displayed and a similar procedure was followed for the 
auditory task. The gray highlighted regions depict the initial sweep that calibrated the adaptive procedures. (E) 
Order of stimulation conditions in each experiment. Brackets indicate the randomization procedure. The inset 
in Experiment 2 labeled “Block structure” depicts the order in which participants completed sensory tasks and 
passive viewing within each stimulation block.
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effectiveness of both tcVNS waveforms in all 29 participants across three experiments (n = 120 observations; 
Fig. 2A), finding a 37% improvement to auditory performance relative to control stimulation (p = 0.00052, for 
a full LMM summary see Table S1).

tcVNS consistently evoked improvements within individual experiments that each comprised 12 partici-
pants (Fig. 2B–D). tcVNS 30 Hz significantly improved performance relative to Cervical Sham in Experiment 1 
(t(11) = 2.54, p = 0.027, d [95% CI] = 0.73 [0.072, 1.00]) and Experiment 2 (t(11) = 2.32, p = 0.045, d [95% CI] = 0.67 
[0.29, 1.16]), and relative to tcVNS Sham in Experiment 3 (t(11) = 2.36, p = 0.041, d [95% CI] = 0.68 [0.17, 1.52]). 
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Figure 2.  tcVNS improved sensory performance. (A) Gap duration thresholds during control conditions (Arm, 
Cervical Sham, tcVNS Sham) and active tcVNS conditions across all experiments and stimulation protocols 
(30 Hz and triple pulse). Each colored point depicts a participant in an experiment or stimulation protocol. The 
black point and error bars show the study-wide average and ± 1 standard error of the mean (SEM) for tcVNS 
(horizontal line) and control conditions (vertical line). Points within the gray shaded region above the diagonal 
line indicate tcVNS-evoked sensory improvements. The p-value denotes the result of a linear mixed model 
that used the full dataset. (B) Gap duration thresholds in each stimulation condition of Experiment 1. Each 
point depicts an individual participant, bars depict the group-average, and error bars denote ± 1 within-subject 
 SEM34. The p-values denote results of a paired t-test; p-values for non-significant comparisons are not displayed. 
Subsequent bar plots follow these conventions. (C) Gap duration thresholds in each stimulation condition 
of Experiment 2 and (D) Experiment 3. The p-values denote results of permutation paired t-tests. (E) Visual 
acuity, in logMAR units, during control conditions and tcVNS conditions across experiments and stimulation 
protocols. Plotting conventions follow those in A. (F) Visual acuity thresholds in each stimulation condition of 
Experiment 2 and (G) Experiment 3.
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However, performance during Arm stimulation in Experiment 3 did not differ from tcVNS 30 Hz (t(11) = 1.58, 
p = 0.16, d [95% CI] = 0.46 [− 0.062, 1.05]). Unexpectedly, tcVNS triple pulse did not significantly improve per-
formance relative to Cervical Sham in Experiment 2 (t(11) = 0.68, p = 0.54, d [95% CI] = 0.20 [− 0.42, 0.84]). 
This difference among tcVNS protocols potentially arose from the small sample sizes in individual experiments. 
However, study-wide analyses that benefited from heightened statistical power found that tcVNS improved 
performance despite differences among stimulation waveforms (Fig. 2A). Together, these findings demonstrated 
robust tcVNS-evoked improvements that occurred in both study-wide analyses and reliably across multiple 
controls (tcVNS Sham and Cervical Sham).

Improvements to auditory performance were not mediated by speed-accuracy tradeoffs—the propensity to 
make quick but error-prone or slow but accurate  responses33. Participants’ reaction times (RTs) did not differ 
significantly among conditions in which tcVNS improved performance, namely between tcVNS 30 Hz and Cer-
vical Sham in Experiment 1 (p = 0.67) and Experiment 2 (p = 0.86), and tcVNS Sham in Experiment 3 (p = 0.64).

tcVNS improved visual performance
The visual task probed participants’ ability to distinguish among small letters, a common measure of visual 
acuity that depends on central visual  processing35,36. Letter size thresholds were transformed to logMAR units, 
a clinical measure of visual  acuity36, with smaller logMAR values corresponding to heightened visual perfor-
mance. We delivered two tcVNS waveforms (single pulse and triple pulse; Fig. 1B) continuously at 30 Hz while 
participants performed this visual task. LMMs assessed the combined effectiveness of both tcVNS waveforms in 
all participants across Experiments 2 and 3 (n = 96 observations; Fig. 2E), finding a 23% improvement in visual 
performance relative to control stimulation (p = 0.038, Table S2).

tcVNS consistently evoked improvements within both experiments, each comprising 12 participants 
(Fig. 2F, G). In Experiment 2, tcVNS triple pulse significantly improved performance relative to Cervical Sham 
(t(11) = 2.81, p = 0.020, d [95% CI] = 0.81 [0.56, 1.42]). In Experiment 3, tcVNS 30 Hz significantly improved 
performance relative to tcVNS Sham (t(11) = 2.53, p = 0.031, d [95% CI] = 0.73 [0.20, 1.71]), but not Arm stimula-
tion (t(11) = 0.021, p = 0.99, d [95% CI] = 0.0060 [− 0.51, 0.81]). Unexpectedly, tcVNS 30 Hz did not significantly 
improve performance relative to Cervical Sham in Experiment 2 (t(11) = 0.67, p = 0.56, d [95% CI] = 0.19 [− 0.58, 
0.74]). Like the auditory results, these differences among tcVNS protocols potentially arose from the small sample 
sizes in individual experiments. Nonetheless, study-wide analyses found robust tcVNS-evoked effects despite 
differences among stimulation waveforms (Fig. 2E).

Visual improvements were not mediated by speed-accuracy tradeoffs. RTs did not significantly differ among 
conditions that exhibited tcVNS-evoked improvements, namely between tcVNS triple pulse and Cervical Sham 
in Experiment 2 (p = 0.33) and between tcVNS single pulse and tcVNS Sham in Experiment 3 (p = 0.83).

tcVNS-evoked improvements scaled with sensory performance
We leveraged the natural variation in participants’ sensory performance during control conditions to examine 
whether it predicted the magnitude of tVNS-evoked sensory improvements (Fig. 3). Regression revealed posi-
tive slopes between sensory performance during controls and the percent change in performance evoked by 
tcVNS (n = 108 observations; Fig. 3A, Table S3) and taVNS (n = 96 observations; Fig. 3B, Table S4). We examined 
whether regression to the mean, a statistical phenomenon that can generate false positives in repeated measures 
experimental  designs37, influenced our results. Using permutation analyses, we determined that the t-statistic 
associated with the positive regression slope surpassed the null distribution representing regression to the mean 
for tcVNS (p = 0.0040) but not taVNS (p = 0.054). These results indicate that tcVNS evoked larger improvements 
for individuals with lower-than-average sensory performance.

taVNS did not significantly improve sensory performance
taVNS did not evoke statistically significant improvements to auditory performance across two experiments 
(n = 96 observations; p = 0.67, Fig. 4A; Table S5). Within Experiment 2, neither 30 Hz (t(11) = 0.69, p = 0.68, d 
[95% CI] = 0.20 [− 0.44, 1.28]) nor 3 Hz taVNS significantly improved performance relative to Auricular Sham 
(t(11) = 0.78, p = 0.60, d [95% CI] = 0.23 [− 0.16, 0.62]; Fig. 4B). Likewise, within Experiment 3, performance 
during taVNS 30 Hz did not differ significantly between Arm (t(11) = 2.21, p = 0.054, d [95% CI] = 0.64 [0.27 
1.16]) or taVNS Sham (t(11) = 0.52, p = 0.66, d [95% CI] = 0.15 [− 1.00, 0.42]; Fig. 4C).

Similarly, taVNS did not generate statistically significant study-wide visual improvements (p = 0.24, Table S6; 
Fig. 4D). Neither taVNS 30 Hz (t(11) = − 1.45, p = 0.19, d [95% CI] = − 0.42 [− 0.94, 0.16]) nor taVNS 3 Hz signifi-
cantly changed visual acuity relative to Auricular Sham in Experiment 2 (t(11) = 0.43, p = 0.69, d [95% CI] = 0.12 
[0.028, 0.28]; Fig. 4E). In Experiment 3, taVNS 30 Hz did not significantly alter visual acuity relative to Arm 
(t(11) = 0.42, p = 0.70, d [95% CI] = 0.12 [− 0.54, 0.73]) or taVNS Sham (t(11) = 0.16, p = 0.89, d [95% CI] = 0.047 
[− 0.64, 0.65]). Due to the lack of significant taVNS-evoked performance changes, speed-accuracy tradeoffs were 
not assessed. That being said, RT was significantly faster during taVNS Sham than Arm stimulation in the visual 
task of Experiment 3 (t(11) = 2.44, p = 0.037; Fig. 4F).

We further analyzed how effect sizes observed for taVNS compared to the corresponding value in our a 
priori power analysis (d = 0.77) and to those observed for tcVNS. Effect sizes, pooled across experiments and 
sensory tasks, enabled a study-wide comparison between cervical and auricular tVNS efficacy. The effect size 
and confidence interval for taVNS (median = 0.10, 95% CI = [− 0.69 0.61]) were below the effect size in the power 
analysis. In contrast, the confidence interval for tcVNS effect size overlapped the value in our power analysis 
(median = 0.54, 95% CI = [0.17 1.04]). Therefore, unlike tcVNS, taVNS did not elicit statistically significant 
improvements on sensory performance in our study.
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Behavioral state-dependent tVNS effects on heart rate variability
HRV, a cardiac indicator of vagal engagement, increased during tVNS relative to control stimulation, but only 
during passive behavioral states (Fig. 5). Given that high cognitive demands, including performing sensory 
tasks, reduces  HRV38–41 we measured HRV during two behavioral states—active task engagement and passive 
viewing. Interbeat intervals oscillated throughout each state (Fig. 5A) and total spectral power at low (LF) and 
high frequencies (HF) indexed modulations of vagal  activity42–44 (Fig. 5B).

Spectral power was significantly higher when participants exerted less cognitive effort during passive 
 viewing38–41 (Fig. 5C; F(1, 10) = 16.582, p = 0.0022, η2

G = 0.62). Differences among sites interacted with behavio-
ral state (F(2, 20) = 6.51, p = 0.014, η2

G = 0.39). tcVNS did not alter HRV during active task engagement. During 
passive viewing, tcVNS 30 Hz significantly increased power relative to Cervical Sham (t(10) = 2.48, p = 0.043, d 
[95% CI] = 0.72 [0.045, 0.82]). Temporal domain metrics (SDNN, RMSSD) that similarly reflect modulations 
of vagal activity corroborated tcVNS-evoked increases in HRV (Fig. 5D). Specifically, the difference between 
Cervical Sham and tcVNS 30 Hz in each HRV metric (total power, SDNN, and RMSSD) indexed stimulation-
evoked effects. Increases in power were significantly correlated with increases in SDNN (r(9) = 0.68, p = 0.022, 
95% CI = [0.13 0.91]) and RMSSD (r(9) = 0.63, p = 0.040, 95% CI = [0.041 0.89]). These findings suggest that HRV 
during passive states provided a clearer indication of vagal engagement by tcVNS.

taVNS did not generate state-dependent HRV changes (Fig. 5E). Although spectral power was significantly 
higher during passive than active behavioral states (F(1, 10) = 18.54, p = 0.0015, η2

G = 0.65), neither taVNS 30 Hz 
(p = 0.99) nor taVNS 3 Hz increased HRV relative to Auricular Sham during passive viewing (p = 0.23). Likewise, 
temporal domain metrics did not reliably reflect taVNS-evoked modulations of vagal activity (Fig. 5F). Here, 
we used differences between Auricular Sham and taVNS 3 Hz to index stimulation-evoked changes because 
taVNS 3 Hz evoked a small numerical increase in HRV. Although increases in power correlated significantly with 
increases in SDNN (r(9) = 0.79, p = 0.0041, 95% CI = [0.35 0.94]), it did not correlate with RMSSD (r(9) = 0.12, 
p = 0.073, 95% CI = [− 0.52 0.67]). Thus, only tcVNS reliably increased HRV during a passive state.

taVNS elicited discomfort in participants at levels initially comfortable
After each testing block, participants rated the discomfort experienced during stimulation (Fig. 6A). Control 
conditions (Baseline, Arm, tcVNS Sham, and taVNS Sham) produced little to no discomfort in Experiments 2 and 
3 (Fig. 6B, C). Similarly, cervical stimulation conditions (Cervical Sham, tcVNS 30 Hz, and tcVNS triple pulse) 
produced only slight discomfort in a maximum of 7% of participants (Fig. 6D). Conversely, auricular stimula-
tion conditions produced moderate or higher levels of discomfort in up to 25% of participants in Experiments 
2 and 3 (Figs. 6E, F). Importantly, we followed the same procedue to identify the maximum intensity deemed 
comfortable in each condition, which was kept the same throughout each testing block.
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Practice effects did not impact tVNS-evoked sensory improvements
We ruled out that repeatedly performing the auditory (Fig. 7A–C) and visual tasks (Fig. 7D–F) improved sensory 
performance, independent from tVNS effects. Sensory thresholds were compared across testing blocks when 
arranged in chronological order. Auditory gap duration thresholds decreased during the conditioning period 
of Experiment 2 (F(3, 33) = 6.75, p = 0.0049, η2

G = 0.38; Fig. 7A). Relative to the first conditioning block, gap 
duration thresholds were significantly lower on the third (t(11) = 2.99, p = 0.017) and fourth blocks (t(11) = 3.73, 
p = 0.0037). However, thresholds did not decrease significantly after the second conditioning block, indicating that 
participants only required a single conditioning block to become proficient with the auditory task. By excluding 
the conditioning period from further analyses, we minimized contributions of practice effects to our results. Gap 
duration thresholds obtained after the conditioning period were stable across repeated testing blocks (Fig. 7B). 
Participants in Experiment 3 completed a single training block prior to the main experiment, which effectively 
removed practice effects in the auditory task (Fig. 7C).
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The visual task was not impacted by practice, even during the conditioning period of Experiment 2 
(Fig. 7D–F). Participants were immediately proficient with the visual task, potentially indicating that it was more 
familiar and easier to learn. We additionally ruled out that the randomization procedure used in Experiments 2 
and 3 biased our results toward observing tVNS effects (see “Supplementary Analyses”).
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Discussion
We measured the effects of continuous tVNS on sensory performance in neurotypical human adults. tcVNS 
improved auditory gap discrimination by 37% and visual letter discrimination by 23%, on average. Individuals 
with lower sensory performance during control conditions experienced larger improvements during tcVNS. Con-
versely, taVNS did not significantly improve sensory performance. Lastly, tcVNS increased HRV relative to sham 
stimulation during passive viewing, corroborating vagal engagement. These results demonstrate that continuous 
tcVNS can enhance sensory performance in humans, particularly those with relatively poor sensory capabilities.

Our study design facilitated a comparison of the effectiveness of tcVNS and taVNS in evoking sensory 
improvements. While tcVNS significantly improved sensory performance and evoked the most substantial 
improvements for individuals with the lowest baseline sensory performance, taVNS did not generate statistically 
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significant effects in auditory and visual performance. Moreover, tcVNS effect sizes aligned with our a priori 
power analysis that was based on results in animal models, suggesting that tcVNS is similarly effective at improv-
ing sensory performance as invasive stimulation in rodents. Conversely, taVNS effect sizes were negligible com-
pared to our power analysis. These null findings add to an existing body of evidence showing mixed findings for 
the ability of taVNS to reliably evoke effects on cognitive performance and vagal activation  biomarkers28,45. In 
addition, the lack of taVNS effects on HRV in our study aligns with recent meta-analysis  findings46 that report no 
support of taVNS affecting vagally-mediated HRV. We also found our study design resulted in taVNS becoming 
uncomfortable during the trial for many participants, which did not occur with tcVNS. One potential is that 
the distraction of this pain could have obfuscated effects of taVNS on sensory processing. Overall, our results 
highlight the effectiveness of tcVNS in evoking sensory improvements and modulating HRV.

Our findings substantiate foundational studies in rodents. Steady activation of the LC-NE system through 
continuous LC  stimulation4 or indirectly via continuous invasive  VNS5 produced rapid and sustained improve-
ments in sensory processing without affecting neural or behavioral response latencies. Improvements were 
driven by NE-mediated suppression of calcium T-type channels responsible for bursting activity by sensory relay 
neurons in the thalamus that reduces the accuracy and efficiency of sensory  transmission4–6. Here, we show that 
tcVNS can induce similar perceptual performance enhancements in humans, suggesting that peripheral vagus 
nerve activation could induce NE-mediated sensory improvements in both species.

Notably, in both  rodents4,5 and in the present study in humans, continuous VNS generated rapid and steady 
sensory benefits during stimulation delivery that generalized across different experiments, sensory tasks, and 
stimulus properties. In the current study, we randomized stimuli across trials (i.e., different letters and tone 
frequencies in the visual and auditory tasks, respectively) to minimize learning, and still observed tVNS-evoked 
improvements. These findings contrast with phasic VNS protocols common in motor and sensory learning 
protocols that repeatedly pair specific (i.e., non-randomized) stimuli with short VNS bursts over several days or 
weeks and induce relatively delayed and lasting sensory improvements specific to the paired  stimulus47–57. Thus, 
our findings position continuous tcVNS as a new research avenue that can lead to tools for promoting general 
and on-demand improvements in sensory processing.

tcVNS-evoked increases in HRV provided evidence that our stimulation protocol engaged the vagus 
 nerve29,42–44. We used common HRV indices, namely the power within low (LF) and high frequencies (HF), 
RMSSD, and SDDN. Although LF power has been historically associated with cardiac sympathetic activity, rather 
than vagally-mediated parasympathetic activity, mounting evidence indicates that the LF component is positively 
associated with vagal  control42–44. Additionally, although SDNN is a common HRV measure that reflects mostly 
vagal  activity28,29, it can also partly represent sympathetic cardiac activity.

Cardiac activity is known to be regulated by the vagus  nerve58 and invasive stimulation of the vagus nerve 
can modulate  HRV59. However, reports of tVNS effects on cardiac activity show conflicting  results28,60,61. In 
this study, we demonstrated that tcVNS effects on HRV depended on behavioral state—tcVNS increased HRV 
during passive, but not active states. Consistent with earlier  work38–41, heightened cognitive demands during 
task engagement diminished HRV, which potentially reduced the likelihood of observing tVNS-evoked effects. 
Thus, behavioral state exerts a strong influence on HRV and should be considered when measuring tVNS-related 
effects, alongside prior  recommendations28. Critically, the observed tcVNS-evoked behavioral and cardiac effects 
correspond with animal work that have established their correlation with non-invasive readouts of LC-NE activ-
ity (i.e., pupil size)4,6,62–65. Therefore, our findings suggest that tcVNS altered vagal activity and subsequently 
modulated brain function, via the LC-NE, to improve human sensory processing.

Although it is well-established that invasive VNS subsequently activates the LC-NE  system30,66,67, evidence 
that tVNS in humans can also activate the LC-NE system is mixed. Using functional magnetic resonance imag-
ing, tVNS has been shown to evoke activity consistent with the location of the  LC21,23 and in the nucleus tractus 
solitarius, which projects to the  LC22. However, these studies did not use methods that appropriately deline-
ate the  LC68,69. Moreover, a comprehensive  review28 of studies measuring non-invasive NE biomarkers (pupil 
diameter, P300, and salivary alpha amylase) found inconclusive evidence. Although we observed tcVNS-evoked 
sensory improvements consistent with findings from direct LC activation in  rodents4, our study did not examine 
biomarkers of LC-NE activity (e.g., pupil size). Therefore, further work is required to confirm that the LC-NE 
system played a central role.

To strengthen our findings’ validity, several controls were assessed. Within individual experiments, tcVNS-
evoked improvements were significant relative to two controls—stimulation to the upper trapezius (Cervical 
Sham) or withholding current from electrodes placed on the tcVNS site (tcVNS Sham). Although the arm 
stimulation control produced similar levels of sensory performance, it was more variable across individuals, 
which resulted in non-significant results. Larger variability necessitates larger sample sizes to observe significant 
tcVNS-evoked improvements relative to this control. Therefore, the reliability of Cervical Sham and tcVNS Sham 
position them as effective controls for assessing tcVNS-evoked effects, particularly in small samples.

Previous tVNS studies in humans used a variety of stimulation parameters to assess tcVNS and taVNS 
 effects26. tcVNS studies on cognitive  performance70,71 and physiological  markers72–74 typically delivered a 
sequence five sinusoidal pulses (pulse width: 200 μs/phase; 1 ms total) at 25 Hz to the cervical branch of the vagus 
nerve for up to 5 min. In the present study, we delivered either single biphasic pulses (pulse width: 200 μs) or a 
sequence of three biphasic pulses (pulse width: 600 μs) at 30 Hz. Critically, we delivered stimulation continuously 
throughout each 10–15 min long testing block to mimic the continuous LC-NE activation shown to underlie 
sensory improvements in animal  models4–6. Therefore, by using stimulation parameters based on findings in 
animal models, we observed similar sensory improvements in humans.

Our taVNS stimulation protocol was unlike previous taVNS studies that utilized electrodes placed on the 
ear’s lateral  surface26. Our approach involved placing electrodes on both the lateral and medial ear surfaces. 
We hypothesized that this configuration would enhance current flow through the tissue and better activate the 
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vagus nerve. Moreover, our Auricular Sham site also differed from the commonly used earlobe  site26 as it has 
been suggested the earlobe is not a good taVNS  sham75. Therefore, it remains an open question whether elec-
trode placement on only the lateral surface and a control site on the earlobe may have revealed taVNS-evoked 
improvements while also reducing participant discomfort. Future investigations could shed light on the impact 
of taVNS electrode placement and vagus nerve mediated neuromodulation.

Surprisingly, our taVNS protocol elicited moderate or very high discomfort in 25% of participants whereas 
tcVNS produced a comfortable experience with no moderate or high discomfort reported. To note, both condi-
tions followed the same procedure to determine a max comfortable level for each participant that was then fixed 
for the duration of that session. The experienced discomfort could have potentially influenced taVNS efficacy. 
Beyond being distracting from performing the sensory tasks, discomfort and pain are known to decrease vagal 
 activity76, which may have diminished the ability of taVNS to modulate sensory performance and weakened 
taVNS-evoked effects on HRV. Additional research is needed to delineate the interaction between comfort and 
tVNS-evoked effects, and our findings demonstrate the utility of considering individuals’ subjective experience 
during tVNS.

Lastly, we explored the effectiveness of two tcVNS (30 Hz and triple pulse) and taVNS protocols (30 Hz and 
3 Hz) guided by prior studies with animal models demonstrating they modulated LC  activity30. Both taVNS 
protocols did not evoke statistically significant behavioral and HRV effects whereas tcVNS protocols yielded 
numerically similar but statistically different behavioral and HRV effects. tcVNS 30 Hz significantly increased 
HRV, auditory, and visual performance relative to controls whereas tcVNS triple pulse significantly improved 
visual performance relative to a subset of controls. The sample size within each experiment was determined via 
a priori power analyses and may have been insufficient to measure statistically significant differences among all 
stimulation protocols. Therefore, it is possible that each tcVNS protocol yields similar statistical results at larger 
sample sizes. Previous work with finite element modeling provided insights regarding the effectiveness of com-
mon tcVNS protocols in activating fiber subtypes of the vagus  nerve77. Similar computational modeling work 
could further shed light on whether each waveform (single pulse vs triple pulse) differentially drives vagal activity.

In conclusion, we demonstrated that continuous tcVNS can rapidly enhance sensory performance in humans. 
These findings provide evidence that neuromodulation via tcVNS may be a useful tool for immediately augment-
ing hearing and vision, particularly for individuals with relatively impaired sensory capabilities. Moreover, these 
results suggest more extensive testing is warranted to assess the clinical relevance of using tcVNS to induce NE-
mediated enhancement of central sensory processing. Overall, this study bridges the gap between animal and 
human research and offers promising implications for the development of new therapies for sensory disorders.

Methods
Ethics
Participants were passively recruited, provided written informed consent, and were compensated $30/h. All 
experimental protocols complied with the Declaration of Helsinki and were approved by Cornell University’s 
Institutional Review Board for Human Participant Research. Informed consent was provided for the images in 
Fig. 1A to be published in an online open-access publication.

Sample
Twenty-nine individuals participated across three experiments, with 12 participants per experiment (18 females; 
age: 28 ± 4.9 (SD); range: 18–39). Most participants completed a single experiment (ten in Exp.1, seven in Exp.2, 
seven in Exp.3), three completed Experiments 2–3, and two completed all three experiments. Participants were 
asked to refrain from any stimulants (e.g., caffeine, nicotine) for three hours prior to participating and were naïve 
to the study’s purpose and the location of the vagus nerve. All participants passed inclusion criteria for the study: 
no substance abuse history, no neurological or psychiatric disorders, no cardiac disorders, no medical implants, 
no prior abnormalities or surgeries involving the neck or vagus nerve, and normal or corrected-to-normal hear-
ing and vision. The sample size for each individual experiment was determined a priori using G*Power 3.1.9.478 
based on a published  study4. The study discovered the mechanism of action underlying effects of continuous 
LC-NE activation on sensory performance in rodents. It employed a stimulation pattern and sensory discrimina-
tion task similar to those in our current study, was corroborated by further invasive VNS work in  rodents5, and 
was agnostic regarding the vagal branch being stimulated, making it a preferable basis for our power analysis. 
Specifically, the study demonstrated an effect size (Cohen’s  d79,80 = 0.77) estimated from a paired t-test compar-
ing behavioral performance of rodents performing a tactile discrimination task during LC stimulation versus 
sham. We were interested in detecting similarly large effect sizes for tcVNS and taVNS. Assuming tVNS drives 
LC-NE activity to improve human sensory performance with a similar effect size, α = 0.05, and power = 0.8, 12 
would be the minimum sample size required. To strengthen the validity of our findings, we pooled data from 
all three experiments for our critical analyses (see “Sensory Performance”), utilizing our complete sample of 29 
participants and thereby increasing statistical power.

Stimulation
A Mettler Sys*Stim 240 neuromuscular stimulator (Mettler Electronics Corporation, CA, USA) set to constant 
current mode delivered current through a pair of gel electrodes (diameter: 1″; PALS, Axelgaard Manufacturing, 
CA, USA) placed at one of 5 sites (Fig. 1A). We delivered two waveforms, a single biphasic square pulse (100 μs/
phase; 200 μs total) delivered continuously at one of two frequencies (30 Hz, 3 Hz), or a sequence of three biphasic 
square pulses (100 μs/phase; 600 μs total) delivered at 30 Hz (Fig. 1B). To determine current amplitude (Table 1), 
current intensity was gradually ramped up until participants reported muscle contractions or pain, after which 
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it was reduced to the maximum level that was perceptible, tolerable, and did not induce muscle activation. Prior 
to delivering stimulation, sites were cleaned with a hypoallergenic sanitary wipe.

Ten stimulation conditions were assessed:

Active

1. tcVNS 30 Hz. Electrodes were placed within the left carotid triangle, lateral to the larynx, medial to the 
sternocleidomastoid muscle (SCM), and oriented parallel to the SCM (3–5 cm center-to-center) to target 
the cervical branch of the vagus  nerve8,9. Pulses were delivered at 30 Hz.

2. tcVNS Triple pulse. Electrodes were positioned identically to tcVNS 30 Hz, and waveforms comprising 
three biphasic pulses were delivered at 30 Hz.

3. taVNS 30 Hz. Electrodes were placed on the lateral and medial surfaces of the left ear to direct current flow 
through the ear and into the auricular branch of the vagus nerve (ABVN). Based on cadaveric  dissections7, 
one electrode was placed on the lateral surface overlapping the cymba concha and cavum concha, and the 
second was placed on the middle-third of the dorsal medial surface. Pulses were delivered at 30 Hz.

4. taVNS 3 Hz. Electrodes were positioned identically to taVNS 30 Hz, but pulses were delivered at 3 Hz.

Control

 5. Baseline. No electrodes were placed on the participant; accordingly, no stimulation was delivered.
 6. Arm. Electrodes were positioned on the left forearm (3–4 cm center-to-center), approximately over the 

brachioradialis muscle. Pulses were delivered at 30 Hz.
 7. Cervical Sham. Electrodes were placed near the junction between the rear of the neck and the shoulder 

(3–4 cm center-to-center), overlapping the trapezius muscle, which is primarily innervated by efferent fib-
ers of cranial nerves II, III, IV, and XI, but not by the vagus  nerve81. Pulses were delivered at 30 Hz. Because 
stimulation of cranial nerve II afferents can improve  cognition82, any tVNS-mediated improvements we 
observe relative to this sham site are potentially underestimated.

 8. Auricular Sham. Electrodes were placed on the superior crus of antihelix, with one electrode on the ear’s 
lateral surface, and another on the medial surface. The great auricular nerve innervates the lateral location 
and the ABVN does not run through the medial location in cadaveric  dissections7. Pulses were delivered 
at 30 Hz.

 9. tcVNS Sham. Electrodes were positioned identically to tcVNS 30 Hz, but current was not delivered. To 
maintain participant blinding, current was initially ramped up to a low but perceptible level for 30–60 s, 
then ramped down to 0 mA prior to the start of sensory tests.

 10. taVNS Sham. Electrodes were positioned identically to taVNS 30 Hz and followed the ramp-up, ramp-
down procedure of tcVNS no-stim.

Procedure
Stimulation was delivered continuously throughout each testing block, except during controls without stimulation 
(Baseline, tcVNS Sham, taVNS Sham). Across experiments, participants completed auditory (Experiments 1–3) 
and visual tasks (Experiments 2–3; Fig. 1C), or passively viewed a blank computer display with no associated 
task for five minutes (Experiment 2). This passive viewing period enabled assessments of HRV while partici-
pants had low cognitive demands; heightened demands during active task engagement are known to decrease 
 HRV38–41 and may obscure tVNS effects on HRV. During sensory tasks, adaptive procedures determined auditory 

Table 1.  Current amplitude delivered to each stimulation site in each experiment.

Experiment Site Current (M ± SD) (mA)

1
Cervical Sham 7.8 ± 1.7

tcVNS 30 Hz 6.5 ± 1.5

2

Arm 5.1 ± 1.6

Cervical Sham 5.4 ± 2.0

Auricular Sham 2.5 ± 2.0

tcVNS 30 Hz 5.5 ± 1.6

tcVNS Triple pulse 5.1 ± 1.9

taVNS 30 Hz 2.3 ± 1.6

taVNS 3 Hz 2.5 ± 1.8

3

Arm 6.9 ± 1.2

tcVNS 30 Hz 7.1 ± 1.2

taVNS 30 Hz 2.0 ± 0.9
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and visual thresholds that indexed sensory performance (Fig. 1D). Then, participants completed brief surveys 
(Experiments 2–3).

All experiments followed crossover, sham-controlled, and single-blind designs, but differed in the number of 
stimulation and sham conditions (Fig. 1E). Each stimulation condition lasted 15–20 min with stimulation being 
delivered continuously throughout, and experiments were performed based on participant availability, typically 
in the morning (9:30 am–12 pm) or afternoon (1d–6 pm). Experiment 1 included Cervical Sham and tcVNS 
30 Hz sessions with their order counterbalanced across participants, completed in a single day, and separated 
by a 15–30 min washout period (M = 20.23, SD = 3.68 min). Experiment 2 included eight conditions, split into 
cervical and auricular sessions completed on separate days in a randomized order. Within each session, five 
conditions were completed in pseudo-randomized order separated by 10–25 min washout periods (M = 13.96, 
SD = 4.09 min): Blocks 1 and 2 contained Baseline or Arm, in randomized order, to serve as a conditioning 
period that minimized apprehension toward the stimulation sensation and acclimated participants to the sensory 
tasks. Then in blocks 3–5 of cervical VNS sessions, Cervical Sham, tcVNS 30 Hz, and tcVNS triple pulse were 
completed in randomized order. Alternatively, during blocks 3–5 of auricular VNS sessions, Auricular Sham, 
taVNS 30 Hz, or taVNS 3 Hz were completed in randomized order. Experiment 3 began with a practice block, 
without stimulation, that familiarized participants with the sensory tasks. Then five conditions were completed in 
a single day in randomized order, separated by 15–40 min washout periods (M = 23.59, SD = 10.28 min)—Arm, 
tcVNS 30 Hz, taVNS 30 Hz, tcVNS Sham, and taVNS Sham.

Apparatus
Psychtoolbox-383 generated sensory stimuli in MATLAB (MathWorks, MA, USA). An Empatica E4 wristband 
(Empatica Inc., MA, USA) equipped with photoplethysmography was positioned on participants’ left wrist during 
Experiment 2 to monitor HRV. All experiments were conducted with a Lenovo ThinkStation running Windows 
10. A 24 inch (Experiment 1—ASUS VG245H; 1920 × 1080; 75 Hz) or 27 inch LCD display (Experiments 2 and 
3—ASUS VG27BQ; 2560 × 1440; 144 Hz) was used to display visual stimuli. Experiments 2–3 required a higher 
resolution with increased pixel density and refresh rate to support the letter discrimination task. Gamma correc-
tion was performed with a Datcolor SpyderX Pro colorimeter and calibration routines implemented in Display-
CAL (ArgyllCMS, displaycal.net). Auditory stimuli were delivered via factory-calibrated ER-2 insert earphones 
(Etymotic Research Inc), connected to a digital-to-analogue converter (Atom DAC + , JDS Labs) and amplifier 
(Atom Amp + , JDS Labs). Participants sat in a chair positioned 80–90 cm from the display. Visual stimuli were 
scaled to maintain an identical visual angle at all viewing distances. Auditory volume was set manually by the 
experimenter to the highest level deemed comfortable by the participant at the beginning of each session and 
was not adjusted within sessions.

Psychophysics
We used psychophysics to evaluate tVNS effects on sensory performance, guided by our prior animal research 
showing enhanced thalamic sensory processing during invasive VNS. We tested auditory and visual modalities 
as both are reliant on thalamic processing.

Auditory. Participants performed an auditory gap discrimination task commonly used to assess central audi-
tory temporal  processing84–87, and similar to a commercially available Random Gap Detection  Test88. To control 
eye movements, participants maintained visual fixation on a dot (luminance: 0.23 cd/m2) presented on a mid-
gray background (55 cd/m2). Participants reported which of two temporal intervals contained a tone with a gap. 
500 ms of silence separated intervals. Auditory stimuli were pairs of 17 ms pure tones (Experiment 1 used 1000 
or 2000 Hz in separate blocks; Experiments 2–3 used 10 frequencies logarithmically spaced between 1000 and 
4000 Hz, interleaved within blocks). One tone-pair had no gap while another was separated by silence. The tone-
pair containing a gap was randomly determined on each trial. Participants reported which tone-pair contained 
a gap. Inter-trial intervals followed responses (3000 ms for Experiment 1; 500 ms for Experiments 2–3).

Visual. Participants performed a letter discrimination task adapted from clinical measures of visual acu-
ity—Bailey-Lovie and ETDRS  charts36. Participants maintained visual fixation on a central dot (0.23 cd/m2) 
presented on a white background (228 cd/m2) and reported which letter appeared on-screen for 500 ms. Letters 
were displayed in Sloan font, as used in commercially available eye  charts36. Participants responded by pressing 
the corresponding letter on a keyboard after stimulus offset. One of ten optotypes appeared on each trial—C, 
D, H, K, N, O, R, S, V, Z. Participants were not informed that only these letters would appear and could respond 
with any letter of the alphabet. A 500 ms inter-trial interval followed responses.

For all sensory tasks, participants were instructed to respond with their initial reaction, within a 3-s time 
window after stimulus offset. Additionally, participants first completed practice trials during which feedback 
was provided. During practice, participants received feedback on their performance to ensure they were able 
to perform the task correctly. Participants were required to complete these relatively easy practice trials until 
they did three in a row without error. In Experiment 3, participants underwent a practice block comprising 15 
practice trials spanning all difficulty levels, without stimulation, while receiving trial-wise feedback to acquaint 
themselves with the task. Then, they completed 30 (Experiment 1) or 100 trials (Experiments 2–3) per stimulation 
condition without feedback during which task difficulty was adaptively controlled (see Sect. “Thresholding”). 
This procedure of providing then withholding feedback follows prior  studies89.

Thresholding
We used  QUEST90, an adaptive procedure implemented in Palamedes  toolbox91 and commonly used with 
 psychophysics92–96 to adjust task difficulty based on participants’ response accuracy. Indices of task diffi-
culty were gap duration and letter size for auditory and visual tasks, respectively. Generally, these procedures 
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presented harder-to-discriminate stimuli after correct responses and easier-to-discriminate stimuli after incor-
rect responses, until they converged on a threshold stimulus that maintained 75% accuracy (Fig. 1D). Letter 
size thresholds, in minutes of arc, from the visual task were transformed to logMAR units using the  formula36: 
logMAR =  log10(size ÷ 5).

Each QUEST procedure began with a calibration sweep that presented 10 (Experiment 1) or 5 (Experiment 
2) pre-determined stimulus levels. These levels spanned a large range of possible stimuli and initialized each 
procedure near the participant’s threshold. In Experiment 1, a single QUEST procedure targeted sensory stimuli 
that would maintain 75% task accuracy (Fig. 1D, top). For Experiments 2 and 3, five QUEST procedures targeted 
five linearly-spaced levels of accuracy ranging from near-chance (55%—auditory, 25%—visual) to near-perfect 
(95%). As a result, the presented stimuli sampled a large performance range. Logistic functions were fit to trial-
wise sensory judgements and characterized participants’ psychometric functions—the mapping between stimulus 
(x) and response accuracy (p):

where γ is the lower asymptote set to chance-level performance determined by the task (50% in gap discrimina-
tion, 3.8%—in letter discrimination), λ is the upper asymptote determined by a participant’s maximum response 
accuracy, β is the function’s slope, and α is the midpoint between the asymptotes. Fits were optimized via 
maximum likelihood estimation—100 trials constrained 3 free parameters. Thresholds for 75% accuracy were 
determined from the fitted functions (Fig. 1D, bottom).

Sensory performance
Our critical analyses comprised linear mixed models (LMM) and robust linear regression that pooled across 
experiments to examine study-wide trends whereas paired t-tests examined within-experiment comparisons. 
For LMMs and robust linear regression, sensory thresholds determined by QUEST procedures were merged 
across experiments. We additionally measured reaction time as a secondary dependent variable to assess speed-
accuracy tradeoffs. Statistical analyses were conducted with the Statistics and Machine Learning toolbox in 
MATLAB R2021b.

LMMs evaluated whether tcVNS and taVNS improved auditory (cervical: n = 120 observations; auricular: 
n = 96) or visual task performance (n = 96), relative to all control conditions except Baseline and Arm conditions 
that were completed within the conditioning period during Experiment 2 (Fig. 1E). LMMs were configured 
with the formula:

where Threshold (dependent variable) referred to participants’ sensory thresholds. Site (fixed effect) was a categor-
ical variable that indexed a condition as active or control. Experiment (random effect) classified each experiment; 
we additionally coded each active protocol (triple pulse, 30 Hz, 3 Hz) as separate experiments. Thus, Experiment 
accounted for variables outside of experimental control (e.g., stimulation sensation, time-of-day, demographics). 
Participant uniquely identified each participant, which preserved the within-subject design in cases where par-
ticipants completed multiple experiments. LMM complexity was constrained by the available data and validated 
by positive definite Hessian matrices at model convergence. Due to a non-positive definite Hessian matrix at 
convergence, the (1|Experiment) term in the model formula was excluded for taVNS effects on visual acuity to 
maintain an appropriate level of model complexity for the available data (Table S6).

Robust linear regression evaluated whether sensory performance during control conditions, with the excep-
tion of Baseline and Arm conditions in Experiment 2, predicted the magnitude of tcVNS (n = 108) or taVNS 
effects (n = 96). A Cauchy weight function minimized outliers’ influence during regression. Data were merged 
across experiments and sensory tasks. We quantified the magnitude of tVNS-evoked effects as the proportion 
change in sensory thresholds between each active and control condition using the formula: tVNS effect = (con-
trol-tVNS) ÷ control. Sensory thresholds during control conditions were z-scored within each task, which put 
thresholds on a common scale and facilitated merging across tasks. To assess whether regression to the mean 
impacted our results, permutation analyses were  conducted97. Labels were randomly permuted 1000 times among 
control and active conditions within participants, sensory tasks, stimulation sites, and experiments. Robust linear 
regression was performed on each permuted dataset and the resulting t-statistic of the regression coefficient 
populated a null distribution of regression to the mean. P-values were calculated as the number of t-statistics in 
the null distribution that exceeded that from the original, non-permuted, dataset.

Within each experiment, Shapiro–Wilk tests assessed normality. If normality was established, paired t-tests 
were used (Experiment 1). If not, permutation paired t-tests were used (100,000 permutations; Experiments 2–3). 
We corrected for multiple comparisons via the Max T method, which ensured strong control of the family wise 
error  rate98. We utilized Cohen’s  d79,80 for effect size quantification, reporting analytically-derived confidence 
intervals (Experiment 1) or bootstrapped 95% confidence intervals when permutation paired t-tests were con-
ducted (Experiment 2–3) to assess compatibility with the effect size assumed in our power analysis.

HRV
Interbeat intervals were measured during passive viewing and task engagement in Experiment 2. The passive 
viewing condition helped mitigate the negative impact of heightened cognitive demands on  HRV38–41, preventing 
potential masking of tVNS-evoked HRV effects. Three HRV metrics were computed that each index modulations 
of vagal  activity29,42–44: standard deviation of normal-to-normal intervals (SDNN), root mean square of successive 

p(x) = γ + (1− γ − �)
1

1+ exp(−β[x − α])

Threshold ∼ 1+ Site+
(

1|Experiment
)

+
(

1|Participant
)
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differences between heartbeats (RMSSD), and summed spectral power within low (LF: 0.04–0.15 Hz) and high 
frequency (HF: 0.15–0.4 Hz) ranges. Repeated measures ANOVAs assessed the impact of Site and State (passive 
vs. active), Greenhouse–Geisser corrected p-values are reported alongside the effect size quantified as general-
ized eta-squared (η2

G)80. Permutation t-tests assessed differences among sites within each state and Cohen’s d 
quantified effect size. Pearson correlation quantified linear relations among HRV metrics.

Survey
Participants completed surveys upon completing sensory tasks (Experiments 2–3). The survey asked “Did stimu-
lation cause you any discomfort?” and provided two response options: “Yes” and “No”. If “Yes”, participants rated 
their discomfort using a Likert scale: 1 = Slight, 2 = Moderate, 3 = Very High, and 4 = Extreme.

Practice effects
To assess whether repeated execution of auditory and visual tasks improved sensory performance, independently 
from tVNS-evoked effects, sensory thresholds were compared across testing blocks when ordered chronologi-
cally. Repeated measures ANOVAs assessed the effect of Testing Block on sensory thresholds, separately for the 
auditory and visual tasks, and Greenhouse–Geisser corrected p-values are reported alongside generalized eta 
squared (η2

G)80. For Experiment 2, sensory thresholds from the conditioning period (i.e., Baseline and Arm 
conditions) were assessed separately from Sham and tVNS conditions. In cases where a significant Testing Block 
effect was observed, permutation paired t-tests were performed between all pairs of testing blocks, p-values were 
corrected for multiple comparisons via the Max T  method98.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author, C.R., on reasonable request.

Received: 17 August 2023; Accepted: 7 February 2024

References
 1. Boksem, M. A. & Tops, M. Mental fatigue: Costs and benefits. Brain Res. Rev. 59, 125–139 (2008).
 2. Humes, L. E. Age-related changes in cognitive and sensory processing: Focus on middle-aged adults. Am. J. Audiol. 24, 94–97. 

https:// doi. org/ 10. 1044/ 2015_ AJA- 14- 0063 (2015).
 3. McGinley, M. J. et al. Waking state: Rapid variations modulate neural and behavioral responses. Neuron 87, 1143–1161. https:// 

doi. org/ 10. 1016/j. neuron. 2015. 09. 012 (2015).
 4. Rodenkirch, C., Liu, Y., Schriver, B. J. & Wang, Q. Locus coeruleus activation enhances thalamic feature selectivity via norepineph-

rine regulation of intrathalamic circuit dynamics. Nat. Neurosci. 22, 120–133. https:// doi. org/ 10. 1038/ s41593- 018- 0283-1 (2019).
 5. Rodenkirch, C. & Wang, Q. Rapid and transient enhancement of thalamic information transmission induced by vagus nerve 

stimulation. J. Neural Eng. 17, 026027. https:// doi. org/ 10. 1088/ 1741- 2552/ ab6b84 (2020).
 6. Rodenkirch, C., Carmel, J. B. & Wang, Q. Rapid effects of vagus nerve stimulation on sensory processing through activation of 

neuromodulatory systems. Front. Neurosci. https:// doi. org/ 10. 3389/ fnins. 2022. 922424 (2022).
 7. Peuker, E. T. & Filler, T. J. The nerve supply of the human auricle. Clin. Anat. 15, 35–37 (2002).
 8. Yuan, H. & Silberstein, S. D. Vagus nerve and vagus nerve stimulation, a comprehensive review: Part II. Headache 56, 259–266. 

https:// doi. org/ 10. 1111/ head. 12650 (2016).
 9. Yap, J. Y. Y. et al. Critical review of transcutaneous vagus nerve stimulation: Challenges for translation to clinical practice. Front. 

Neurosci. https:// doi. org/ 10. 3389/ fnins. 2020. 00284 (2020).
 10. Redgrave, J. et al. Safety and tolerability of transcutaneous vagus nerve stimulation in humans; a systematic review. Brain Stimul. 

11, 1225–1238 (2018).
 11. Rodieck, R. Visual pathways. Annu. Rev. Neurosci. 2, 193–225 (1979).
 12. Chechik, G. et al. Reduction of information redundancy in the ascending auditory pathway. Neuron 51, 359–368 (2006).
 13. Wang, Q., Webber, R. M. & Stanley, G. B. Thalamic synchrony and the adaptive gating of information flow to cortex. Nat. Neurosci. 

13, 1534–1541. https:// doi. org/ 10. 1038/ nn. 2670 (2010).
 14. Berridge, C. W. & Waterhouse, B. D. The locus coeruleus-noradrenergic system: Modulation of behavioral state and state-dependent 

cognitive processes. Brain Res. Brain Res. Rev. 42, 33–84. https:// doi. org/ 10. 1016/ s0165- 0173(03) 00143-7 (2003).
 15. Aston-Jones, G. & Waterhouse, B. Locus coeruleus: From global projection system to adaptive regulation of behavior. Brain Res. 

1645, 75–78. https:// doi. org/ 10. 1016/j. brain res. 2016. 03. 001 (2016).
 16. Chandler, D. J. et al. Redefining noradrenergic neuromodulation of behavior: Impacts of a modular locus coeruleus architecture. 

J. Neurosci. 39, 8239–8249 (2019).
 17. Pinto, L. et al. Fast modulation of visual perception by basal forebrain cholinergic neurons. Nat. Neurosci. 16, 1857–1863. https:// 

doi. org/ 10. 1038/ nn. 3552 (2013).
 18. Hulsey, D. R., Shedd, C. M., Sarker, S. F., Kilgard, M. P. & Hays, S. A. Norepinephrine and serotonin are required for vagus nerve 

stimulation directed cortical plasticity. Exp. Neurol. 320, 112975. https:// doi. org/ 10. 1016/j. expne urol. 2019. 112975 (2019).
 19. Slater, C., Liu, Y., Weiss, E., Yu, K. & Wang, Q. The neuromodulatory role of the noradrenergic and cholinergic systems and their 

interplay in cognitive functions: A focused review. Brain Sci. 12, 890 (2022).
 20. Weiss, E., Kann, M. & Wang, Q. Neuromodulation of neural oscillations in health and disease. Biology 12, 371 (2023).
 21. Frangos, E., Ellrich, J. & Komisaruk, B. R. Non-invasive access to the vagus nerve central projections via electrical stimulation of 

the external ear: fMRI evidence in humans. Brain Stimul. 8, 624–636 (2015).
 22. Frangos, E. & Komisaruk, B. R. Access to vagal projections via cutaneous electrical stimulation of the neck: fMRI evidence in 

healthy humans. Brain Stimul. 10, 19–27 (2017).
 23. Yakunina, N., Kim, S. S. & Nam, E.-C. Optimization of transcutaneous vagus nerve stimulation using functional MRI. Neuro-

modulation Technol. Neural Interface 20, 290–300 (2017).
 24. Nonis, R., D’Ostilio, K., Schoenen, J. & Magis, D. Evidence of activation of vagal afferents by non-invasive vagus nerve stimulation: 

An electrophysiological study in healthy volunteers. Cephalalgia 37, 1285–1293 (2017).
 25. Kaniusas, E. et al. Current directions in the auricular vagus nerve stimulation I–a physiological perspective. Front. Neurosci. 13, 

854 (2019).

https://doi.org/10.1044/2015_AJA-14-0063
https://doi.org/10.1016/j.neuron.2015.09.012
https://doi.org/10.1016/j.neuron.2015.09.012
https://doi.org/10.1038/s41593-018-0283-1
https://doi.org/10.1088/1741-2552/ab6b84
https://doi.org/10.3389/fnins.2022.922424
https://doi.org/10.1111/head.12650
https://doi.org/10.3389/fnins.2020.00284
https://doi.org/10.1038/nn.2670
https://doi.org/10.1016/s0165-0173(03)00143-7
https://doi.org/10.1016/j.brainres.2016.03.001
https://doi.org/10.1038/nn.3552
https://doi.org/10.1038/nn.3552
https://doi.org/10.1016/j.expneurol.2019.112975


16

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3975  | https://doi.org/10.1038/s41598-024-54026-8

www.nature.com/scientificreports/

 26. Farmer, A. D. et al. International consensus based review and recommendations for minimum reporting standards in research on 
transcutaneous vagus nerve stimulation (version 2020). Front. Human Neurosci. 14, 568051 (2021).

 27. Erman, A. B., Kejner, A. E., Hogikyan, N. D. & Feldman, E. L. Seminars in Neurology 085–092 (Thieme Medical Publishers, 2009).
 28. Burger, A. M., D’Agostini, M., Verkuil, B. & Van Diest, I. Moving beyond belief: A narrative review of potential biomarkers for 

transcutaneous vagus nerve stimulation. Psychophysiology 57, e13571 (2020).
 29. Shaffer, F. & Ginsberg, J. P. An overview of heart rate variability metrics and norms. Front. Public Health 5, 258 (2017).
 30. Hulsey, D. R. et al. Parametric characterization of neural activity in the locus coeruleus in response to vagus nerve stimulation. 

Exp. Neurol. 289, 21–30. https:// doi. org/ 10. 1016/j. expne urol. 2016. 12. 005 (2017).
 31. Bizley, J. K. & Cohen, Y. E. The what, where and how of auditory-object perception. Nat. Rev. Neurosci. 14, 693–707 (2013).
 32. Fournier, P. & Hébert, S. The gap-startle paradigm to assess auditory temporal processing: Bridging animal and human research. 

Psychophysiology 53, 759–766 (2016).
 33. Barack, D. L. & Gold, J. I. Temporal trade-offs in psychophysics. Curr. Opin. Neurobiol. 37, 121–125 (2016).
 34. Morey, R. D. Confidence intervals from normalized data: A correction to Cousineau (2005). Tutor. Quantit. Methods Psychol. 4, 

61–64 (2008).
 35. Walker, H. K., Hall, W. D. & Hurst, J. W. Clinical Methods: The History, Physical, and Laboratory Examinations (Butterworths, 1990).
 36. Bailey, I. L. & Lovie-Kitchin, J. E. Visual acuity testing. From the laboratory to the clinic. Vis. Res. 90, 2–9 (2013).
 37. Barnett, A. G., Van Der Pols, J. C. & Dobson, A. J. Regression to the mean: What it is and how to deal with it. Int. J. Epidemiol. 34, 

215–220 (2005).
 38. Mulder, G. & Mulder, L. J. Information processing and cardiovascular control. Psychophysiology 18, 392–402 (1981).
 39. Duschek, S., Muckenthaler, M., Werner, N. & Del Paso, G. A. R. Relationships between features of autonomic cardiovascular control 

and cognitive performance. Biol. Psychol. 81, 110–117 (2009).
 40. Luft, C. D. B., Takase, E. & Darby, D. Heart rate variability and cognitive function: Effects of physical effort. Biol. Psychol. 82, 

186–191 (2009).
 41. Luque-Casado, A., Perales, J. C., Cárdenas, D. & Sanabria, D. Heart rate variability and cognitive processing: The autonomic 

response to task demands. Biol. Psychol. 113, 83–90 (2016).
 42. Rahman, F., Pechnik, S., Gross, D., Sewell, L. & Goldstein, D. S. Low frequency power of heart rate variability reflects baroreflex 

function, not cardiac sympathetic innervation. Clin. Autonom. Res. 21, 133–141 (2011).
 43. del Paso, R. G. A., Langewitz, W., Mulder, L. J., Van Roon, A. & Duschek, S. The utility of low frequency heart rate variability as 

an index of sympathetic cardiac tone: A review with emphasis on a reanalysis of previous studies. Psychophysiology 50, 477–487 
(2013).

 44. Thomas, B. L., Claassen, N., Becker, P. & Viljoen, M. Validity of commonly used heart rate variability markers of autonomic nerv-
ous system function. Neuropsychobiology 78, 14–26 (2019).

 45. Burger, A. M., Van der Does, W., Brosschot, J. F. & Verkuil, B. From ear to eye? No effect of transcutaneous vagus nerve stimulation 
on human pupil dilation: A report of three studies. Biol. Psychol. 152, 107863. https:// doi. org/ 10. 1016/j. biops ycho. 2020. 107863 
(2020).

 46. Wolf, V., Kühnel, A., Teckentrup, V., Koenig, J. & Kroemer, N. B. Does transcutaneous auricular vagus nerve stimulation affect 
vagally mediated heart rate variability? A living and interactive Bayesian meta-analysis. Psychophysiology 58, e13933 (2021).

 47. Neuhaus, A. H. et al. P300 is enhanced in responders to vagus nerve stimulation for treatment of major depressive disorder. J. 
Affect. Disord. 100, 123–128. https:// doi. org/ 10. 1016/j. jad. 2006. 10. 005 (2007).

 48. Engineer, C. T., Engineer, N. D., Riley, J. R., Seale, J. D. & Kilgard, M. P. Pairing speech sounds with vagus nerve stimulation drives 
stimulus-specific cortical plasticity. Brain Stimul. 8, 637–644. https:// doi. org/ 10. 1016/j. brs. 2015. 01. 408 (2015).

 49. Tyler, R. et al. Vagus nerve stimulation paired with tones for the treatment of tinnitus: A prospective randomized double-blind 
controlled pilot study in humans. Sci. Rep. 7, 11960. https:// doi. org/ 10. 1038/ s41598- 017- 12178-w (2017).

 50. Vanneste, S., Martin, J., Rennaker, R. L. 2nd. & Kilgard, M. P. Pairing sound with vagus nerve stimulation modulates cortical 
synchrony and phase coherence in tinnitus: An exploratory retrospective study. Sci. Rep. 7, 17345. https:// doi. org/ 10. 1038/ s41598- 
017- 17750-y (2017).

 51. Kilgard, M. P., Rennaker, R. L., Alexander, J. & Dawson, J. Vagus nerve stimulation paired with tactile training improved sensory 
function in a chronic stroke patient. NeuroRehabilitation 42, 159–165. https:// doi. org/ 10. 3233/ NRE- 172273 (2018).

 52. Adcock, K. S. et al. Vagus nerve stimulation paired with tones restores auditory processing in a rat model of Rett syndrome. Brain 
Stimul. 13, 1494–1503. https:// doi. org/ 10. 1016/j. brs. 2020. 08. 006 (2020).

 53. Llanos, F. et al. Non-invasive peripheral nerve stimulation selectively enhances speech category learning in adults. NPJ. Sci. Learn. 
5, 12. https:// doi. org/ 10. 1038/ s41539- 020- 0070-0 (2020).

 54. Thakkar, V. J., Engelhart, A. S., Khodaparast, N., Abadzi, H. & Centanni, T. M. Transcutaneous auricular vagus nerve stimulation 
enhances learning of novel letter-sound relationships in adults. Brain Stimul. 13, 1813–1820. https:// doi. org/ 10. 1016/j. brs. 2020. 
10. 012 (2020).

 55. Altidor, L. K. et al. Acute vagus nerve stimulation enhances reversal learning in rats. Neurobiol. Learn. Mem. 184, 107498. https:// 
doi. org/ 10. 1016/j. nlm. 2021. 107498 (2021).

 56. Phillips, I. et al. Transcutaneous auricular vagus nerve stimulation strengthens semantic representations of foreign language tone 
words during initial stages of learning. J. Cogn. Neurosci. 34, 127–152. https:// doi. org/ 10. 1162/ jocn_a_ 01783 (2021).

 57. Bowles, S. et al. Vagus nerve stimulation drives selective circuit modulation through cholinergic reinforcement. Neuron 110, 
2867–2885 (2022).

 58. Capilupi, M. J., Kerath, S. M. & Becker, L. B. Vagus nerve stimulation and the cardiovascular system. Cold Spring Harbor Perspect. 
Med. 10, a034173 (2020).

 59. Stemper, B., Devinsky, O., Haendl, T., Welsch, G. & Hilz, M. Effects of vagus nerve stimulation on cardiovascular regulation in 
patients with epilepsy. Acta Neurol. Scand. 117, 231–236 (2008).

 60. Clancy, J. A. et al. Non-invasive vagus nerve stimulation in healthy humans reduces sympathetic nerve activity. Brain Stimul. 7, 
871–877. https:// doi. org/ 10. 1016/j. brs. 2014. 07. 031 (2014).

 61. Borges, U., Laborde, S. & Raab, M. Influence of transcutaneous vagus nerve stimulation on cardiac vagal activity: Not different 
from sham stimulation and no effect of stimulation intensity. PLoS One 14, e0223848. https:// doi. org/ 10. 1371/ journ al. pone. 02238 
48 (2019).

 62. Reimer, J. et al. Pupil fluctuations track rapid changes in adrenergic and cholinergic activity in cortex. Nat. Commun. 7, 13289. 
https:// doi. org/ 10. 1038/ ncomm s13289 (2016).

 63. Liu, Y., Rodenkirch, C., Moskowitz, N., Schriver, B. & Wang, Q. Dynamic lateralization of pupil dilation evoked by locus coeruleus 
activation results from sympathetic, not parasympathetic contributions. Cell Rep. 20, 3099–3112 (2017).

 64. Schriver, B. J., Bagdasarov, S. & Wang, Q. Pupil-linked arousal modulates behavior in rats performing a whisker deflection direc-
tion discrimination task. J. Neurophysiol. 120, 1655–1670. https:// doi. org/ 10. 1152/ jn. 00290. 2018 (2018).

 65. Liu, Y., Narasimhan, S., Schriver, B. J. & Wang, Q. Perceptual behavior depends differently on pupil-linked arousal and heartbeat 
dynamics-linked arousal in rats performing tactile discrimination tasks. Front. Syst. Neurosci. 14, 614248 (2021).

 66. Dorr, A. E. & Debonnel, G. Effect of vagus nerve stimulation on serotonergic and noradrenergic transmission. J. Pharmacol. Exp. 
Ther. 318, 890–898. https:// doi. org/ 10. 1124/ jpet. 106. 104166 (2006).

https://doi.org/10.1016/j.expneurol.2016.12.005
https://doi.org/10.1016/j.biopsycho.2020.107863
https://doi.org/10.1016/j.jad.2006.10.005
https://doi.org/10.1016/j.brs.2015.01.408
https://doi.org/10.1038/s41598-017-12178-w
https://doi.org/10.1038/s41598-017-17750-y
https://doi.org/10.1038/s41598-017-17750-y
https://doi.org/10.3233/NRE-172273
https://doi.org/10.1016/j.brs.2020.08.006
https://doi.org/10.1038/s41539-020-0070-0
https://doi.org/10.1016/j.brs.2020.10.012
https://doi.org/10.1016/j.brs.2020.10.012
https://doi.org/10.1016/j.nlm.2021.107498
https://doi.org/10.1016/j.nlm.2021.107498
https://doi.org/10.1162/jocn_a_01783
https://doi.org/10.1016/j.brs.2014.07.031
https://doi.org/10.1371/journal.pone.0223848
https://doi.org/10.1371/journal.pone.0223848
https://doi.org/10.1038/ncomms13289
https://doi.org/10.1152/jn.00290.2018
https://doi.org/10.1124/jpet.106.104166


17

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3975  | https://doi.org/10.1038/s41598-024-54026-8

www.nature.com/scientificreports/

 67. Manta, S., El Mansari, M., Debonnel, G. & Blier, P. Electrophysiological and neurochemical effects of long-term vagus nerve 
stimulation on the rat monoaminergic systems. Int. J. Neuropsychopharmacol. 16, 459–470. https:// doi. org/ 10. 1017/ S1461 14571 
20003 87 (2013).

 68. Keren, N. I., Lozar, C. T., Harris, K. C., Morgan, P. S. & Eckert, M. A. In vivo mapping of the human locus coeruleus. Neuroimage 
47, 1261–1267 (2009).

 69. Eckert, M., Keren, N. & Aston-Jones, G. Looking forward with the locus coeruleus. Science E-Letter (2010).
 70. McIntire, L. K., McKinley, R. A., Goodyear, C., McIntire, J. P. & Brown, R. D. Cervical transcutaneous vagal nerve stimulation 

(ctVNS) improves human cognitive performance under sleep deprivation stress. Commun. Biol. 4, 634. https:// doi. org/ 10. 1038/ 
s42003- 021- 02145-7 (2021).

 71. Zhang, H. et al. Cognitive function and brain activation before and after transcutaneous cervical vagus nerve stimulation in healthy 
adults: A concurrent tcVNS-fMRI study. Front. Psychol. 13, 1003411 (2022).

 72. Brock, C. et al. Transcutaneous cervical vagal nerve stimulation modulates cardiac vagal tone and tumor necrosis factor-alpha. 
Neurogastroenterol. Motil. 29, e12999 (2017).

 73. Gurel, N. Z. et al. Quantifying acute physiological biomarkers of transcutaneous cervical vagal nerve stimulation in the context 
of psychological stress. Brain Stimul. 13, 47–59 (2020).

 74. Lewine, J. D., Paulson, K., Bangera, N. & Simon, B. J. Exploration of the impact of brief noninvasive vagal nerve stimulation on 
EEG and event-related potentials. Neuromodul. Technol. Neural Interface 22, 564–572 (2019).

 75. Rangon, C.-M. Reconsidering sham in transcutaneous vagus nerve stimulation studies. Clin. Neurophysiol. Off. J. Int. Federation 
Clin. Neurophysiol. 129, 2501–2502 (2018).

 76. Koenig, J., Jarczok, M., Ellis, R., Hillecke, T. & Thayer, J. F. Heart rate variability and experimentally induced pain in healthy adults: 
A systematic review. Eur. J. Pain 18, 301–314 (2014).

 77. Mourdoukoutas, A. P., Truong, D. Q., Adair, D. K., Simon, B. J. & Bikson, M. High-resolution multi-scale computational model 
for non-invasive cervical vagus nerve stimulation. Neuromodul. Technol. Neural Interface 21, 261–268 (2018).

 78. Faul, F., Erdfelder, E., Buchner, A. & Lang, A.-G. Statistical power analyses using G* Power 3.1: Tests for correlation and regression 
analyses. Behav. Res. Methods 41, 1149–1160 (2009).

 79. Cohen, J. Statistical Power Analysis for the Behavioral Sciences (Academic press, 2013).
 80. Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs. Front. 

Psychol. 4, 863 (2013).
 81. Tubbs, R. S. et al. Study of the cervical plexus innervation of the trapezius muscle. J. Neurosurg. Spine 14, 626–629 (2011).
 82. Adair, D. et al. Electrical stimulation of cranial nerves in cognition and disease. Brain Stimul. https:// doi. org/ 10. 1016/j. brs. 2020. 

02. 019 (2020).
 83. Kleiner, M., Brainard, D. & Pelli, D. What’s new in Psychtoolbox-3? (2007).
 84. Strouse, A., Ashmead, D. H., Ohde, R. N. & Grantham, D. W. Temporal processing in the aging auditory system. J. Acoust. Soc. 

Am. 104, 2385–2399 (1998).
 85. Dias, K. Z., Jutras, B., Acrani, I. O. & Pereira, L. D. Random gap detection test (RGDT) performance of individuals with central 

auditory processing disorders from 5 to 25 years of age. Int. J. Pediatr. Otorhinolaryngol. 76, 174–178 (2012).
 86. Hoover, E., Pasquesi, L. & Souza, P. Comparison of clinical and traditional gap detection tests. J. Am. Acad. Audiol. 26, 540–546 

(2015).
 87. Babkoff, H. & Fostick, L. Age-related changes in auditory processing and speech perception: cross-sectional and longitudinal 

analyses. Eur. J. Ageing 14, 269–281. https:// doi. org/ 10. 1007/ s10433- 017- 0410-y (2017).
 88. Keith, R. W. Random Gap Detection Test Vol. 13 (Auditec, St Louis, 2000).
 89. Petrov, A. A., Dosher, B. A. & Lu, Z.-L. Perceptual learning without feedback in non-stationary contexts: Data and model. Vis. Res. 

46, 3177–3197 (2006).
 90. Watson, A. B. & Pelli, D. G. QUEST: A Bayesian adaptive psychometric method. Percept. Psychophys. 33, 113–120 (1983).
 91. Prins, N. & Kingdom, F. A. Applying the model-comparison approach to test specific research hypotheses in psychophysical 

research using the Palamedes toolbox. Front. Psychol. 9, 1250 (2018).
 92. Burr, D. C., Morrone, M. C. & Ross, J. Selective suppression of the magnocellular visual pathway during saccadic eye movements. 

Nature 371, 511–513 (1994).
 93. Pelli, D. G., Palomares, M. & Majaj, N. J. Crowding is unlike ordinary masking: Distinguishing feature integration from detection. 

J. Vis. 4, 12–12 (2004).
 94. Kamitani, Y. & Tong, F. Decoding seen and attended motion directions from activity in the human visual cortex. Curr. Biol. 16, 

1096–1102 (2006).
 95. Landau, A. N. & Fries, P. Attention samples stimuli rhythmically. Curr. Biol. 22, 1000–1004 (2012).
 96. Jigo, M., Tavdy, D., Himmelberg, M. M. & Carrasco, M. Cortical magnification eliminates differences in contrast sensitivity across 

but not around the visual field. Elife 12, e84205 (2023).
 97. Furrow, R. E. Regression to the mean in pre-post testing: Using simulations and permutations to develop null expectations. CBE 

Life Sci. Educ. 18, le2 (2019).
 98. Westfall, P. H. & Young, S. S. Resampling-Based Multiple Testing: Examples and Methods for p-Value Adjustment Vol. 279 (Wiley, 

1993).

Acknowledgements
The authors acknowledge the input of Dr. Frank Lin, M.D., Ph.D., on an earlier draft of this manuscript, Cynthia 
Poon for providing writing and proofreading assistance, and all individuals who participated in this study.

Author contributions
M.J.: Conceptualization, Methodology, Software, Validation, Formal analysis, Investigation, Data Curation, 
Visualization, Writing—Original Draft, Review & Editing, J.B.C: Conceptualization, Supervision, Writing—
Review & Editing. Q.W.: Conceptualization, Supervision, Writing—Review & Editing. C.R.: Conceptualization, 
Methodology, Supervision, Project administration, Resources, Funding acquisition, Writing—Review & Editing.

Funding
This work was funded by Sharper Sense, Inc. and The Jacobs Technion-Cornell Institute at Cornell Tech. Qi Wang 
was supported by the National Institutes of Health (R01NS119813, R01AG075114, R21MH125107), National 
Science Foundation (CBET 1847315, TI 2232149) and the Air Force Office of Scientific Research (FA9550-22–1-
0337). Any opinions, findings, and conclusions or recommendations expressed in this material are those of the 
authors and do not necessarily reflect the views of the United States Air Force.

https://doi.org/10.1017/S1461145712000387
https://doi.org/10.1017/S1461145712000387
https://doi.org/10.1038/s42003-021-02145-7
https://doi.org/10.1038/s42003-021-02145-7
https://doi.org/10.1016/j.brs.2020.02.019
https://doi.org/10.1016/j.brs.2020.02.019
https://doi.org/10.1007/s10433-017-0410-y


18

Vol:.(1234567890)

Scientific Reports |         (2024) 14:3975  | https://doi.org/10.1038/s41598-024-54026-8

www.nature.com/scientificreports/

Competing interests 
All authors have financial interest in Sharper Sense, Inc., a company developing methods for enhancing sensory 
processing with vagus nerve stimulation. Jason B. Carmel is a Founder and stockholder in BackStop Neural and 
has received honoraria from Pacira, Motric Bio, and Restorative Therapeutics.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 54026-8.

Correspondence and requests for materials should be addressed to M.J. or C.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-54026-8
https://doi.org/10.1038/s41598-024-54026-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transcutaneous cervical vagus nerve stimulation improves sensory performance in humans: a randomized controlled crossover pilot study
	Results
	tcVNS improved auditory performance
	tcVNS improved visual performance
	tcVNS-evoked improvements scaled with sensory performance
	taVNS did not significantly improve sensory performance
	Behavioral state-dependent tVNS effects on heart rate variability
	taVNS elicited discomfort in participants at levels initially comfortable
	Practice effects did not impact tVNS-evoked sensory improvements

	Discussion
	Methods
	Ethics
	Sample
	Stimulation
	Active
	Control

	Procedure
	Apparatus
	Psychophysics
	Thresholding
	Sensory performance
	HRV
	Survey
	Practice effects

	References
	Acknowledgements


