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ABSTRACT
Transcutaneous auricular vagus nerve stimulation (taVNS) may offer a powerful, noninvasive way to stimulate activity of brain-
stem arousal systems, including the locus coeruleus–norepinephrine (LC–NE) system. Pulsed taVNS is known to elicit pupil 
dilation, a marker of LC activity. However, studies reporting taVNS effects on pupil dilation have delivered taVNS and sham 
stimulation in separate blocks of trials or in separate sessions, hindering the integration of taVNS into rapid, event-related task 
designs of cognitive neuroscientists. In two experiments, we examined the effectiveness of pulsed taVNS in eliciting pupil dila-
tion when active and sham stimulation were intermixed within the same blocks of trials and whether these effects depend on 
sham location and respiratory phase. In Experiment 1 (N = 40), intermixed taVNS and (earlobe) sham pulses of 3.4 s produced 
inconclusive evidence for increased taVNS-evoked pupil dilation. In contrast, in Experiment 2 (N = 60), taVNS pulses of 1.0 s 
had a strong effect on pupil dilation, but only in a group of participants that received sham stimulation at the earlobe; this effect 
was abolished in a group that received sham stimulation at the upper scapha, a non-vagal control area with a similar density of 
sympathetic nerve fibers as the cymba concha. Furthermore, taVNS-evoked pupil dilation was not enhanced when stimulation 
was delivered during exhalation, as would be expected if pupil effects were mediated by the vagus nerve–nucleus tractus soli-
tarius–LC pathway. Together, these findings show that the effect of pulsed taVNS on pupil dilation can be preserved when taVNS 
and (earlobe) sham are delivered in the same blocks of trials. However, the null finding with the scapha as a sham location and 
the absence of an enhanced taVNS effect during exhalation call into question the assumption that taVNS-induced pupil dilation 
is mediated by activation of the vagal afferent pathway.

1   |   Introduction

The vagus nerve serves a major role in carrying signals from 
various organs to the brain and back. Through its direct and 
indirect projections to the nucleus tractus solitarius (NTS), it 
modulates the activity of several neuromodulatory systems 
(Holt 2022), including the locus coeruleus–norepinephrine (LC–
NE) system. Consequently, animal studies have found that inva-
sive vagus nerve stimulation (iVNS) drives increases in LC firing 
rate and central NE release (e.g., Hulsey et al. 2017; Roosevelt 
et al. 2006). iVNS has been successfully used for clinical pur-
poses in the treatment of various brain disorders (Johnson and 

Wilson 2018; Wang et al. 2021). However, the method has also 
attracted the interest of cognitive neuroscientists who study the 
healthy LC–NE system and its many effects on cortical state and 
cognition (Poe et al. 2020).

This growing interest was further fueled by the advent of 
transcutaneous auricular vagus nerve stimulation (taVNS), a 
noninvasive, safe (Redgrave et al. 2018) and less costly alter-
native to iVNS that involves applying low-intensity electrical 
currents to the ear to stimulate the auricular branch of the 
vagus nerve (Farmer et al. 2021). When clinical studies con-
firmed that continued taVNS treatment (e.g., 30 min/day over 
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a period of several months) had similar therapeutic effects as 
iVNS treatment (Lampros et  al.  2021; Tan et  al.  2023), this 
led to the belief that taVNS might be of major importance to 
cognitive neuroscientists (Van Leusden et  al.  2015) by offer-
ing a powerful, noninvasive way to stimulate activity of the 
LC–NE system. Although this interest has not diminished, 
many questions remain about the stimulation parameters 
(e.g., intensity and duration) required to activate the LC–NE 
system with taVNS (Ludwig et  al.  2021). In the search for 
optimal parameter values, researchers have mainly used the 
magnitude of pupil dilation as a peripheral readout of (taVNS-
induced) phasic LC activity (de Gee et al. 2017; Desbeaumes 
Jodoin et al. 2015; Joshi and Gold 2020; Mridha et al. 2021). 
This work has established that pupil dilation, and therefore 
presumably phasic LC–NE activity, monotonically increases 
with stimulation intensity (D'Agostini et  al.  2023; Ludwig 
et  al.  2024). Moreover, a recent meta-analysis has revealed 
that pulsed taVNS (e.g., ~3-s bursts) is effective at increasing 
pupil dilation, while more conventional protocols (continuous 
or 30 s on/off stimulation) are not (Pervaz et al. 2025). These 
findings suggest that pulsed high-intensity taVNS (vs. sham 
stimulation) is effective at boosting phasic LC activity.

Nevertheless, to further integrate taVNS into the rapid, 
event-related task designs of cognitive neuroscientists, two 
limitations of existing work need to be addressed. First, 
most previous studies reporting taVNS effects on pupil dila-
tion have delivered taVNS and sham stimulation in separate 
blocks of trials (in the same session; e.g., He et  al.  2022) or 
in separate sessions (e.g., Sharon et  al.  2021). As argued by 
Villani et  al.  (2022), blocks and sessions often differ in the 
participant's levels of arousal, task engagement, and mental 
fatigue—states that have a significant impact on pupil size 
and therefore confound the dependent variable of interest. 
Therefore, in Experiment 1, we examined whether the effects 
of pulsed high-intensity taVNS on pupil dilation are preserved 
when taVNS and sham are delivered in the same blocks of 
trials.

Second, most pupillometry studies that administered pulsed 
taVNS used stimulation durations between 3 and 5 s and in-
tertrial intervals longer than 10 s (e.g., D'Agostini et  al.  2023; 
Ludwig et al. 2024; Sharon et al. 2021)—well beyond the dura-
tion of trials in typical cognitive neuroscience experiments. In 
Experiment 2, we considerably shortened the stimulation dura-
tion, from 3.4 to 1.0 s.

An additional goal of Experiment 2 was to critically examine 
the common assumption that taVNS effects on pupil size are 
mediated by the pathway connecting the vagus nerve, NTS, 
and LC. To this end, we compared two groups receiving sham 
stimulation at different locations (earlobe vs. scapha; Wienke 
et al. 2023) and examined if taVNS effects on pupil dilation were 
modulated by the respiratory phase at the time of stimulation 
(Sclocco et al. 2019).

2   |   Experiment 1

Delivery of taVNS and sham stimulation within the same 
block of trials, instead of in different blocks or sessions, has 

several advantages. First, as noted above, it prevents the effect 
of taVNS on pupil size from becoming confounded with pupil 
changes due to block- or session-related differences in psycho-
physiological states. For example, study participants are often 
more aroused and motivated and less fatigued at the start 
of a study or session, and these states are known to impact 
baseline pupil size and task-related pupil dilation (Gilzenrat 
et al. 2010; Hopstaken et al. 2015; Massar et al. 2018). Second, 
intermixed stimulation of the active and sham locations can 
lower desensitization due to prolonged stimulation of the 
same location, which may well occur in rapid task designs. 
And third, intermixed stimulation can possibly reduce partic-
ipants' awareness of the stimulation type (taVNS vs. sham), 
thereby improving the internal validity of the manipulation. A 
potential limitation of intermixed stimulation in combination 
with short intertrial intervals is that taVNS- and sham-evoked 
pupil dilation responses may carry over to the next trial and 
confound each other. Given that these pupil responses take 
approximately 5 s to return to baseline (Lloyd et  al.  2023; 
Skora et al. 2024), mitigating these confounds requires (i) long 
interstimulus intervals, or (ii) statistical control of pupil dila-
tion on the previous trial, or (iii) model-based deconvolution 
of the pupil signal (Wierda et al. 2012).

We are aware of only one pupillometry study that used ran-
domly intermixed instead of block- or session-wise taVNS and 
sham stimulation. Villani et  al.  (2022) found that 3-s trains 
of taVNS evoked smaller pupil dilation compared to sham 
stimulation, in particular on trials with relatively small base-
line pupil size. Remarkably, stimulation intensity was set just 
below the participants' perceptual threshold—an approach 
that differs from the more established method (in clinical ap-
plications and pupillometry studies) of applying stimulation 
at a level that is perceptible but below the pain threshold. 
Furthermore, the tragus (instead of cymba concha) was cho-
sen as the active location, an option that has been criticized for 
lack of anatomical support (Burger and Verkuil 2018). Thus, it 
remains unclear whether taVNS affects pupil dilation when it 
is intermixed with sham stimulation.

In Experiment 1, we used a task-free viewing condition with ran-
domly intermixed stimulation of the active (cymba concha) and 
sham locations (earlobe). Other stimulation parameters closely 
followed the protocols used by Sharon et  al.  (2021) and Lloyd 
et al. (2023), including 3.4 s of stimulation per trial and matching 
of subjective intensities. Given that these studies found a signif-
icant taVNS effect on pupil dilation, a potential null effect in the 
present experiment could likely be attributed to the intermixing 
of stimulation types.

2.1   |   Method

2.1.1   |   Sample

A total of 40 participants took part in the study in return for 
€8.50 or course credits. One participant was excluded due 
to excessive pupil data loss, resulting in a final sample of 39 
(20.9 ± 3.5 years old, 28 female). Participants were recruited 
among Leiden University students through the website SONA 
(https://​www.​sona-​syste​ms.​com). Exclusion criteria were 
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neurological or cardiac disorders and the use of psychoactive 
medication. Participants were instructed to abstain from alco-
hol for 24 h and from caffeine for 3 h before the start of the study. 
The study was approved by the Psychology Research Ethics 
Committee at Leiden University (S.T.-V2-4919).

2.1.2   |   Procedure

Each participant completed one testing session lasting ap-
proximately 1 h. Before the experiment, we carried out a cali-
bration procedure to identify suitable stimulation intensities. 
Stimulation intensity was individually calibrated for each par-
ticipant using subjective intensity ratings on a scale from 1 
to 10, where 1 = no sensation, 3 = light tingling, 6 = strong tin-
gling, and 10 = painful. Calibration began at an amplitude of 
0.1 mA, increasing in steps of 0.2 mA, with a 5-s stimulation 
duration. Participants rated the sensation after each incre-
ment until they reached a rating of 9 or a maximum amplitude 
of 5 mA. This procedure was conducted twice—once for each 
stimulation location (cymba concha and earlobe). For each 
stimulation location, the intensity corresponding to a rating 
of 9 ( just below painful) was used in the main experiment. 
Six participants reached the maximum stimulation intensity 
of 5 mA in the sham condition while reporting an intensity 
rating below 9 (mean rating = 7.2, range 6–8). Given that pupil 
dilation is sensitive to the perceived intensity of tactile stimuli 
(Ten Brink et al. 2024), including taVNS (Ludwig et al. 2024), 
it is important that taVNS and sham stimulation are matched 
in terms of subjective intensity.

Next, the eye tracker was calibrated. To minimize head move-
ments, participants were asked to position their heads on a 
chin rest. During the session, participants were instructed to 
fixate on a white fixation cross presented in the center of a 
gray screen.

The experiment consisted of five blocks, each containing 24 tri-
als (12 taVNS and 12 sham), presented in a randomized order. 
Each trial began with a 3.4-s stimulation period, followed by a 
variable intertrial interval of 10–12 s, resulting in a total trial du-
ration of approximately 13.4–15.4 s.

At the end of each block, participants completed a taVNS afteref-
fects questionnaire designed to assess potential side effects (see 
Table S1). Note that our event-related design did not allow sepa-
rate ratings for taVNS and sham.

2.1.3   |   taVNS Stimulation

To stimulate the left cymba concha and left earlobe, we used 
two DS7A Digitimers (www.​digit​imer.​com). To establish a 
good connection, the device for taVNS was equipped with a 
NEMOS electrode covered with cotton rings soaked in elec-
trolyte conductive gel; the one for sham stimulation was 
equipped with a clip electrode covered with conductive gel. 
The clip electrode had a diameter of 5.5 mm and a surface area 
of 23.8 mm2 per contact; the taVNS electrode was cylindrical, 
with a diameter of 4 mm, a height of 4 mm, and an effective 
contact area of 20–30 mm2 (total surface area = 50.3 mm2) per 

contact. We administered short taVNS or sham pulses, last-
ing 3.4 s per trial, characterized by a monophasic impulse fre-
quency of 25 Hz and a pulse width of 200–300 μs. The onset 
and offset of each stimulation were controlled by the Psychopy 
experiment script.

2.1.4   |   Pupil Preprocessing Steps

For pupillometry, we used a Tobii Pro eye tracker positioned 
65 cm away from the participant's eyes. Pupil size was recorded 
at a frequency of 60 Hz. Pupil data were preprocessed using the 
R package GazeR (Geller et  al.  2020). First, the raw pupil sig-
nal was smoothed using a 100-ms moving average. Second, eye 
blinks were detected using a velocity-based algorithm proposed 
by Mathôt (2013). Eye blink onsets and offsets were identified as 
outliers (±2 SD) from the mean velocity profile. To avoid under-
estimating blink periods, these periods were extended by 100 ms 
in both directions. Linear interpolation was used to reconstruct 
the remaining data. In both experiments, qualitatively similar 
results were obtained after we removed any trials that contained 
blinks during the window from −500 ms to 2 s relative to stim-
ulation onset.

Finally, the data were segmented by extracting samples from 
−0.5 to +10 s around stimulation onset. Following Sharon 
et  al.  (2021), pupil size was converted to percentage change 
values relative to a 500-ms baseline before the stimulation 
onset using the formula: ([x − baseline]/baseline) × 100. We 
also confirmed that the results remained the same when ap-
plying subtractive baseline correction, which is usually the 
preferred method (Mathôt et al. 2018). Two criteria were used 
for the exclusion of data. First, we checked whether any par-
ticipants had more than 50% missing raw data. One partici-
pant was excluded based on this criterion. Second, trials with 
more than 50% missing raw data were excluded. This led to an 
average loss of 1.9% of the 120 taVNS trials and 1.8% of the 120 
sham stimulation trials.

2.1.5   |   Statistical Analysis

Before the start of the study, we decided to stop data collection 
when the evidence for (BF10) or against (BF01) the main hypothe-
sis (i.e., larger pupil dilation to taVNS than to sham) would reach 
a Bayes factor of 8 (i.e., “strong evidence”), with a maximum of 
40 participants due to resource limitations (Lakens 2022).

The analyses closely followed Sharon et  al.  (2021) and Lloyd 
et al.  (2023). To analyze the pupil time series, we first applied 
nonparametric Wilcoxon signed-rank tests across all time 
points within the first 10 s of the trial, starting from the onset 
of stimulation, with data downsampled to 30 Hz. To address 
the issue of multiple comparisons, alpha levels (set at 0.05) were 
adjusted using false discovery rate correction (FDR; Benjamini 
and Hochberg 1995). To quantify the effects of taVNS on pupil 
dilation summary measure, we conducted frequentist and 
Bayesian paired-samples t-tests using R (version 4.0.3) with 
the BayesFactor package, employing the default Cauchy prior 
(r = 0.707) in JASP (version 0.9). We also quantified a summary 
measure: the mean pupil size in a 1-s window centered on the 
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pupil dilation peak, as determined from the grand-average pupil 
waveform in the taVNS condition. This window was then ap-
plied to all individual participants. All reported correlations are 
Spearman's rank correlation coefficients.

2.2   |   Results

2.2.1   |   Stimulation Intensity

First, we tested whether there was a difference in current in-
tensities between taVNS and sham stimulation. In line with 
previous studies (Lloyd et  al.  2023; Sharon et  al.  2021), indi-
vidual stimulation intensities were higher for sham stimula-
tion (Msham = 3.1 mA; range: 1.3–5.0 mA) compared to taVNS 
(MtaVNS = 1.7 mA; range: 0.6–4.1 mA; p < 0.001).

2.2.2   |   taVNS Effects on Pupil Size

Figure  1A shows the pupil waveforms elicited by taVNS and 
sham stimulation. Pupil size reached a peak of 2.85% ± 0.19% 
above baseline at 1500 ms after taVNS onset, while sham stim-
ulation reached a peak of 1.99% ± 0.19% at 1516 ms. A sample-
by-sample analysis yielded no significant differences between 
the stimulation types (p > 0.05, two-sided Wilcoxon signed-rank 
test, FDR-corrected across all time points).

The magnitude of pupil dilation, defined as the mean pupil 
size in a 1-s window centered on the taVNS-evoked pupil peak, 
was significantly larger for taVNS than for sham (p = 0.029; 
Figure 1B). However, a Bayesian t-test revealed only “anecdotal 
evidence” (Lee and Wagenmakers 2014) in favor of the alterna-
tive hypothesis, BF10 = 1.46.

To assess potential relationships between objective stimulation 
intensity and pupil dilation magnitude, we correlated these 
measures across participants, separately for each stimulation 
type. We found no significant correlation for taVNS (ρ = 0.09, 
p = 0.58) and sham (ρ = 0.23, p = 0.16).

2.3   |   Discussion

In Experiment 1, our design was closely based on two studies 
that previously reported significant effects of pulsed taVNS (vs. 
sham) on pupil dilation (Lloyd et al. 2023; Sharon et al. 2021), ex-
cept we intermixed taVNS and sham trials instead of presenting 
them in separate blocks. Despite our larger sample size (N = 39) 
than the sample size in these previous studies (Lloyd: N = 29; 
Sharon: N = 24), we found inconclusive evidence for an effect of 
taVNS on pupil dilation. While the frequentist test yielded a sig-
nificant effect (p = 0.028), the Bayesian t-test revealed only weak 
support for the alternative hypothesis (BF10 = 1.46). Although 
these results suggest that intermixing taVNS and sham trials 
leads to less robust effects of taVNS on pupil dilation, possibly 
due to carryover effects, we decided to perform a follow-up ex-
periment in which we shortened the stimulation duration.

3   |   Experiment 2

In Experiment 2, we introduced three changes to the study de-
sign, while preserving the intermixed presentation of taVNS and 
sham trials: a shorter stimulation duration, an additional sham 
location, and the inclusion of a respiration measure.

First, we made a minor adjustment to the study design 
to examine whether shorter bursts of stimulation might 

FIGURE 1    |    (A) Grand-average pupil waveforms (percent change) relative to the 500-ms baseline period preceding stimulation onset. Shaded 
areas represent ±1 SEM (blue for taVNS and gray for sham). The gray-shaded rectangle denotes the stimulation period (3.4 s). The horizontal red 
line highlights the interval around the taVNS-evoked pupil peak (1500 ± 500 ms) that we used to compute pupil dilation magnitude. (B) Vinyl plot 
showing the magnitude of pupil dilation in response to taVNS and sham stimulation. Blue lines indicate participants with the expected effect 
(taVNS > sham, n = 24), while black lines indicate those with the opposite effect (sham > taVNS, n = 15). The red line represents the average for both 
stimulation types. Like Sharon et al. (2021) and Lloyd et al. (2023), we found large between-subject variability in the magnitude of pupil dilation re-
sponses, with some participants showing little or no response or pupil constriction.
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have a more robust effect on pupil size. As noted above, a 
recent meta-analysis found that pulsed taVNS is effective 
in enhancing pupil dilation (Pervaz et  al.  2025). However, 
there is still considerable variability in the stimulation du-
rations used  across those studies, ranging from 0.5 (Wienke 
et al. 2023) to 5 s (D'Agostini et al. 2023). In Experiment 2, we 
opted for a 1-s stimulation period instead of 3.4 s. A previous 
study using this duration in combination with blockwise pre-
sentation of active and sham trials reported a highly robust 
taVNS effect on pupil dilation (Skora et al. 2024). The reduced 
stimulation duration also constituted another step toward the 
final integration of taVNS into rapid, event-related cognitive 
task designs, including synchronization of taVNS and stimu-
lus presentation.

A second change in Experiment 2 was that we compared two 
groups receiving sham stimulation at different locations, con-
trasting the earlobe with an alternative sham location (the sca-
pha). While the vast majority of taVNS studies have used the 
earlobe as a sham stimulation location (Farmer et  al.  2021), 
Cakmak  (2019) has criticized this choice, pointing out that 
the lower parts of the outer ear, including the earlobe, con-
tain fewer sympathetic nerve fibers than the cymba concha. 
This is problematic because activation of sympathetic nerves 
can modulate sensory signals and hence result in pupil size 
changes through pathways other than the vagus nerve–NTS–
LC pathway (Cakmak 2019; Nieuwenhuis et al. 2011). To ad-
dress this concern, a few research groups (Keute et al. 2018; 
Liu et  al.  2016; Wang et  al.  2022; Wienke et  al.  2023) have 
chosen to apply sham stimulation to the superior scapha. The 
scapha, the elongated groove between the outer rim and the 
inner ridge of the external ear auricle, has a similar density of 
sympathetic nerve fibers as the cymba concha but is not inner-
vated by the auricular branch of the vagus nerve. Therefore, 
we compared groups of participants that received sham stim-
ulation of the earlobe or the superior scapha. If taVNS would 
elicit larger pupil dilation than stimulation of the earlobe but 
not the scapha, this would cast doubt on the involvement of 
the vagus nerve–NTS–LC pathway.

Third, we monitored participants' respiration throughout the 
experiment. Sclocco et al. (2019), using ultra-high-field fMRI, 
found that effects of taVNS on BOLD activation in the NTS, 
LC, and other brainstem nuclei were larger when taVNS was 
delivered during exhalation compared to inhalation. A possi-
ble explanation is that neuronal firing in the NTS, which me-
diates effects of the vagus nerve on LC activity, is suppressed 
during inhalation (Miyazaki et  al.  1998). Accordingly, if we 
find that taVNS elicits a larger pupil response when taVNS 
is delivered during exhalation, that would provide evidence 
for the involvement of the vagus nerve–NTS–LC pathway. As 
a secondary analysis, we examined whether pupil size var-
ied across the respiratory cycle, irrespective of stimulation 
(Schaefer et al. 2025).

3.1   |   Method

The methods of Experiment 2 were identical to those of 
Experiment 1, with the following exceptions.

3.1.1   |   Sample

A total of 60 participants took part in the study. None of 
them had participated in Experiment 1. The experiment used 
a between-subjects design based on the sham location. One 
participant was excluded due to excessive pupil data loss. In 
one group, the earlobe was used as the sham location (n = 30; 
age: 20.7 ± 3.5 years; 28 female). In the other group, the scapha 
was used as the sham location (n = 29; age: 20.6 ± 2.6 years; 24 
female).

3.1.2   |   Procedure

At the start of the experiment, before the calibration procedure, 
a respiration belt was placed around the participant's chest or 
abdomen, worn over close-fitting clothing. For one group, the 
sham electrode was placed on the left earlobe; for the other 
group, it was placed on the upper scapha of the left ear (Wienke 
et  al.  2023). We conducted the same calibration procedure to 
identify suitable stimulation intensities. Three participants in 
the earlobe group and three in the scapha group reached 5 mA 
in the sham condition while reporting intensity ratings below 
9 (meanearlobe = 6.7, rangeearlobe 5–8; meanscapha 5.7, rangescapha 
5–6). Only one participant in the taVNS condition (earlobe 
group) reported a lower rating (7).

The experiment consisted of 140 trials divided into five blocks, 
each containing 28 trials (14 taVNS and 14 sham), presented 
in a randomized order. Each trial began with a 1-s stimulation 
period, followed by a variable intertrial interval of 10–12 s, re-
sulting in a total trial duration of approximately 11–13 s. At the 
end of each block, participants completed the taVNS afteref-
fects questionnaire designed to assess potential side effects (see 
Table S2).

3.1.3   |   Pupil Preprocessing

The preprocessing of the pupil data led to an average loss of 
1.0% of the 140 taVNS trials and 1.0% of the 140 sham stimula-
tion trials. As in Experiment 1, pupil size was converted to per-
centage change values relative to a 500-ms baseline preceding 
stimulation onset. We also confirmed that the results remained 
unchanged when applying subtractive baseline correction. One 
participant was excluded from the final sample due to insuffi-
cient pupil data.

3.1.4   |   Respiration Preprocessing Steps

The raw respiration signal was recorded using a BIOPAC MP-150 
system (BIOPAC Systems Inc., Goleta, CA, USA) at a sampling 
rate of 50 Hz. Preprocessing was performed using the NeuroKit2 
Python package (Makowski et al. 2021), which incorporates the 
following steps. First, the raw signal was preprocessed using 
a second-order Butterworth bandpass filter with a cutoff fre-
quency range of 0.05–3 Hz to remove high-frequency noise and 
low-frequency trends. Second, peak detection was performed 
based on the method described by Khodadad et al. (2018), which 
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6 of 13 Psychophysiology, 2026

optimizes the detection of respiratory cycles. Third, the respira-
tory volume per time was computed using the approach outlined 
by Harrison et al. (2021), which employs a Hilbert-based method 
for processing respiratory time series. Finally, respiratory cycles 
were delineated to extract key features, including respiratory 
rate, amplitude, and respiratory phase (inhalation and exhala-
tion), identified from peaks and troughs in the signal. One par-
ticipant from the scapha group was excluded from respiration 
analysis due to insufficient data.

3.1.5   |   Statistical Analysis

Before the start of the study, we decided to stop data collection 
when the evidence for (BF10) or against (BF01) the main hypoth-
esis (i.e., larger pupil dilation to taVNS than to sham) would 
reach a Bayes factor of 8 (i.e., “strong evidence”), with a max-
imum of 30 participants per group due to resource limitations 
(Lakens 2022). Data collection was limited to a maximum of 30 
participants per group due to resource limitations.

All analyses were done in R using the afex and lme4 packages. 
To examine differences in current intensities between the taVNS 
and sham stimulation, we performed a 2 (group: earlobe, sca-
pha) × 2 (stimulation type: taVNS, sham) mixed ANOVA. To 
assess stimulation effects on pupil dilation, stimulation-evoked 
pupil responses were quantified as the mean pupil dilation 
around the taVNS-evoked peak (1433 ± 500 ms). For each trial, 
we extracted the respiratory phase (bin number) at stimulation 
onset and the corresponding pupil dilation magnitude. These 
data were analyzed using an 18 (respiratory bin) × 2 (group) × 2 
(stimulation type) mixed ANOVA.

The respiration analyses were divided into two sets. First, we 
sought to replicate the approach used by Schaefer et al. (2025), 
who examined how pupil size changes throughout the respira-
tory cycle. Second, we examined whether the respiratory phase 
modulated the effect of taVNS and sham stimulation on the 
pupil dilation response. To analyze these effects of the respira-
tory cycle, each trial was divided into 18 evenly spaced respira-
tory bins, each covering 20° of the respiratory cycle. Because the 
inhalation phase is typically shorter than the exhalation phase, 
the inhalation bins contain a smaller amount of data.

The first set of respiration analyses focused on examining how 
pupil size varied over the 18 bins of the respiratory cycle. For this 
analysis, we used continuous pupil data without baseline correc-
tion, following the approach of Schaefer et al.  (2025). To assess 
whether mean normalized (z-scored) pupil size differed across 
the respiratory cycle—and whether there were interactions with 
stimulation type (taVNS vs. sham) or group (earlobe vs. scapha)—
we conducted an 18 × 2 × 2 mixed ANOVA. Furthermore, like 
Schaefer et al. (2025), we performed nonparametric permutation 
tests to determine for each respiratory bin whether the mean nor-
malized pupil size significantly deviated from 0. First, we calcu-
lated a one-sample t-statistic for each of the 18 respiratory bins. 
Second, to generate a null distribution of t values, we conducted 
10,000 permutations per bin, randomly flipping the signs of the 
observations in each permutation. This procedure preserved the 
magnitude and variability of the original data while simulat-
ing datasets consistent with the null hypothesis that the mean 

normalized pupil size is zero. Finally, the observed t-statistic 
for each respiratory bin was compared against the correspond-
ing null distribution of maximum absolute t-statistics (Schaefer 
et al. 2025). Family-wise error-corrected p values were calculated 
as the proportion of permuted maximum t-statistics that were 
greater than or equal to the observed absolute t-statistic.

In a second set of analyses, we examined whether the respiratory 
phase modulated taVNS- and sham-evoked changes in pupil size 
by assessing the main effect and interaction effects of respiratory 
bin in our 18 × 2 × 2 mixed ANOVA. As a follow-up analysis, we 
conducted nonparametric permutation tests to assess, for each re-
spiratory bin, whether pupil responses were systematically larger 
or smaller than the participant's average evoked response. To en-
sure comparability with the first set of respiration analyses, pupil 
data were z-scored within participant and baseline-corrected be-
fore analysis. Next, pupil dilation magnitudes were mean-centered 
within participants before testing, such that values reflected devi-
ations from the individual's overall response. Null distributions of 
the maximum absolute t values were generated while collapsing 
across groups and stimulation types.

To illustrate the effects of the respiratory cycle, we created polar 
plots and polar histograms in R. First, we calculated the average 
normalized pupil size for each participant and each of the 18 
discrete bins. These binned averages were then used to calculate 
a weighted circular mean direction for each participant, where 
the weights correspond to the average pupil size per bin and the 
angles correspond to the center of each respiratory bin in radi-
ans. The weighted circular mean was computed using the stan-
dard formula for circular data:

Finally, we visualized the data by plotting participant-level 
traces, group-level averages, and a polar histogram of the dis-
tribution of participants' circular mean directions, providing 
a summary of where pupil size tended to peak across the re-
spiratory cycle.

3.2   |   Results

3.2.1   |   Stimulation Intensity

The stimulation intensities in the earlobe group were 
Msham = 3.4 mA (range: 2.1–5.0 mA) and MtaVNS = 1.8 mA (range: 
0.6–5.0 mA). Those in the scapha group were Msham = 3.0 mA 
(range: 0.7–5.0 mA) and MtaVNS = 2.0 mA (range: 0.6–4.5 mA). As 
in Experiment 1, stimulation intensities were higher for sham 
stimulation, F(1, 57) = 78.65, p < 0.001, generalized η2 = 0.284, but 
the difference between sham and taVNS was less pronounced in 
the scapha group, as indicated by a significant interaction effect, 
F(1, 57) = 4.89, p = 0.031, generalized η2 = 0.024.

3.2.2   |   taVNS Effects on Pupil Size

Figure  2A shows the pupil waveforms elicited by taVNS and 
sham stimulation in Experiment 2, separately for the earlobe 

mean direction = atan2
(

∑

weights×sin(angles)
)

,
∑

(weights×cos(angles))
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7 of 13Psychophysiology, 2026

and scapha groups. In the earlobe group, pupil size reached a 
peak of 5.68% ± 0.20% above baseline at 1433 ms after taVNS 
onset, while sham stimulation reached a peak of 3.54% ± 0.19% 
at 1533 ms. In the scapha group, pupil size reached a peak of 
4.77% ± 0.22% above baseline at 1433 ms after taVNS onset, while 
sham stimulation reached a peak of 4.27% ± 0.21% at 1433 ms. 
Although the pupil response elicited by taVNS was numerically 
larger in the earlobe group than in the scapha group, this differ-
ence was not significant (Δ = 0.91%, p = 0.40).

Sample-by-sample analyses in the earlobe group revealed sig-
nificant differences between the stimulation types from 833 
to 2867 ms and from 6617 to 7883 ms after stimulation onset 
(ps < 0.05, two-sided Wilcoxon signed-rank test, FDR-corrected 
across all time points). In contrast, sample-by-sample analyses 
in the scapha group revealed no significant differences between 
the stimulations (all ps > 0.05).

As in Experiment 1, we also compared the mean pupil dila-
tion magnitudes in 1-s windows centered on the pupil peaks. A 
mixed ANOVA (Table  1) revealed a significant main effect of 
stimulation type, F(17, 7872.2) = 42.37, p < 0.001, η2ₚ = 0.013, indi-
cating greater pupil dilation with taVNS compared to sham stim-
ulation (Figure 2C), and a significant interaction between group 
and stimulation type, F(17, 7872.2) = 7.88, p = 0.005, η2ₚ = 0.001. 
Pairwise comparisons collapsing across respiratory bins revealed 
strong Bayesian evidence for a larger pupil dilation response to 
taVNS than to sham in the earlobe group, t(29) = 3.31, p = 0.002, 
BF10 = 14.86, but moderate evidence for the null hypothesis in the 
scapha group, t(28) = 0.80, p = 0.43, BF01 = 3.77.

To assess potential relationships between objective stimulation 
intensity and pupil dilation magnitude, we correlated these 
measures across participants, separately for each group and 
stimulation type. For the earlobe group, we found no significant 

FIGURE 2    |    (A) Grand-average pupil waveforms (percent change) relative to the 500-ms baseline period preceding stimulation onset for the ear-
lobe group. Shaded areas represent ±1 SEM (blue for taVNS and gray for sham). The gray-shaded rectangle denotes the stimulation period (0–1 s). The 
horizontal red line highlights the interval around the taVNS-evoked pupil peak (1433 ± 500 ms) that we used to compute pupil dilation magnitude. 
(B) Same as (A), but for the scapha group. (C) Violin plot depicting the magnitude of pupil dilation in response to taVNS and sham stimulation. Blue 
lines indicate participants with the expected effect (taVNS > sham, n = 25), while black lines indicate those with the opposite effect (sham > taVNS, 
n = 5). The red line represents the overall average for both stimulation types. (D) Same as (C), but for the scapha group. Here, 20 participants show 
the expected effect, whereas 9 participants show the opposite effect.
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8 of 13 Psychophysiology, 2026

correlation for taVNS (ρ = 0.06, p = 0.77) and for sham (ρ = −0.11, 
p = 0.58). For the scapha group, there were also no signifi-
cant correlations for taVNS (ρ = −0.20, p = 0.29) and for sham 
(ρ = −0.23, p = 0.22).

3.2.3   |   Effects of Respiratory Phase on Pupil Size

Figure 3 shows the pupil size changes over the course of the re-
spiratory cycle. In line with Schaefer et al.  (2025), we found a 
significant main effect of respiratory phase on pupil size, F(17, 
2016) = 19.11, p < 0.001, indicating that pupil size varied across 
the respiratory cycle (Figure 3A). However, no significant inter-
actions were observed between respiratory phase, group, and 
stimulation type (Table 2).

To statistically assess the direction of the effect, we examined for 
which respiratory phase bins the mean normalized pupil size was 
smaller or larger than zero. Permutation testing revealed that pupil 
size was significantly smaller during the end of the exhalation 
phase (320°-360°) and during most of the inhalation phase (0°–
120°; Figure 3B). Conversely, pupil size was significantly larger at 
the end of the inhalation phase (160°–180°) and during the first 
half of the exhalation phase (180°–280°). This pattern is similar to 
that reported by Schaefer et al. (2025), who suggested it reflects the 
activity of the pre-Bötzinger complex, a medullary microcircuit 
that generates the breathing rhythm and projects to NE neurons in 
the LC that regulate pupil-linked arousal (Del Negro et al. 2018).

3.2.4   |   Effects of Respiratory Phase on 
Stimulation-Evoked Pupil Dilation

When we analyzed the effect of respiratory phase on stimulation-
evoked pupil dilation, we found a significant main effect of re-
spiratory bin (F(17, 7881.5) = 6.09, p < 0.001), but no interactions 
with group and stimulation type (Table 1), indicating that the 
respiratory cycle influenced the stimulation-evoked pupil re-
sponse irrespective of the stimulation type and sham location 
(Figure 3C).

To statistically assess the direction of the effect, we exam-
ined for which respiratory phase bins the mean normalized 

(z-scored) pupil dilation magnitude was smaller or larger 
than zero. In contrast to taVNS effects on BOLD activation 
in the NTS and LC (Sclocco et al. 2019), pupil dilation magni-
tude was significantly smaller when stimulation started half-
way through the exhalation phase (240°–260°; Figure  3D). 
Conversely, pupil dilation magnitude was significantly 
larger when stimulation started during the inhalation phase 
(20°–40°).

This unanticipated result, which was similar across groups 
and stimulation types, can be explained as follows. Cross-
correlations between the time series displayed in Figure 3C,D 
revealed a lag of seven bins (horizontal line in Figure 3D). The 
average summed duration of those bins was around 1600 ms, 
a number that is close to the average peak latency of the 
stimulation-evoked pupil responses (1433–1533 ms). This sug-
gests that starting stimulation halfway through the inhalation 
phase results in the largest pupil dilation (Figure 3D), because 
in that case the peak of the evoked pupil response coincides 
with the respiratory phase during which baseline pupil size 
tends to be largest (Figure 3C). The finding that the effect size 
is smaller in Figure 3C than in Figure 3D does not invalidate 
this account; Figure  3C shows the maximum pupil dilation, 
regardless of the peak latency, whereas Figure 3D shows av-
erage pupil size at any one time point. These effect sizes devi-
ate in the observed direction in the case of variability in peak 
latency.

3.3   |   Discussion

In Experiment 2, we used a shorter stimulation duration than 
in Experiment 1, compared two groups receiving sham stimu-
lation at different locations (earlobe vs. scapha), and measured 
respiration to examine the relationship between respiratory 
phase and our pupil measures. We summarize the key findings. 
First, when taVNS was intermixed with sham stimulation of 
the earlobe, we found strong Bayesian evidence for an effect of 
taVNS on pupil dilation. Indeed, the evidence was considerably 
stronger than in Experiment 1, suggesting that taVNS was more 
effective with the 1-s stimulation duration used in Experiment 
2 (earlobe group: Δpupil = 2.14%, BF10 = 14.86) than with the 
3.4-s stimulation duration used in Experiment 1 (Δpupil = 0.86%; 

TABLE 1    |    ANOVA examining the effects of respiratory phase bin, group, and stimulation type on stimulation-evoked pupil dilation magnitude.

Effect df F η2ₚ p

Respiratory bin (1–18) 17, 7881.5 6.09 0.013 < 0.001

Group (earlobe vs. scapha) 1, 56.2 0.004 7 × 10−5 0.95

Stimulation type (taVNS vs. sham) 1, 7872.2 42.37 0.005 < 0.001

Respiratory bin × group 17, 7881.5 1.01 0.002 0.44

Respiratory bin × stimulation type 17, 7881.1 1.35 0.003 0.15

Group × stimulation type 1, 7872.2 7.88 0.001 0.005

Respiratory bins × group × stimulation type 17, 7881.1 0.71 0.002 0.90

Note: Analyses were conducted on trial-level data using a linear mixed-effects model to account for the hierarchical structure of trials nested within participants. 
Degrees of freedom were estimated using the Satterthwaite approximation. Bold values indicate statistically significant effects (p < 0.05).
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9 of 13Psychophysiology, 2026

FIGURE 3    |    (A) Polar plots illustrating participants' pupil size throughout the respiratory cycle. Inhalation covers 0°–180°, and exhalation covers 
180°–360°. Each gray line represents the normalized (z-scored) pupil size pattern of an individual participant. The middle circle represents the pupil 
size z-score of 0. The inner and outer black circles correspond to pupil size z-scores of −0.25 and 0.25, respectively. Light blue shading marks bins 
where pupil size significantly differed from zero according to permutation testing. Shaded bins between the middle and outer circles indicate in-
creased pupil size, whereas shaded bins between the middle and inner circles indicate decreased pupil size. The green polar histogram on the outside 
of the polar plot depicts the proportion of participants' circular mean directions pointing toward each respiratory phase bin (the histogram sums to 
1). (B) Same as (A) but for the magnitude of participants' (mean-centered) pupil dilation in response to stimulation as a function of the respiratory 
phase at stimulation onset. The inner and outer black circles in the polar plot correspond to pupil size scores of −0.5 and 0.5, respectively. (C) Line 
plots showing the mean normalized pupil size for each respiratory phase bin. Blue shading reflects 95% confidence intervals. Red dots indicate bins 
in which pupil size was significantly smaller or larger than zero. (D) Same as (C) but for the magnitude of participants' (mean-centered) pupil dilation 
in response to stimulation as a function of the respiratory phase at stimulation onset. The horizontal red line indicates the temporal lag relative to 
the peak observed in panel C.

TABLE 2    |    ANOVA examining the effects of respiratory phase type, group, and stimulation type on pupil size.

Effect df F η2ₚ p

Respiratory bin (1–18) 17, 2016 19.11 0.139 < 0.001

Group (earlobe vs. scapha) 1, 2016 0.04 2 × 10−5 0.85

Stimulation type (taVNS vs. sham) 1, 2016 33.67 0.016 < 0.001

Respiratory bin × group 17, 2016 0.43 0.004 0.98

Respiratory bin × stimulation type 17, 2016 0.16 0.001 0.99

Group × stimulation type 1, 2016 54.51 0.026 < 0.001

Respiratory bin × group × stimulation type 17, 2016 0.40 0.003 0.99

Note: Analyses were conducted on aggregated data using a linear mixed-effects model to account for the hierarchical structure of conditions nested within 
participants. Degrees of freedom were estimated using the Satterthwaite approximation. Bold values indicate statistically significant effects (p < 0.05).
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10 of 13 Psychophysiology, 2026

BF10 = 1.46), although the experiment × stimulation type inter-
action in a between-experiment ANOVA was not statistically 
significant (p = 0.14).

Second, we found moderate evidence against an effect of taVNS 
when it was compared with sham stimulation of the scapha. 
This seems inconsistent with Wienke et al. (2023), who reported 
significantly larger pupil dilation after pulsed stimulation of the 
cymba concha than after stimulation of the scapha. However, 
a limitation of this study is that the stimulation intensity was 
set to 2 mA for both taVNS and sham. In this case, matching 
should have taken into account differences in nerve density and 
sensitivity between the cymba concha and the scapha. Our stim-
ulation intensity levels in the scapha group (MtaVNS = 1.9 mA, 
Msham = 3.0 mA) suggest that the scapha is less sensitive to 
stimulation than the cymba concha. This could explain why in 
Wienke's study, the same stimulation intensity led to smaller 
pupil dilation with sham stimulation than with the taVNS. 
Alternatively, the inconsistent findings could reflect the effect of 
intermixed taVNS and sham in our scapha group, as opposed to 
the blockwise presentation in Wienke's study.

Third, we found that across conditions (taVNS and sham) 
and groups (earlobe and scapha), pupil dilation was largest 
when the ear was stimulated halfway through the inhalation 
phase. As we argued above, we believe that this reflects a con-
found, caused by our finding, previously reported by Schaefer 
et al.  (2025), that baseline pupil size tends to vary across the 
respiratory cycle. An alternative explanation for the effect of 
respiratory phase on stimulation-evoked pupil dilation is based 
on the law of initial values, according to which the size of a 
physiological response to a stimulus tends to be affected by 
the prestimulus baseline level of that response system. This 
law suggests that stimulation-evoked pupil responses might 
be larger when stimulation is delivered halfway through the 
inhalation phase because baseline pupil size is relatively small 
during inhalation (Figure  3B; Schaefer et  al.  2025), offering 
a greater potential “upward” range. Conversely, stimulation-
evoked pupil responses might be smaller during exhalation 
because the relatively large baseline pupil size during that re-
spiratory phase causes a ceiling effect. Although we cannot ex-
clude this explanation, previous work suggests that the law of 
initial values does not apply to the pupil system, as long as base-
line pupil size is within a natural range (Gilzenrat et al. 2010). 
In any case, we found no evidence for an enhanced pupil re-
sponse when taVNS (but not sham) was delivered during the 
exhalation phase (cf. Sclocco et al. 2019).

Two potential limitations regarding the electrodes should be 
noted. First, the electrode surface areas were not identical. The 
clip electrode used for sham stimulation had a surface area of 
23.8 mm2 per contact. The NEMOS electrode was placed within 
the curvature of the cymba concha, resulting in an effective con-
tact area of approximately 20–30 mm2 per contact, depending on 
individual differences in the shape of the auricle. In addition, 
the clip electrode was positioned on the anterior and posterior 
sides of the auricle, resulting in current passing through the ear 
tissue. In the case of the upper scaphoid, this could have led to 
the unintended activation of intrinsic auricular muscles and 
other non-vagal afferents, potentially confounding the results 
(Cakmak 2019).

4   |   General Discussion

In this study, we addressed two key questions. First, how effec-
tive is pulsed taVNS at eliciting pupil dilation when active and 
sham stimulation are delivered intermixed within the same 
experimental blocks? And second, to what extent does taVNS-
elicited pupil dilation depend on the sham location and the re-
spiratory cycle? We draw the following two conclusions:

4.1   |   Feasibility of Intermixing taVNS and Sham 
Stimulation

Our study is the first taVNS-pupillometry study in which (supra-
threshold) pulsed taVNS and sham stimulation were randomly 
intermixed. When using the earlobe as a sham location, we 
found robust evidence that taVNS increased pupil dilation, in 
particular when the stimulation duration was 1 s (Experiment 
2). This shows that the effect of pulsed taVNS on pupil dilation 
can be preserved when taVNS and sham are delivered in the 
same block of trials. The intermixed presentation and 1-s stim-
ulation duration suggest it may be feasible to integrate taVNS 
into the rapid, event-related task designs of cognitive neurosci-
entists. However, an important remaining step is limiting the 
trial duration, which in Experiment 2 ranged from 11 to 13 s. 
When trial durations decrease below 5 s, the pupil responses to 
consecutive taVNS/sham pulses will start to overlap in time. In 
general, it is possible to estimate the constituent pupil responses 
using automated model-based deconvolution (Fink et al. 2024; 
Wierda et  al.  2012) or to statistically control for the trial type 
(and corresponding mean pupil response) on the previous trial. 
However, the question remains to what extent the effects of 
taVNS and sham will carry over to the next trial when stimula-
tion pulses are so closely spaced. Future research should address 
this question.

The effect of taVNS on pupil dilation was much weaker with 
a stimulation duration of 3.4 s (Experiment 1). This is interest-
ing because previous studies with blockwise presentation of 
active and sham trials but otherwise identical stimulation pa-
rameters reported robust taVNS effects on pupil dilation (Lloyd 
et al. 2023; Sharon et al. 2021), with effect sizes more than twice 
the size of those obtained in Experiment 1. This discrepancy can 
possibly be attributed to the intermixing of stimulation types. 
Although we did not directly contrast the 1- and 3.4-s stimu-
lation durations, we recommend that future studies that want 
to intermix taVNS and sham stimulation use a relatively short 
stimulation duration.

4.2   |   Effects of Sham Location and Respiratory 
Cycle Call Into Question Anatomical Pathway

In Experiment 2, we found strong evidence for an effect of taVNS 
on pupil dilation in the group in which the sham electrode was 
attached to the earlobe, the most commonly used sham location. 
However, we found moderate evidence against such an effect in 
the group that received sham stimulation at the upper scapha. 
This is potentially problematic for the field because the discrep-
ancy may relate to criticisms of the use of the earlobe as a sham 
location (Cakmak 2019). Although the earlobe is not innervated 
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11 of 13Psychophysiology, 2026

by the auricular branch of the vagus nerve, it also differs from 
the cymba concha in that it has a lower density of sympathetic 
nerve fibers. Sympathetic fibers are efferent, so they cannot by 
themselves send signals to the brain. However, the effects of 
sympathetic activity on local skin conditions, including vaso-
constriction and sweat secretion, directly affect how sensory re-
ceptors behave (Glatte et al. 2019). This means that adjacent skin 
areas with different sympathetic density will respond differently 
to the same stimulus.

It is possible that the separate intensity calibration procedures 
for the cymba concha and earlobe, to some extent, control for 
differences in sensitivity. However, several of our participants 
spontaneously reported after the experiment that they became 
more habituated to sham (earlobe) stimulation over the course of 
the experiment, gradually perceiving it as less intense than the 
stimulation of the cymba concha. Future research using the ear-
lobe as a sham location could benefit from monitoring changes 
in perceived intensity across the session to ensure consistent 
stimulation sensations. To avoid this issue, we chose the upper 
scapha as a sham location. The scapha is not innervated by the 
auricular branch of the vagus nerve and, as one of the sections of 
the upper ear, has a similar density of sympathetic nerve fibers 
as the cymba concha (Cakmak 2019; Cakmak et al. 2018). Our 
finding that pulsed stimulation of the cymba concha and scapha 
elicits a similar pupil response suggests that the pupil response 
to stimulation of the cymba concha cannot be attributed to acti-
vation of the vagus nerve.

Furthermore, if the pupil response to stimulation of the cymba 
concha would reflect activation of the vagus nerve–NTS–LC 
pathway, we should have found increased pupil dilation to 
taVNS but not sham stimulation delivered during the exhala-
tion phase of the respiratory cycle (Sclocco et al. 2019). But our 
results showed no sign of such a pattern. Instead, taVNS and 
sham stimulation of the earlobe and scapha all showed a larger 
pupil dilation response when delivered during the inhalation 
phase. We argued that this likely reflects a confound produced 
by a general relationship between pupil size and the respiratory 
cycle, previously reported by Schaefer et  al.  (2025) and repli-
cated here. Importantly, this general relationship is unrelated to 
stimulation of the outer ear. The absence of an exhalation- and 
taVNS-specific increase in stimulation-evoked pupil dilation 
does not imply that the NTS and LC are not activated; there are 
multiple anatomical pathways by which sensory stimulation 
can activate these brainstem nuclei and elicit a pupil dilation re-
sponse (Cakmak 2019; Nieuwenhuis et al. 2011). However, our 
findings do cast doubt on an important and commonly assumed 
principle in experimental work using taVNS—namely that the 
effect of electrical stimulation of the cymba concha on pupil 
size is mediated by the pathway connecting the vagus nerve to 
the NTS and LC. Future studies combining taVNS with inva-
sive vagus nerve recordings and pupillometry would be ideally 
suited to address this question.

In conclusion, the present findings show that pulsed taVNS 
effects on pupil dilation are preserved when taVNS and sham 
stimulation of the earlobe are intermixed, at least with a 1-s 
stimulation duration and a long intertrial interval (11–13 s). 
However, the absence of a taVNS effect when the scapha is used 
as a sham location, as well as the respiration-related findings, 

questions the involvement of the vagus nerve–NTS–LC pathway 
in pulsed taVNS effects on pupil dilation. These results high-
light the need for investigation of pulsed taVNS effects across 
different conditions and for more direct examination of the un-
derlying neural pathways.
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