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eLife Assessment
The authors provide a solid set of data supporting the safety of transcutaneous auricular vagal nerve 
stimulation on cardiovascular parameters in the acute setting of critically ill patients presenting with 
subarachnoid hemorrhage. This important study also suggests a promising effect on autonomic 
balance.

Abstract
Background: Subarachnoid hemorrhage (SAH) is characterized by intense central inflammation, 
leading to substantial post- hemorrhagic complications such as vasospasm and delayed cerebral isch-
emia. Given the anti- inflammatory effect of transcutaneous auricular vagus nerve stimulation (taVNS) 
and its ability to promote brain plasticity, taVNS has emerged as a promising therapeutic option for 
SAH patients. However, the effects of taVNS on cardiovascular dynamics in critically ill patients, like 
those with SAH, have not yet been investigated. Given the association between cardiac complica-
tions and elevated risk of poor clinical outcomes after SAH, it is essential to characterize the cardio-
vascular effects of taVNS to ensure this approach is safe in this fragile population. Therefore, this 
study assessed the impact of both acute and repetitive taVNS on cardiovascular function.
Methods: In this randomized clinical trial, 24 SAH patients were assigned to either a taVNS treat-
ment or a sham treatment group. During their stay in the intensive care unit, we monitored patient 
electrocardiogram readings and vital signs. We compared long- term changes in heart rate, heart 
rate variability (HRV), QT interval, and blood pressure between the two groups. Additionally, we 
assessed the effects of acute taVNS by comparing cardiovascular metrics before, during, and after 
the intervention. We also explored acute cardiovascular biomarkers in patients exhibiting clinical 
improvement.
Results: We found that repetitive taVNS did not significantly alter heart rate, QT interval, blood 
pressure, or intracranial pressure (ICP). However, repetitive taVNS increased overall HRV and para-
sympathetic activity compared to the sham treatment. The increase in parasympathetic activity 
was most pronounced from 2 to 4 days after initial treatment (Cohen’s d = 0.50). Acutely, taVNS 
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increased heart rate, blood pressure, and peripheral perfusion index without affecting the corrected 
QT interval, ICP, or HRV. The acute post- treatment elevation in heart rate was more pronounced in 
patients who experienced a decrease of more than one point in their modified Rankin Score at the 
time of discharge.
Conclusions: Our study found that taVNS treatment did not induce adverse cardiovascular effects, 
such as bradycardia or QT prolongation, supporting its development as a safe immunomodula-
tory treatment approach for SAH patients. The observed acute increase in heart rate after taVNS 
treatment may serve as a biomarker for SAH patients who could derive greater benefit from this 
treatment.
Funding: The American Association of Neurological Surgeons (ALH), The Aneurysm and AVM 
Foundation (ALH), The National Institutes of Health R01- EB026439, P41- EB018783, U24- NS109103, 
R21- NS128307 (ECL, PB), McDonnell Center for Systems Neuroscience (ECL, PB), and Fondazione 
Neurone (PB).
Clinical trial number: NCT04557618.

Introduction
Subarachnoid hemorrhage (SAH) is a devastating subtype of stroke that represents a significant global 
health burden and causes permanent disability in approximately 30% of survivors (D’Souza, 2015; 
Weir, 2002; Zhang et al., 2023). Early brain injury can occur within the first 24–48 hr after ictus, which 
involves a cascade of elevated intracranial pressure (ICP) and a subsequent drop of cerebral perfu-
sion (Schneider et al., 2018). Systemic and local inflammation, cerebral edema, blood–brain barrier 
disruption, sympathetic nervous system activation, autoregulatory failure, microthrombosis, spreading 
depolarizations, and inflammation have all been observed during this period (Macdonald et al., 2012; 
Budohoski et al., 2013). These biological processes result in the inability of cerebral perfusion to 
match metabolic demands, leading to secondary brain injury and delayed cerebral ischemia that typi-
cally occurs between 5 and 14 days after the SAH (Provencio, 2013; van Gijn et al., 2007; Tracey, 
2002; Lv et al., 2018). Delayed cerebral ischemia and deleterious inflammation are major predictors 
of poor outcomes and morbidity. The autonomic nervous system (ANS), comprising the sympathetic 
and the parasympathetic nervous system, plays a critical role in maintaining physiological homeo-
stasis. SAH is believed to cause sympathetic predominance, which plays a key role in the development 
of cerebral vasospasm, renders patients more susceptible to non- neurological complications, and 
exacerbates deleterious inflammatory processes (Naredi et al., 2000).

Numerous interventions have been explored to address the complex pathologies of SAH that 
contribute to secondary brain injury, aiming to improve patient outcomes (Provencio and Vora, 
2005). Transcutaneous auricular vagus nerve stimulation (taVNS) is one of the most promising thera-
peutic options, as recent studies have demonstrated its efficacy in reducing inflammation, improving 
autonomic balance, and enhancing brain plasticity (Wu et al., 2023; Bonaz et  al., 2016; Meyers 
et al., 2018; Provencio and Vora, 2005; Huguenard et al., 2023). The auricular branch of the vagus 
nerve is a sensory nerve that innervates the external ear, including the cymba concha. Stimulating the 
auricular branch of the vagus nerve has been shown to activate the same brain regions as cervical 
vagus nerve stimulation (Frangos et  al., 2015). Specifically, taVNS mediates cholinergic signaling 
and regulates pro- inflammatory responses via the inflammatory reflex (Figure 1A; Sahn et al., 2023; 
Pavlov and Tracey, 2012) In this reflex, inflammatory mediators such as cytokines trigger afferent 
vagus nerve signaling. This afferent signal then prompts an efferent response from the vagus nerve 
that acts to reduce the production of pro- inflammatory cytokines (Tynan et al., 2022).

The vagus nerve also mediates cardiovascular function by regulating the autonomic system and 
metabolic homeostasis (Figure 1A; Keute et al., 2021). Theoretically, taVNS increases parasympa-
thetic activity, which can be measured as increased heart rate variability (HRV). While some animal 
studies have reported a potential risk of bradycardia and decreased blood pressure associated with 
vagus nerve stimulation, two reviews of human studies have considered the cardiovascular effects of 
taVNS generally safe, with adverse effects reported only in patients with pre- existing heart diseases 
(Naggar et al., 2014; Hua et al., 2023; Kim et al., 2022). However, its cardiovascular effect in SAH 
patients is largely unknown. Given that critically ill patients, such as those with SAH, are extremely 
vulnerable to cardiovascular complications, it is essential to thoroughly examine the cardiovascular 

https://doi.org/10.7554/eLife.100088
https://clinicaltrials.gov/show/NCT04557618


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  3 of 27

implications of taVNS to ensure its safety in this fragile population. This is particularly notable as 
cardiovascular abnormalities following SAH, such as prolonged elevated heart rate and QT prolonga-
tion, are associated with an increased risk of poor outcomes (Norberg et al., 2018; Schmidt et al., 
2014; Zhang and Qi, 2016; van der Bilt et al., 2009). However, our limited understanding of these 
effects constitutes a significant barrier, preventing the advancement of taVNS from a promising ther-
apeutic approach to an established clinical treatment for SAH. To address this gap, we assessed the 
effects of acute and repetitive taVNS on cardiovascular function based on electrocardiogram (ECG) 
and other monitored vital signs from SAH patients in the intensive care unit (ICU). The current study 
is part of the NAVSaH trial (NCT04557618) and focuses on the trial’s secondary outcomes, including 
heart rate, QT interval, HRV, and blood pressure (Huguenard et al., 2024a). This interim analysis aims 

Figure 1. Study rationale and clinical trial design. (A) Immunomodulation neural pathways associated with vagus nerve stimulation include cholinergic 
anti- inflammatory pathway, sympathetic nervous system, and hypothalamic–pituitary–adrenal (HPA) axis. Immunogenic stimuli activate vagal afferents 
terminating primarily in the dorsal vagal complex. Ascending projections from the dorsal vagal complex reach the paraventricular nucleus (PVN) and 
rostral ventromedial medulla (RVM), activating the HPA axis and sympathetic system, respectively, to regulate the immune response. Transcutaneous 
auricular vagus nerve stimulation (taVNS) can affect cardiovascular function through the sympathetic system or efferent vagus nerve. (B, C) Clinical trial 
structure and treatment protocol. Patients in the taVNS group received electrical stimulation (0.4 mA, 250 µs pulse width, 20 Hz) for 20 min twice daily. 
Sham group patients wore the ear clip on the earlobe for the same duration. (D) Ear clip application for taVNS treatment.

https://doi.org/10.7554/eLife.100088
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to evaluate the cardiovascular safety of the taVNS protocol and to provide insights that will inform 
the application of taVNS in SAH patients. The primary outcomes of this trial, including change in the 
inflammatory cytokine tumor necrosis factor- alpha (TNF-α) and rate of radiographic vasospasm, are 
available as a pre- print and currently under review (Huguenard et  al., 2024b). Based on a meta- 
analysis, most aversive effects were seen in repeated sessions lasting 60 min or more; therefore, we 
hypothesized that repetitive taVNS increased HRV but did not cause bradycardia and QT prolonga-
tion (Kim et al., 2022). To test this hypothesis, we compared changes in cardiovascular metrics at the 
phase of early brain injury (within 72 hr) and at the phase when delayed cerebral ischemia develops 
(after Day 4) between patients receiving taVNS and sham treatments. Root mean square of successive 
differences (RMSSD) and the standard deviation of normal RR intervals (SDNN) are two commonly 
used HRV metrics. RMSSD indicates parasympathetic activity, while lower SDNN is associated with 
increased cardiac risk (Kleiger et al., 2005; Shaffer and Ginsberg, 2017). Providing effective taVNS 
treatment modulates the autonomic system, we propose that heart rate or HRV following acute taVNS 
could inform which SAH patients may experience the most clinical benefit from taVNS treatment. 
To explore this possibility, we correlated the changes in heart rate and HRV following acute taVNS 

Table 1. Patient demography.
HH: Hunt & Hess classification. mRS: modified Rankin Scale. Y: yes. N: no.

Patient Decade of life Gender Race HH
mRS
(admission)

mRS
(discharge)

Vasospasm treated 
by blood pressure 
goal augmentation Indwelling arterial lines ICP monitoring

1 70s M White 3 5 5 Y Y Y

2 50s M
Black/African 
American 3 4 3 N Y Y

3 50s F White 2 2 3 N N N

4 60s M White 2 3 4 Y N N

5 60s F White 2 2 3 Y N N

6 70s F White 2 3 2 N Y N

7 60s M White 4 5 4 N Y Y

8 60s F White 4 5 2 N Y Y

9 70s F White 2 3 0 Y N N

10 70s F White 2 3 3 Y Y N

11 40s M
Black/African 
American 4 5 4 Y Y Y

12 40s F White 2 4 3 N N N

13 50s F
Black/African 
American 2 2 1 Y N N

14 80s F White 1 3 3 Y N N

15 70s F
Black/African 
American 4 5 3 N N Y

16 40s F
Black/African 
American 2 2 3 N N N

17 60s F White 2 1 0 N N N

18 30s F White 3 4 2 N N Y

19 60s F White 3 4 2 N N Y

20 80s F White 2 2 3 N Y Y

21 50s F White 3 4 4 N Y Y

22 70s F White 1 2 4 N N N

23 40s F
Black/African 
American 2 2 4 N Y N

24 60s M White 4 5 5 Y Y Y

https://doi.org/10.7554/eLife.100088
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treatment and changes in the modified Rankin Score (mRS), which measures the degree of disability 
or dependence in the daily activities of people suffering from neurological disability.

Results
Twenty- four participants were randomized to receive the taVNS (N = 11) or Sham (N = 13) treat-
ment (Table 1, Figure 2—figure supplement 2). Appendix 3—table 1 shows the clinical character-
istics of the two treatment groups. The participants, the medical team who dictated all management 
decisions for the patient’s SAH, and the outcomes assessors who assigned mRS at admission and 
discharge were blinded to the treatment. The structure of this study is shown in Figure 1B. Following 
randomization, enrolled patients underwent 20 min of either taVNS or sham stimulation twice daily 
during their stay in the ICU. This treatment schedule was informed by findings from Addorisio et al., 
where a 5- min taVNS protocol was administered twice daily to patients with rheumatoid arthritis for 2 
days (Addorisio et al., 2019). Their study found that circulating C- reactive protein levels significantly 
reduced after 2 days of treatment but returned to baseline at the second clinical assessment by Day 
7. Given the high inflammatory state associated with SAH and our intention to maintain a steady 
reduction in inflammation, we decided to extend the treatment duration to 20 min per session. During 
treatment periods, a portable transcutaneous electrical nerve stimulation (TENS) device (TENS 7000 
Digital TENS Unit, Compass Health Brands, OH, USA) was connected to the patient’s left ear using 
two ear clips (Figure 1C, D). For taVNS treatments, these ear clips were placed along the concha of 
the ear, while for sham treatments, the clips were placed along the earlobe to avoid stimulation of the 
auricular vagus nerve from tactile pressure (Figure 1C). For the taVNS group, stimulation parameters 
were selected based on values reported in prior studies that sought to maximize vagus somatosensory 
evoked potentials while avoiding the perception of pain: 20 Hz frequency, 250 µs pulse width, and 0.4 
mA intensity (de Gurtubay et al., 2021). The stimulation parameters were designed to be impercep-
tible to the patients, and there were no reports of detection of taVNS, suggesting the success of the 
blinding. No electrical current was delivered during sham treatments. Please see Huguenard et al., 
2024a for a detailed protocol of this study.

Effects of repetitive taVNS on cardiac function
A study has shown that 15 min of taVNS reduced sympathetic activity in healthy individuals, with effects 
that persist during the recovery period (Clancy et al., 2014). This finding suggests that taVNS may exert 
long- term effects on cardiovascular function. Therefore, we investigated whether repetitive taVNS 
treatment affects heart rate and QT interval, key indicators of bradycardia or QT prolongation, using 
24- hr ECG recording. We found no significant differences in heart rate between groups (Figure 2D, 
Mann–Whitney U test, N(taVNS) = 94, N(Sham) = 95, p- value = 0.69, Cohen’s d = −0.01, W- statistics 
= 4317, power = 0.93). Changes in heart rate from Day 1 were equivalent between groups (two- tailed 
equivalence tests, p[lower threshold] = 0.006, test statistics[lower threshold] = 2.53; p[lower threshold] 
= 0.004, test statistics[lower threshold] = −2.72, N(VNS) = 94, N(VNS) = 95). We further confirmed 
that changes in heart rate were similar between treatment groups following SAH (Figure 2D, |Cohen’s 
d|<0.2 for Days 2–4, 5–8, 8–10, and 11–13). Moreover, changes in corrected QT interval from Day 1 
were significantly higher in the Sham group compared to the taVNS group (Figure 2E, Mann–Whitney 
U test, N(taVNS) = 94, N(Sham) = 95, p- value <0.001, Cohen’s d = −0.57). Similarly, uncorrected QT 
intervals from Day 1 were higher in the Sham group (Figure 2—figure supplement 1, Cohen’s d = 
−0.42). After the phase of early brain injury, the mean and median corrected QT interval were lower in 
the taVNS group with large effect sizes (Figure 2E, |Cohen’s d| >0.5). To ensure that repetitive taVNS 
did not lead to QT prolongation outside the stimulation period, we calculated the percentage of 
prolonged QT intervals. Prolonged QT intervals were defined as corrected QT interval ≥500 ms. We 
found that changes in prolonged QT intervals percentage from Day 1 were higher in the Sham group 
(Figure 2F, Mann–Whitney U test, N(taVNS) = 94, N(Sham) = 95, p- value <0.001, Cohen’s d = −0.72).

Subsequently, we investigated the effect of taVNS treatment on RMSSD and SDNN. We found 
that changes in SDNN using Day 1 as baseline were not significantly different between the treat-
ment groups (T- test, N(taVNS) = 94, N(Sham) = 95, p = 0.479, Cohen’s d = 0.10, t statistics = 0.71, 
Figure 3A). Changes in RMSSD using Day 1 as baseline were significantly higher in the taVNS treat-
ment group (T- test, N(taVNS) = 94, N(Sham) = 95, Bonferroni- corrected p = 0.025, Cohen’s d = 0.42, 

https://doi.org/10.7554/eLife.100088
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Figure 2. The effects of transcutaneous auricular vagus nerve stimulation (taVNS) on cardiac function. (A) Signals encoding treatment period and 
electrocardiogram (ECG) signals in a representative patient. (B) 3- lead ECG configuration in the intensive care unit. (C) P wave, T wave, and QRS 
complex are delineated from clean ECG II signals. (D, E) Heart rate and corrected QT interval changes from the first hospitalized day in the two 
treatment groups. (F) Changes in the percentage of prolonged QT from the first hospitalized day in the two treatment groups.

Figure 2 continued on next page

https://doi.org/10.7554/eLife.100088
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t statistics = 2.91, Figure 3B). We further studied the effects of taVNS in different phases following 
SAH. Figure 3A- B show the changes in SDNN and RMSSD in bins of 3 days for the two treatment 
groups. The taVNS treatment increased RMSSD over the course of the treatment, with a smaller effect 
size (Cohen’s d = 0.29) observed between Days 2 and 4, corresponding to the early brain injury phase, 
and large effect sizes at the later phases (Cohen’s d = 0.41 for Days 5–7, Cohen’s d = 0.54 for Days 
8–10, Cohen’s d = 0.66 for Days 11–13). We further tested if the RMSSD reduction rate was greater 
in the Sham treatment group with a linear regression model: RMSSD change ~Day * Treatment. The 
results show that the RMSSD reduced slower in the taVNS treatment group when compared to the 
sham treatment, but this trend did not reach significance (coefficient of taVNS * Day interaction effect 
= 2.00, p = 0.21, Figure 3—figure supplement 1).

RMSSD and SDNN are two of the most commonly used methods for quantifying HRV. Bartlett’s 
test indicated that there are significant correlations among these measures (p < 0.01, Figure 3C). To 
analyze the effect of taVNS treatment on the autonomic system, we used factor analysis to identify 
the underlying factors. We focused on the two factors with the greatest eigenvalue. Figure 3D shows 
the factor loading, that is, the variance explained by HRV metrics on the two factors. The first factor 
correlates positively with metrics representing variability, including RMSSD, SDNN, pNNI_50, and 
total power, and therefore has been termed overall HRV. The second factor correlated positively with 
RMSSD and normalized high- frequency power, representing parasympathetic activity, and negatively 
correlated with the cardiac sympathetic index (CSI). Hence, it is termed parasympathetic activity. 
Overall HRV change from Day 1 was significantly higher in the VNS group (Figure 3E, Mann–Whitney 
U test, N(taVNS) = 94, N(Sham) = 95, p- value = 0.04, Cohen’s d = 0.37). The effect size was trivial 
between Days 2 and 4 and increased over the course of treatment. The parasympathetic activity was 
also significantly higher in the VNS treatment group, and we observed the largest effect size between 
Days 2 and 4 (Cohen’s d = 0.50, Figure 3F).

We also investigated the potential association between clinical outcomes, as measured by changes 
in the mRS from admission to discharge, and HRV metrics. We found that heart rate was lower in 
patients with improved mRS (i.e., <0) (Mann–Whitney U test, N(mRS < 0) = 122, N(mRS > 0) = 98, 
p- value <0.01, Cohen’s d = −0.54). Parasympathetic activity, overall HRV, and corrected QT interval 
did not differ significantly between patients with improved mRS and patients with worsened mRS 
(Figure 3—figure supplement 4).

Effects of repetitive taVNS on vascular function
Elevated blood pressure is a common occurrence in SAH and is linked with a higher risk of re- rupture of 
cerebral aneurysms and vasospasm (Minhas et al., 2022; Hosmann et al., 2020). In this study, patients 
in both treatment groups received medical treatment determined by the medical team, including vaso-
pressors and medication for blood pressure management. We investigated whether taVNS induced 
any additional blood pressure changes beyond those managed by the medical team. We found that 
the median and mean blood pressure change from the first hospitalized day were greater than 0 for 
both treatment groups (Figure 4B). No significant differences were detected in changes in blood 
pressure and ICP between the treatment groups (Figure 4B, C). Equivalence testing confirmed that 
the ICP changes from the first hospitalization day were not significantly different between treatment 
groups, with a 2- mmHg equivalence margin (two one- sided t- tests, p[lower threshold] = 3.66 × 10−13, 
t[lower threshold] = 8.07; p[upper threshold] = 3.33 × 10−10, t[upper threshold] = −6.73). Equivalence 
testing also indicated that there were no significant different changes in blood pressure between 
treatment groups (two one- sided t- tests, p[lower threshold] = 0.07, t[lower threshold] = 1.51; p[upper 
threshold] = 0.002, t[upper threshold] = −3.00). We further verified that there were no significant 
changes in arterial line blood pressure obtained via continuous invasive monitoring between treat-
ment groups (Figure 4—figure supplement 1). We subsequently compared the plethysmography 

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. The effect of repetitive and acute transcutaneous auricular vagus nerve stimulation (taVNS) on uncorrected QT interval.

Figure supplement 2. The distribution of Hunt & Hess classification and modified Rankin Scale for transcutaneous auricular vagus nerve stimulation 
(taVNS) and Sham groups.

Figure 2 continued
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Figure 3. The effects of transcutaneous auricular vagus nerve stimulation (taVNS) on overall heart rate variability and parasympathetic activity. (A, B) 
Changes in standard deviation of NN interval (SDNN) changes and root mean squares of successive differences over time for the two treatment groups. 
The color represents the treatment group. Green triangles represent the mean. (C) Correlation between standard electrocardiogram (ECG) features 
underlying autonomic activities. (D) Factor analysis showed that there are two factors underlying the standard ECG features. The first factor is referred 
to as overall heart rate variability. The second factor is referred to as parasympathetic activity. (E, F) The effect of taVNS on the two factors. pNNI_50: 

Figure 3 continued on next page

https://doi.org/10.7554/eLife.100088
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peripheral perfusion index (PPI) between the treatment groups as it is a proxy metric for cardiac stroke 
volume and vascular tone (Elshal et al., 2021; Coutrot et al., 2021). We found that PPI change was 
significantly lower (Mann–Whitney U test, N(taVNS) = 83, N(Sham) = 95, Bonferroni corrected p < 
0.01, Cohen’s d = −0.49). In addition, respiration rate change was significantly higher (Mann–Whitney 
U test, N(taVNS) = 94, N(Sham) = 95, Bonferroni corrected p = 0.02, Cohen’s d = 0.37) in the taVNS 
group, as compared to the Sham group (Figure 4D, E). We hypothesized that the increase in respi-
ratory rate was a compensatory mechanism to ensure similar oxygen delivery. We found a significant 
negative correlation between changes in PPI and changes in respiration rate only for the taVNS treat-
ment group (Pearson correlation coefficient = −0.37, p < 0.001, t- test, Figure 4—figure supplement 
1D). The Pearson correlation coefficient for the sham treatment group is −0.08 (p = 0.36).

Acute effects of taVNS on cardiovascular function
Assessing the acute effect of taVNS on cardiovascular is crucial for its safe translation into clinical prac-
tice. We compared the acute change of heart rate, corrected QT interval, and HRV between treatment 
groups, as abrupt changes in the pacing cycle may increase the risk of arrhythmias (Zaniboni, 2024). 
The change in heart rate from treatment onset is shown in Figure 5B. We subsequently tested whether 
taVNS affects changes in heart rate between post- and pre- treatment. We found that the changes in 
heart rate were not significantly different between treatment groups although heart rate increased 
in the taVNS group (Wilcoxon rank- sum test, N = 188, Bonferroni corrected p = 0.03, Cohen’s d = 
0.11) but not in the Sham group (Wilcoxon signed- rank test, N = 199, Bonferroni corrected p = 0.72, 
Cohen’s d = 0.00) (Figure 5C). However, the increase in heart rate after taVNS was within 0.5 standard 
deviations of daily heart rate. There were no significant differences in changes in corrected QT interval 
or HRV, as measured by RMSSD, SDNN, and relative power of high- frequency band between treat-
ment groups (Figure 5D, E, Figure 5—figure supplements 1 and 3). Figure 2—figure supplement 
1C shows the acute changes in uncorrected QT interval. Appendix 3—table 1 summarizes the abso-
lute changes in cardiovascular metrics for the treatment groups. We further asked whether heart rate 
can serve as a biomarker that indicates which SAH patients would receive the greatest benefit from 
continuing taVNS treatment. We investigated the relationship between changes in heart rate from 
pre- to post- taVNS treatment and changes in mRS between admission and discharge using a linear 
mixed- effects model. In this model, the treatment group, mRS change, and their interaction were 
included as fixed effects, while subject was included as a random effect. Our analysis revealed that the 
slope between changes in heart rate and changes in mRS is significantly more negative for the taVNS 
treatment group (Table 2). This finding suggests that an increase in heart rate following acute taVNS 
treatment is associated with improved clinical outcomes (Figure 5F). Post hoc analysis showed that 
patients in the taVNS treatment group who had an improvement in mRS of –2 or greater compared to 
other patients had significantly greater increases in heart rate (Mann–Whitney U test, p = 0.02, N(mRS 
change < −1) = 53, N(mRS change ≥ −1) = 135, Cohen’s d = 0.34, Figure 5—figure supplement 1C). 
Conversely, HRV change, represented by RMSSD, was not significantly different based on mRS in SAH 
patients (Figure 5—figure supplement 1D).

Subsequently, we compared changes in blood pressure, PPI, ICP, and respiration rate from pre- to 
post- treatment periods between treatment groups. We found that changes in PPI and blood pres-
sure were significantly higher in the taVNS group, as compared to the Sham group (Mann–Whitney 
U test, blood pressure: p = 0.03, Cohen’s d = 0.22, N = 180 for Sham and 159 for taVNS; PPI: p < 

percentage of number of successive NN intervals that differ by more than 50 ms. CVI: cardiac vagal index. Total power: total power below 0.4 Hz of 
normal RR interval. nhf_power: relative power of the high- frequency band (0.15–0.4  Hz). CSI: cardiac sympathetic index.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Heart rate variability in transcutaneous auricular vagus nerve stimulation (taVNS) and Sham treatment groups.

Figure supplement 2. Time- and frequency- domain cardiac measures in transcutaneous auricular vagus nerve stimulation (taVNS) and Sham treatment 
groups.

Figure supplement 3. The normalized high- frequency power may not fully represent parasympathetic activity when the respiration rate exceeds 25 
bpm.

Figure supplement 4. The impact of clinical outcome on heart rate variability.

Figure 3 continued
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Figure 4. Effects of repetitive transcutaneous auricular vagus nerve stimulation (taVNS) on vascular function. (A) Representative vital signs and their 
physiology. Arterial line blood pressure (see Figure 4—figure supplement 1), intracranial pressure (ICP), and mean blood pressure measured regularly 
by nurses (BP) were recorded. Blood pressure is an index of vasodilation. Peripheral perfusion index (PPI) is the ratio between the pulsatile and the non- 

Figure 4 continued on next page

https://doi.org/10.7554/eLife.100088
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0.01, Cohen’s d = 0.19, N = 227 for Sham and 186 for taVNS, Figure 5—figure supplement 2). Only 
PPI remained significantly different between treatment groups after Bonferroni correction. The acute 
changes in PPI and blood pressure remained within the daily standard deviation. No significant differ-
ences in post- treatment changes in ICP or respiration rate were observed between treatment groups.

Discussion
This study examined the effects of taVNS on cardiovascular function in patients with SAH. We inves-
tigated both the cumulative and acute impacts of taVNS. The findings in our study indicate that 
repetitive taVNS is not associated with previously suggested risks, such as bradycardia and QT prolon-
gation. Furthermore, repetitive taVNS treatment increased overall HRV and parasympathetic activity, 
which are indicators of a healthy cardiovascular system. When looking at the acute effects, taVNS 
only significantly increased the PPI but not heart rate, HRV, corrected QT interval, blood pressure, 
or ICP. The findings are summarized in Table 3. Interestingly, we found that heart rate can serve as a 
biomarker for identifying SAH patients who are most likely to benefit from taVNS treatment. Collec-
tively, this study substantiates the safety of treating SAH patients with taVNS and provides founda-
tional data for future efforts to optimize and translate taVNS therapy toward clinical use.

taVNS and autonomic system
The ANS, comprising the sympathetic and the parasympathetic nervous system, plays a critical role 
in maintaining physiological homeostasis. These two systems work synergistically to mediate interac-
tions between the nervous and immune systems, which is thought to be the underlying mechanism 
for the immunomodulatory effect of taVNS. Our study is aligned with the finding that the autonomic 
balance is shifted toward sympathetic dominance following SAH (Figure 3, Figure 3—figure supple-
ment 2; Chiu et al., 2012; Bai et al., 2023). In addition, we found that dysregulation of sympatho-
vagal balance toward sympathetic dominance could be restored by taVNS treatment.

A key metric that reflects this restored sympathovagal balance is HRV (Figure 3F). Specifically, 
factor analysis based on HRV metrics showed that the parasympathetic activity was significantly higher 
in the taVNS treatment group. This difference was most pronounced during the early phase, between 
Days 2 and 4 following SAH. In addition to analyzing the correlation between the parasympathetic 
activity factor and established HRV measures that reflect parasympathetic activity, such as RMSSD and 
pNNI_50 (Figure 3C), we also examined changes in a frequency- domain HRV measure—the relative 
power of the high- frequency band (0.15–0.4 Hz)—to validate the accuracy of the factor analysis. The 
relative power of the high- frequency band is widely used to indicate respiratory sinus arrhythmia, a 
process primarily driven by the parasympathetic nervous system. We found that both the change in 
parasympathetic activity factor and relative high- frequency power were higher in the taVNS group 
at the early phase (Days 2–4, Figure  3—figure supplement 2). Conversely, we observed higher 
high- frequency power in the Sham group during the later phase. If the factor analysis successfully 
isolates the parasympathetic activity, there should be other factors than the parasympathetic activity 
affecting the relative power of the high- frequency band. One such factor is the respiration rate. The 
high- frequency range is between 0.15 and 0.4 Hz, corresponding to respiration’s frequency range of 
approximately 9–24 breaths per minute. If the respiration rate increases and exceeds 24 breaths per 
minute, the respiratory- driven HRV might occur at a frequency higher than the typical high- frequency 
band. Given that the respiration rate was higher in the taVNS treatment group, a compensatory mech-
anism to ensure oxygen delivery (Figure 4E), we hypothesized that the observed lower high- frequency 
power in the taVNS treatment group compared to sham at later phases was a result of increased 
respiration rate. Indeed, we found the normalized high- frequency power was higher when RR was 
less than 25 bpm compared to when RR >25 bpm (Cohen’s d = 0.85, Figure 3—figure supplement 

pulsatile blood flow, reflecting the cardiac output. (B, C) Mean BP and ICP changes from the first hospitalization day did not differ significantly between 
the treatment groups. (D, E) PPI change from the first hospitalized day was lower in the taVNS treatment group, while RR change was higher.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. The effect of transcutaneous auricular vagus nerve stimulation (taVNS) on arterial line blood pressure monitoring and noninvasive 
blood pressure monitoring.

Figure 4 continued
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Figure 5. The acute effects of transcutaneous auricular vagus nerve stimulation (taVNS) on cardiac function. (A) Daily fluctuation of heart rate of a 
subject receiving VNS treatment. The treatment period, a 20- min period before and after treatment, is highlighted. Note that a small proportion of 
electrocardiogram (ECG) signals to derive heart rate was missing due to the expected cyclical restarting of the monitoring system. (B, D) Normalized 
heart rate (QTc) aligned at the treatment onset over time for the two treatment groups. The heart rate (QTc) is normalized based on the mean and 

Figure 5 continued on next page
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3A). Moreover, an increase in RR in the taVNS treatment group was associated with a decrease in 
high- frequency power (Figure 3—figure supplement 3B). These control analyses underscored the 
necessity of performing factor analysis to robustly measure parasympathetic activities and confirm 
that taVNS treatment mitigated the sympathetic overactivation during the early phase.

Additionally, taVNS led to a decreased QTc without a significant change in heart rate, mimicking 
the effects observed with propranolol administration, a beta- blocker that reduces sympathetic activity 
(Solti et al., 1989). This finding suggests that repetitive taVNS reduces sympathetic overactivation 
and influences ventricular repolarization processes. Age affects sinus node function and is potentially 
associated with a higher risk of poor outcomes. To control for individual differences, including those 
due to age, our study compared the change in cardiovascular parameters from Day 1 within each 
subject across treatment groups. To further verify if age influences autonomic changes following SAH, 
we performed ANCOVA on autonomic function parameters with age included as a covariate. This 
analysis showed that age was negatively correlated with changes in heart rate, SDNN, and RMSSD 
from Day 1 but not with changes in QT intervals. After adjusting for age, we found that RMSSD and 
SDNN changes were significantly higher, while QTc changes were significantly lower in the taVNS 
treatment group (Appendix  4—table 1). These results align with the conclusion that repetitive 
taVNS treatment increased HRV and was unlikely to cause bradycardia or QT prolongation. In addi-
tion, autonomic changes following SAH may be influenced by age. Specifically, lower RMSSD and 
SDNN in older individuals suggest a greater shift toward sympathetic predominance following SAH 
(Appendix 4—table 1).

PPI is primarily influenced by cardiac output and vascular tone. Elevated PPI is associated with 
vasodilation and/or increased stroke volume. In the Sham group, increases in both PPI and blood 
pressure were observed when compared to Day 1 values (Figure 3). This effect may be due to higher 
stroke volume resulting from sympathetic activation following SAH. Alternatively, this could represent 
the heightened need for vasopressor interventions to improve cerebral perfusion due to more robust 
sympathetically driven cerebral vasospasm. The increase in PPI was less for the taVNS treatment group 
(Figure 4), suggesting a restored autonomic balance in the taVNS treatment group. However, the 

standard error of heart rate for each day. (C) The difference in HR between the treatment period, post- treatment period, and pre- treatment period for 
the two groups. Wilcoxon signed- rank test was used to test if the HR difference is statistically different from 0 in the VNS treatment group. Bonferroni- 
corrected p- value for HR difference between post- treatment and treatment period is 0.03 (N = 188, Cohen’s d = 0.1). Mann–Whitney U tests were used 
to compare cardiac function metric differences between the two treatment groups. (E, F) The difference in QTc and RMSSD between the treatment 
period, post- treatment period, and pre- treatment period for the two groups (G) The relationship between heart rate changes following acute taVNS and 
functional outcome.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Cardiac effects of acute transcutaneous auricular vagus nerve stimulation (taVNS).

Figure supplement 2. Vascular effects of acute transcutaneous auricular vagus nerve stimulation (taVNS).

Figure supplement 3. The effect of acute transcutaneous auricular vagus nerve stimulation (taVNS) on peak frequencies within the high- frequency (HF) 
and the low- frequency (LF) bands.

Figure 5 continued

Table 2. Relationship between HR changes following acute transcutaneous auricular vagus nerve 
stimulation (taVNS) and clinical outcomes.

Model
 HRsubject, treatment

(
mRS

)
= β0 + βtaVNS × 1treatment=taVNS+ 

 
(
βmRS + βtaVNS,slope × 1treatment=taVNS

)
× mRS + usubject 

Coefficient p- value 95% confidence interval

 β0 0.73 0.211 −0.41 to 1.87

 βtaVNS −0.29 0.737 −1.95 to 1.38

 βmRS 1.47 0.006 0.43 to 2.51

 βtaVNS,slope −1.85 0.005 −3.12 to 0.57

Bold values denote statistical significance at the p < 0.05 level.

https://doi.org/10.7554/eLife.100088
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effects of taVNS on blood pressure require further investigation as more than half of the patients were 
on vasopressor and ionotropic drugs. Intuitively, sympathetic activation is associated with increases in 
both PPI and blood pressure. The blood pressure management might lead to similar blood pressure 
changes between the two treatment groups. Although repetitive taVNS increases HRV days after initi-
ation of the treatment, this effect is not seen acutely. Also, while repetitive taVNS was associated with 
a reduced PPI and no change in heart rate and blood pressure, there were small acute increases in PPI, 
heart rate, and blood pressure. All patients who were capable of verbal communication were asked 
if they felt any prickling or pain during all sessions. We confirmed that the current taVNS protocol is 
below the perception threshold for all trialed patients. Altogether, successful activation of the afferent 
vagal pathway by taVNS increased arousal, resulting in increased heart rate (Naredi et  al., 2000; 
Skora et al., 2024Sharon et al., 2021; Skora et al., 2024; Tan et al., 2024). These speculative mech-
anisms warrant further validation through animal or pharmacological studies directly investigating the 
effects of taVNS on autonomic function and vascular tone.

Considerations for applying taVNS on SAH patients
Blood pressure management and cardiac function monitoring are crucial in patients following SAH 
(Minhas et al., 2022). This study shows that blood pressure, QT interval, and heart rate over days 
were not significantly different between taVNS and sham treatment groups. This suggests that adding 
taVNS in treatments for SAH patients is unlikely to cause adverse blood pressure alterations or 
cardiac complications. Our findings suggest that repetitive taVNS could enhance parasympathetic 
tone following SAH. This effect could lead to favorable clinical outcomes as lower HRV was found 
to be associated with neurocardiogenic injury (Bai et al., 2023; Megjhani et al., 2020). Given the 
negative association between pro- inflammatory markers and HRV, our finding that HRV was higher 
in the taVNS treatment group aligns with the findings of primary outcomes of this clinical trial, which 
showed that taVNS treatment reduced pro- inflammatory cytokines, including TNF-α and interleu-
kin- 6 (Huguenard et  al., 2024b; Williams et  al., 2019). The consistency between these findings 
strengthens the evidence supporting the anti- inflammatory effects of taVNS. In addition, the sympa-
thetic predominance following SAH is implicated in an increased risk of delayed cerebral vasospasm, 
which is most commonly detected 5–7 days after SAH (Budohoski et al., 2013). Given that taVNS 
treatment mitigated the sympathetic overactivation before the typical onset of cerebral vasospasm, 
it could potentially reduce the severity of this complication. Additionally, reduced PPI was associated 
with increased respiration rate only for the taVNS treatment group, suggesting that the autonomic 
system self- regulates to maintain cardiovascular homeostasis. Thus, it is important to consider auto-
nomic system self- regulation when studying the therapeutic effects of taVNS (Bjerkne Wenneberg 
et al., 2020). Also, while acute cardiovascular changes were noted after taVNS, these changes were 
within normal daily variations in this study, making them unlikely to pose a risk to the patient. That 
said, the observed acute increases in PPI following taVNS necessitate caution when considering taVNS 
treatment for patients to whom peripheral vasodilatation is not desired.

Table 3. Summary of effects of acute and repetitive transcutaneous auricular vagus nerve stimulation 
(taVNS) on cardiovascular function in subarachnoid hemorrhage (SAH) patients.
Metrics for cardiovascular function include heart rate variability, heart rate, QT interval, blood 
pressure, intracranial pressure, peripheral perfusion index, and respiration rate.

Positive findings Null findings Implications

Repetitive Cardiac function Increased HRV QT interval
Heart rate

Increased parasympathetic 
activity

Vascular function Reduced peripheral 
perfusion index
Increased respiration 
rate

Blood pressure 
Intracranial pressure

Compensatory mechanisms 
to maintain autonomic 
balance

acute Cardiac function Heart rate
Heart rate variability
QT interval

No to small acute effect

Vascular function Increased peripheral 
perfusion index

Intracranial pressure 
Respiration rate

https://doi.org/10.7554/eLife.100088
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As we pioneer the application of taVNS as an immunomodulation technique in SAH patients, we 
adopt parameters (20 Hz, 0.4 mA) reported in similar studies (Jelinek et al., 2024). The current study 
provides a basis for future preclinical and clinical studies of taVNS in this patient population. To build 
on our findings, a systematic evaluation of the relationship between parameters such as frequency, 
intensity, and duration and taVNS’s effects on the immune system and cardiovascular function is 
necessary to establish taVNS as an effective therapeutic option for SAH patients (Dusi et al., 2022).

Limitations and outlook
While this study supports the safety of taVNS treatment in SAH patients, we should be cautious 
when generalizing these findings to broader clinical populations. The current study did not explore 
the effects of taVNS on less commonly used cardiovascular metrics, such as QTc dispersion. Our 
study considers each day as an independent sample for the following considerations: (1) heart rate 
and HRV metrics exhibited great daily variations. Their value on 1 day was not predictive of the 
metrics on another day, which could be due to medications, interventions, or individualized SAH 
recovery process during the patient’s stay in the ICU. (2) SAH patients in the ICU often experience 
daily changes in clinical status, including fluctuations in ICP, blood pressure, neurological status, and 
other vital signs. (3) Day- to- day cardiovascular function changes varied as the patient recovered or 
encountered setbacks. To conclusively establish that there is no significant cardiovascular effect of 
repetitive taVNS on any given day following SAH, we would need to perform statistical tests between 
treatment groups for each day. In this context, 64  subjects per treatment group are required to 
achieve 80% power, assuming a medium effect size (Cohen’s d = 0.5)and 0.05 type I error probability 
(two- sample t- test).

Mild cardiac abnormalities are common in SAH patients (Norberg et al., 2018), complicating the 
precise calculation of cardiovascular metrics from ECG signals and the interpretation of the results. 
Systematic verification of methods for calculating cardiovascular metrics to ensure their applicability 
in SAH patients is crucial. We noticed a high variance of change in heart rate for Days 5–7, 8–10, 
and 11–13 for both treatment groups (Figure 2D). This may be due to the small sample size in the 
later days, given that the mean duration of hospitalization for the 24 subjects included in this study 
was 11.3 days with a standard deviation of 6.4. Differences in medical history and clinical outcomes 
during hospitalization may also explain the variance of change in heart rate for the later days. For 
example. heart rate was lower in patients with improved mRS scores (Figure 3—figure supple-
ment 4B). Understanding the association between cardiovascular metrics and clinical assessments, 
such as vasospasm and inflammation, could help decide whether future taVNS trials should control 
for these factors when evaluating the effects of taVNS on cardiovascular function. Additional care 
should be paid when interpreting the results of blood pressure, as hypertension was intentionally 
induced for some patients being treated for vasospasm. Patient medical histories are summarized 
in Table 1.

Kulkarni et al. showed that the response to low- level tragus stimulation varied among patients 
with atrial fibrillation (Kulkarni et al., 2021). Similarly, in our study, not all patients in the taVNS treat-
ment group showed a reduction in mRS scores (improved degree of disability or dependence). This 
differential response may be inherent to taVNS and potentially influenced by factors such as anatom-
ical variations in the distribution of the vagus nerve at the outer ear. These findings underscore the 
importance of using acute biomarkers to guide patient selection and optimize stimulation parameters. 
Furthermore, we found that increased heart rate was a potential acute biomarker for identifying SAH 
patients who are most likely to respond favorably to taVNS treatment. Translating this finding into 
clinical practice will require further research to elucidate the mechanisms by which an acute increase 
in heart rate may predict the outcomes of patients receiving taVNS, including its relationship with 
neurological evaluations, vasospasm, echocardiography, and inflammatory markers.

Conclusions
Utilizing taVNS as a neuromodulation technique in SAH patients is safe without inducing bradycardia 
or QT prolongation. Repetitive taVNS treatment increased parasympathetic activity. Acute taVNS 
elevated heart rate, which might be an acute biomarker to identify SAH patients who are likely to 
respond favorably to taVNS treatment.

https://doi.org/10.7554/eLife.100088
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Methods

Study participants
Participants in this study were recruited from adult patients who were admitted to the ICU at Barnes 
Jewish Hospital, St. Louis, MO, following an acute, spontaneous, aneurysmal SAH. Inclusion criteria 
were: (1) Patients with SAH confirmed by CT scan; (2) Age >18; (3) Patients or their legally authorized 
representative are able to give consent. Exclusion criteria were: (1) Age  <18; (2) Use of immuno-
suppressive medications; (3) Receiving ongoing cancer therapy; (4) Implanted electrical device; (5) 
Sustained bradycardia on admission with a heart rate <50 beats per minute for >5 min; (6) Consid-
ered moribund/at risk of imminent death. Participants were randomized to receive either the taVNS 
(N = 11) or Sham (N = 13) treatment. Patients were enrolled prior to randomization by a member of 
the research team who went through the informed consent process with the patient or their legally 
authorized representative. Treatment group assignment was via a computer- generated randomiza-
tion sequence, with the next number obscured until patient enrollment. Research team members 
who applied the ear clips and set stimulation parameters were not blinded to the treatment. The 
participants, the medical team who dictated all management decisions for the patient’s SAH, and the 
outcomes assessors who assigned mRS at admission and discharge were blinded to the treatment. 
The structure of this study is shown in Figure 1B. This study was approved by the Washington Univer-
sity School of Medicine Review Board and was conducted in accordance with institutional and national 
ethics guidelines and the Declaration of Helsinki (Clinical trial number: NCT04557618).

taVNS protocol
Following randomization, enrolled patients underwent 20 min of either taVNS or sham stimulation 
twice daily during their stay in the ICU. During treatment periods, a portable TENS device (TENS 7000 
Digital TENS Unit, Compass Health Brands, OH, USA) was connected to the patient’s left ear using 
two ear clips (Figure 1C, D). For taVNS treatments, these ear clips were placed along the concha of 
the ear, while for sham treatments, the clips were placed along the earlobe to avoid stimulation of the 
auricular vagus nerve from tactile pressure (Figure 1C). For the taVNS group, stimulation parameters 
were selected based on values reported in prior studies that sought to maximize vagus somatosensory 
evoked potentials while avoiding the perception of pain: 20 Hz frequency, 250 µs pulse width, and 
0.4 mA intensity (de Gurtubay et al., 2021). The stimulation was not perceptible for the patients. 
No electrical current was delivered during sham treatments. For both groups, the TENS device was 
connected to the patient and a bedside recording computer. The computer recorded continuous ECG 
and vital signs, including blood pressure, temperature, respiration rate, PPI, ICP, and arterial blood 
pressure. The collection of ICP and arterial blood pressure data varied, being dependent on the 
treatment protocol assigned by the clinical team, and thus was not uniformly available for all patients 
throughout the study. Please see Huguenard et al., 2024a for a detailed protocol of this study.

Data processing
A 3- lead system was used for ECG. ECG signals, sampled at 500 Hz, and other vital signs, such as 
blood pressure, sampled at 1 Hz, were recorded from the Intellivue patient monitor (Philips, Nether-
lands) using vitalDB software (Lee and Jung, 2018).

To calculate cardiac metrics, we first applied a 0.5- Hz fifth- order high- pass Butterworth filter and 
a 60- Hz powerline filter on ECG data to reduce artifacts (Makowski et al., 2021). We detected QRS 
complexes based on the steepness of the absolute gradient of the ECG signal using the Neurokit2 
software package (Makowski et  al., 2021). R- peaks were detected as local maxima in the QRS 
complexes. P waves, T waves, and QRS complexes were delineated based on the wavelet transform 
of the ECG signals proposed by Figure 2A–C; Martínez et al., 2004. This algorithm identifies the 
QRS complex by searching for modulus maxima, which are peaks in the wavelet transform coefficients 
that exceed specific thresholds. The onset of the QRS complex is determined as the beginning of the 
first modulus maximum before the modulus maximum pair created by the R wave. To identify the T 
wave, the algorithm searches for local maxima in the absolute wavelet transform in a search window 
defined relative to the QRS complex. Thresholding is used to identify the offset of the T wave. RR 
intervals were preprocessed to exclude outliers, defined as RR intervals greater than 2 s or less than 
300 ms. RR intervals with >20% relative difference to the previous interval were considered ectopic 
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beats and excluded from analyses. After preprocessing, RR intervals were used to calculate heart rate, 
HRV, and corrected QT (QTc) based on Bazett’s formula: 

 
QTc = QT√

RR 
(Bazett, 1920). The corrected QT 

interval (QTc) estimates the QT interval at a standard heart rate of 60 bpm. HRV measures included 
the root mean square of successive difference of normal RR intervals (RMSSD), indicating parasympa-
thetic activity, and the standard deviation of normal RR intervals (SDNN), a clinical measure of cardiac 
risk (Kleiger et al., 2005; Shaffer and Ginsberg, 2017). HRV calculations are detailed in Appendix 1.

To investigate the effect of repetitive taVNS on cardiovascular function, we compared HRV, heart 
rate, corrected QT intervals, blood pressure, and ICP calculated over 24 hr between patients receiving 
taVNS and sham treatment. In addition, we compared the mean PPI and respiration rate over 24 hr 
between treatment groups to determine the effects of repetitive taVNS on the autonomic system. 
Data collection commenced on the first day of each patient’s ICU admission. The average duration of 
continuous data recording was 11.1 days, with a standard deviation of 6.8 days. To analyze the effects 
of taVNS treatment more granularly, we segmented the changes in these metrics from the initial day 
at 3- day intervals, facilitating comparison between the taVNS and sham treatment groups over the 
course of their ICU stay.

To study the effects of acute treatment over time, we focused on blood pressure, HRV, heart rate, 
and corrected QT intervals 20 min before treatment (pre- treatment), during the 20 min treatment 
(during- treatment), and 20 min after treatment (post- treatment). The treatment event signals were 
rectified and binarized based on their half- maximum value to identify the treatment onset and offset 
(Figure 2A). We calculated metrics using 6 min sliding windows over ECG data starting from treat-
ment onset/offset and moving bi- directionally with a 3- min step. To correct daily and between- subject 
variation, we applied the same sliding window strategy to calculate the mean and standard deviation 
of these cardiac metrics for each patient each day as a reference. Subsequently, HRV, heart rate, and 
corrected QT interval around treatment onset/offset were normalized based on the reference. In 
addition, we calculated the difference in blood pressure, HRV, and heart rate, and corrected QT inter-
vals between during- and pre- treatment, as well as the difference between post- and pre- treatment 
for each patient and for each treatment. To study the effects of acute taVNS, we compared the two 
differences between the treatment groups.

Factor analysis
We performed an exploratory factor analysis to identify the factors underlying autonomic system 
activity. Besides RMSSD and SDNN, variables derived from preprocessed RR intervals and used to 
perform factor analysis included the percentage of successive normal- to- normal (NN) Intervals that 
differ by more than 50 ms (pNNI_50), total power (below 0.4 Hz), normalized high- frequency power 
(0.15–0.4 Hz), cardiac vagal index, and CSI. The total power is thought to represent the overall HRV, 
while normalized high- frequency power primarily reflects parasympathetic activity (Kleiger et  al., 
2005). These variables were normalized using a z- score method based on individual daily means and 
standard deviations before factor analysis. Factor analysis was performed using the factor_analyzer 
Python package. The number of factors was set to 2 based on the Scree plot. The factor loadings 
were calculated using the Minimum Residual Method. After factor extraction, a Varimax rotation was 
applied for better interpretability so that each factor had high loadings for a smaller number of vari-
ables and low loadings for the remaining variables.

Statistical analyses
To investigate the effect of taVNS at the phase of early brain injury and later phases, we grouped 
the change of HRV, heart rate, and corrected QT interval from the first hospitalized day in bins of 3 
days. The change in blood pressure, ICP, respiration rate, and PPI from the first hospitalization day 
were also compared between treatment groups. We used t- tests for comparisons between treat-
ment groups when the data were normally distributed, as determined by the Shapiro–Wilk test. We 
employed Mann–Whitney U tests for non- normally distributed data. We used Wilcoxon signed- rank 
tests to compare the difference in heart rate between post- and during- treatment against 0. To 
control the familywise error rate, we applied Bonferroni correction. Specifically, when investigating 
the cardiac effects of taVNS, we compared six metrics between treatment groups, including heart 
rate, corrected QT interval, RMSSD, SDNN, and two factors representing HRV. Consequently, the 
p- values were corrected by a factor of six. In this study, we reported the statistical power achieved 
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for tests that yielded non- significant results. The achieved power is calculated based on a two- sample 
t- test assuming a medium effect size (Cohen’s d of 0.5) and a type I error probability (a) of 0.05. We 
used two one- sided tests to confirm that taVNS did not induce long- term changes in heart rate, 
corrected QT interval, or blood pressure, with equivalency test margins set to 5 bpm for heart rate, 
50 ms for QT interval, and 2 mmHg for blood pressure. A summary of statistical tests is provided in 
Appendix 2—table 1.

Acknowledgements
The authors acknowledge physicians/nurses for helping administer treatment. The authors thank Dr. 
Paul Cassidy for his contributions to the scientific editing of this manuscript, supported by the Institute 
of Clinical and Translational Sciences grant UL1TR002345 from the National Center for Advancing 
Translational Sciences (NCATS).

Additional information

Competing interests
Anna L Huguenard: Has stock ownership in Aurenar. Eric C Leuthardt: Has stock ownership in Neurolu-
tions, Face to Face Biometrics, Caeli Vascular, Acera, Sora Neuroscience, Inner Cosmos, Kinetrix, 
NeuroDev, Inflexion Vascular, Aurenar, Cordance Medical, Silent Surgical, and Petal Surgical; consul-
tant for E15, Neurolutions, Inc, Petal Surgical; Washington University owns equity in Neurolutions. The 
other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author

American Association of 
Neurological Surgeons

Anna L Huguenard

Aneurysm and AVM 
Foundation

Anna L Huguenard

National Institutes of 
Health

R01-EB026439 Peter Brunner

National Institutes of 
Health

P41-EB018783 Peter Brunner

National Institutes of 
Health

U24-NS109103 Peter Brunner

National Institutes of 
Health

R21-NS128307 Eric C Leuthardt

McDonnell Center for 
Systems Neuroscience

Peter Brunner
Eric C Leuthardt

Fondazione Neurone Peter Brunner

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Gansheng Tan, Conceptualization, Data curation, Software, Formal analysis, Validation, Investigation, 
Visualization, Methodology, Writing – original draft, Writing – review and editing; Anna L Huguenard, 
Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Project admin-
istration, Writing – review and editing; Kara M Donovan, Methodology, Writing – review and editing; 
Phillip Demarest, Visualization, Methodology, Writing – review and editing; Xiaoxuan Liu, Ziwei Li, 
Validation, Writing – review and editing; Markus Adamek, Data curation, Software; Kory Lavine, 
Validation; Ananthv K Vellimana, Terrance T Kummer, Joshua W Osbun, Data curation, Validation, 
Project administration; Gregory J Zipfel, Funding acquisition, Validation, Project administration; Peter 
Brunner, Resources, Software, Supervision, Funding acquisition, Validation, Project administration; 

https://doi.org/10.7554/eLife.100088


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  19 of 27

Eric C Leuthardt, Conceptualization, Resources, Supervision, Funding acquisition, Validation, Investi-
gation, Methodology, Project administration, Writing – review and editing

Author ORCIDs
Gansheng Tan    https://orcid.org/0000-0001-8785-9499
Markus Adamek    https://orcid.org/0000-0001-8519-9212
Terrance T Kummer    https://orcid.org/0000-0001-8938-8280
Peter Brunner    https://orcid.org/0000-0002-2588-2754
Eric C Leuthardt    https://orcid.org/0000-0003-4154-3135

Ethics
Clinical trial registration NCT04557618.
This study was approved by the Washington University School of Medicine Review Board and was 
conducted in accordance with institutional and national ethics guidelines and the Declaration of 
Helsinki (Clinical trial number: NCT04557618). Participants or their legally authorized representatives 
provided written informed consent prior to enrollment in the study.

Peer review material
Reviewer #2 (Public review): https://doi.org/10.7554/eLife.100088.3.sa1
Reviewer #3 (Public review): https://doi.org/10.7554/eLife.100088.3.sa2
Author response https://doi.org/10.7554/eLife.100088.3.sa3

Additional files
Supplementary files
MDAR checklist 

Data availability
All relevant data has been made publicly available on Dryad at https://doi.org/10.5061/dryad. 
rfj6q57kw. Codes for generating the figures are available at https://github.com/GanshengT/taVNS_ 
SAH (copy archived at Tan, 2024).

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Tan G, Huguenard AL, 
Brunner P, Zipfel GJ, 
Leuthardt EC

2024 Electrocardiography 
and vital signs recorded 
in patients with 
subarachnoid hemorrhage 
(NCT04557618)

https:// doi. org/ 10. 
5061/ dryad. rfj6q57kw

Dryad Digital Repository, 
10.5061/dryad.rfj6q57kw

References
Addorisio ME, Imperato GH, de Vos AF, Forti S, Goldstein RS, Pavlov VA, van der Poll T, Yang H, Diamond B, 

Tracey KJ, Chavan SS. 2019. Investigational treatment of rheumatoid arthritis with a vibrotactile device applied 
to the external ear. Bioelectronic Medicine 5:4. DOI: https://doi.org/10.1186/s42234-019-0020-4, PMID: 
32232095

Bai X, Wang N, Si Y, Liu Y, Yin P, Xu C. 2023. The clinical characteristics of heart rate variability after stroke. The 
Neurologist 29:133–141. DOI: https://doi.org/10.1097/NRL.0000000000000540

Bazett HC. 1920. An analysis of the time- relations of electrocardiograms. Heart (British Cardiac Society) 
7:353–370.

Bjerkne Wenneberg S, Löwhagen Hendén PM, Oras J, Naredi S, Block L, Ljungqvist J, Odenstedt Hergès H. 
2020. Heart rate variability monitoring for the detection of delayed cerebral ischemia after aneurysmal 
subarachnoid hemorrhage. Acta Anaesthesiologica Scandinavica 64:945–952. DOI: https://doi.org/10.1111/ 
aas.13582, PMID: 32236937

Bonaz B, Sinniger V, Hoffmann D, Clarençon D, Mathieu N, Dantzer C, Vercueil L, Picq C, Trocmé C, Faure P, 
Cracowski J, Pellissier S. 2016. Chronic vagus nerve stimulation in Crohn’s disease: a 6‐month follow‐up pilot 
study. Neurogastroenterology & Motility 28:948–953. DOI: https://doi.org/10.1111/nmo.12792

Budohoski KP, Czosnyka M, Kirkpatrick PJ, Smielewski P, Steiner LA, Pickard JD. 2013. Clinical relevance of 
cerebral autoregulation following subarachnoid haemorrhage. Nature Reviews. Neurology 9:152–163. DOI: 
https://doi.org/10.1038/nrneurol.2013.11, PMID: 23419369

https://doi.org/10.7554/eLife.100088
https://orcid.org/0000-0001-8785-9499
https://orcid.org/0000-0001-8519-9212
https://orcid.org/0000-0001-8938-8280
https://orcid.org/0000-0002-2588-2754
https://orcid.org/0000-0003-4154-3135
https://doi.org/10.7554/eLife.100088.3.sa1
https://doi.org/10.7554/eLife.100088.3.sa2
https://doi.org/10.7554/eLife.100088.3.sa3
https://doi.org/10.5061/dryad.rfj6q57kw
https://doi.org/10.5061/dryad.rfj6q57kw
https://github.com/GanshengT/taVNS_SAH
https://github.com/GanshengT/taVNS_SAH
https://doi.org/10.5061/dryad.rfj6q57kw
https://doi.org/10.5061/dryad.rfj6q57kw
https://doi.org/10.1186/s42234-019-0020-4
http://www.ncbi.nlm.nih.gov/pubmed/32232095
https://doi.org/10.1097/NRL.0000000000000540
https://doi.org/10.1111/aas.13582
https://doi.org/10.1111/aas.13582
http://www.ncbi.nlm.nih.gov/pubmed/32236937
https://doi.org/10.1111/nmo.12792
https://doi.org/10.1038/nrneurol.2013.11
http://www.ncbi.nlm.nih.gov/pubmed/23419369


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  20 of 27

Chiu TF, Huang CC, Chen JH, Chen WL. 2012. Depressed sympathovagal balance predicts mortality in patients 
with subarachnoid hemorrhage. The American Journal of Emergency Medicine 30:651–656. DOI: https://doi. 
org/10.1016/j.ajem.2011.02.037, PMID: 21570235

Clancy JA, Mary DA, Witte KK, Greenwood JP, Deuchars SA, Deuchars J. 2014. Non- invasive vagus nerve 
stimulation in healthy humans reduces sympathetic nerve activity. Brain Stimulation 7:871–877. DOI: https:// 
doi.org/10.1016/j.brs.2014.07.031, PMID: 25164906

Coutrot M, Dudoignon E, Joachim J, Gayat E, Vallée F, Dépret F. 2021. Perfusion index: Physical principles, 
physiological meanings and clinical implications in anaesthesia and critical care. Anaesthesia Critical Care & 
Pain Medicine 40:100964. DOI: https://doi.org/10.1016/j.accpm.2021.100964

de Gurtubay IG, Bermejo P, Lopez M, Larraya I, Librero J. 2021. Evaluation of different vagus nerve stimulation 
anatomical targets in the ear by vagus evoked potential responses. Brain and Behavior 11:e2343. DOI: https:// 
doi.org/10.1002/brb3.2343, PMID: 34551214

D’Souza S. 2015. Aneurysmal Subarachnoid Hemorrhage. Journal of Neurosurgical Anesthesiology 27:222–240. 
DOI: https://doi.org/10.1097/ANA.0000000000000130, PMID: 25272066

Dusi V, Angelini F, Zile MR, De Ferrari GM. 2022. Neuromodulation devices for heart failure. European Heart 
Journal Supplements 24:E12–E27. DOI: https://doi.org/10.1093/eurheartjsupp/suac036, PMID: 35991619

Elshal MM, Hasanin AM, Mostafa M, Gamal RM. 2021. Plethysmographic peripheral perfusion index: could it be 
a new vital sign? Frontiers in Medicine 8:651909. DOI: https://doi.org/10.3389/fmed.2021.651909, PMID: 
34660615

Frangos E, Ellrich J, Komisaruk BR. 2015. Non- invasive access to the vagus nerve central projections via electrical 
stimulation of the external ear: fMRI evidence in humans. Brain Stimulation 8:624–636. DOI: https://doi.org/10. 
1016/j.brs.2014.11.018, PMID: 25573069

Hosmann A, Klenk S, Wang WT, Koren J, Sljivic S, Reinprecht A. 2020. Endogenous arterial blood pressure 
increase after aneurysmal subarachnoid hemorrhage. Clinical Neurology and Neurosurgery 190:105639. DOI: 
https://doi.org/10.1016/j.clineuro.2019.105639, PMID: 31874423

Hua K, Cummings M, Bernatik M, Brinkhaus B, Usichenko T, Dietzel J. 2023. Cardiovascular effects of auricular 
stimulation -a systematic review and meta- analysis of randomized controlled clinical trials. Frontiers in 
Neuroscience 17:1227858. DOI: https://doi.org/10.3389/fnins.2023.1227858, PMID: 37727325

Huguenard A, Tan G, Johnson G, Adamek M, Coxon A, Zipfel G, Vellimana A, Brunner P, Leuthardt E. 2023. 
O- 055 Non- invasive auricular vagus nerve stimulation following spontaneous subarachnoid hemorrhage 
reduces rates of radiographic vasospasm and hospital- acquired infections. Journal of NeuroInterventional 
Surgery 15:A43–A44. DOI: https://doi.org/10.1136/jnis-2023-SNIS.55

Huguenard A, Tan G, Johnson G, Adamek M, Coxon A, Kummer T, Osbun J, Vellimana A, Limbrick D Jr, Zipfel G, 
Brunner P, Leuthardt E. 2024a. Non- invasive Auricular Vagus nerve stimulation for Subarachnoid Hemorrhage 
(NAVSaH): Protocol for a prospective, triple- blinded, randomized controlled trial. PLOS ONE 19:e0301154. 
DOI: https://doi.org/10.1371/journal.pone.0301154, PMID: 39178291

Huguenard AL, Tan G, Rivet DJ, Gao F, Johnson GW, Adamek M, Coxon AT, Kummer TT, Osbun JW, 
Vellimana AK, Limbrick DD, Zipfel GJ, Brunner P, Leuthardt EC. 2024b. Auricular Vagus Nerve Stimulation 
Mitigates Inflammation and Vasospasm in Subarachnoid Hemorrhage: A Randomized Trial. medRxiv. DOI: 
https://doi.org/10.1101/2024.04.29.24306598

Jelinek M, Lipkova J, Duris K. 2024. Vagus nerve stimulation as immunomodulatory therapy for stroke: A 
comprehensive review. Experimental Neurology 372:114628. DOI: https://doi.org/10.1016/j.expneurol.2023. 
114628, PMID: 38042360

Keute M, Machetanz K, Berelidze L, Guggenberger R, Gharabaghi A. 2021. Neuro- cardiac coupling predicts 
transcutaneous auricular vagus nerve stimulation effects. Brain Stimulation 14:209–216. DOI: https://doi.org/ 
10.1016/j.brs.2021.01.001, PMID: 33422683

Kim AY, Marduy A, de Melo PS, Gianlorenco AC, Kim CK, Choi H, Song JJ, Fregni F. 2022. Safety of 
transcutaneous auricular vagus nerve stimulation (taVNS): a systematic review and meta- analysis. Scientific 
Reports 12:22055. DOI: https://doi.org/10.1038/s41598-022-25864-1, PMID: 36543841

Kleiger RE, Stein PK, Bigger JT Jr. 2005. Heart rate variability: measurement and clinical utility. Annals of 
Noninvasive Electrocardiology 10:88–101. DOI: https://doi.org/10.1111/j.1542-474X.2005.10101.x, PMID: 
15649244

Kulkarni K, Singh JP, Parks KA, Katritsis DG, Stavrakis S, Armoundas AA. 2021. Low- level tragus stimulation 
modulates atrial alternans and fibrillation burden in patients with paroxysmal atrial fibrillation. Journal of the 
American Heart Association 10:e020865. DOI: https://doi.org/10.1161/JAHA.120.020865, PMID: 34075778

Lee HC, Jung CW. 2018. Vital Recorder- a free research tool for automatic recording of high- resolution time- 
synchronised physiological data from multiple anaesthesia devices. Scientific Reports 8:1527. DOI: https://doi. 
org/10.1038/s41598-018-20062-4, PMID: 29367620

Lv S, Wu Q, Liu J, Shao J, Wen L, Xue J, Zhang X, Zhang Q, Zhang X. 2018. Levels of interleukin- 1β, 
interleukin- 18, and tumor necrosis factor-α in cerebrospinal fluid of aneurysmal subarachnoid hemorrhage 
patients may be predictors of early brain injury and clinical prognosis. World Neurosurgery 111:e362–e373. 
DOI: https://doi.org/10.1016/j.wneu.2017.12.076

Macdonald RL, Higashida RT, Keller E, Mayer SA, Molyneux A, Raabe A, Vajkoczy P, Wanke I, Bach D, Frey A, 
Nowbakht P, Roux S, Kassell N. 2012. Randomized trial of clazosentan in patients with aneurysmal 
subarachnoid hemorrhage undergoing endovascular coiling. Stroke 43:1463–1469. DOI: https://doi.org/10. 
1161/STROKEAHA.111.648980, PMID: 22403047

https://doi.org/10.7554/eLife.100088
https://doi.org/10.1016/j.ajem.2011.02.037
https://doi.org/10.1016/j.ajem.2011.02.037
http://www.ncbi.nlm.nih.gov/pubmed/21570235
https://doi.org/10.1016/j.brs.2014.07.031
https://doi.org/10.1016/j.brs.2014.07.031
http://www.ncbi.nlm.nih.gov/pubmed/25164906
https://doi.org/10.1016/j.accpm.2021.100964
https://doi.org/10.1002/brb3.2343
https://doi.org/10.1002/brb3.2343
http://www.ncbi.nlm.nih.gov/pubmed/34551214
https://doi.org/10.1097/ANA.0000000000000130
http://www.ncbi.nlm.nih.gov/pubmed/25272066
https://doi.org/10.1093/eurheartjsupp/suac036
http://www.ncbi.nlm.nih.gov/pubmed/35991619
https://doi.org/10.3389/fmed.2021.651909
http://www.ncbi.nlm.nih.gov/pubmed/34660615
https://doi.org/10.1016/j.brs.2014.11.018
https://doi.org/10.1016/j.brs.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/25573069
https://doi.org/10.1016/j.clineuro.2019.105639
http://www.ncbi.nlm.nih.gov/pubmed/31874423
https://doi.org/10.3389/fnins.2023.1227858
http://www.ncbi.nlm.nih.gov/pubmed/37727325
https://doi.org/10.1136/jnis-2023-SNIS.55
https://doi.org/10.1371/journal.pone.0301154
http://www.ncbi.nlm.nih.gov/pubmed/39178291
https://doi.org/10.1101/2024.04.29.24306598
https://doi.org/10.1016/j.expneurol.2023.114628
https://doi.org/10.1016/j.expneurol.2023.114628
http://www.ncbi.nlm.nih.gov/pubmed/38042360
https://doi.org/10.1016/j.brs.2021.01.001
https://doi.org/10.1016/j.brs.2021.01.001
http://www.ncbi.nlm.nih.gov/pubmed/33422683
https://doi.org/10.1038/s41598-022-25864-1
http://www.ncbi.nlm.nih.gov/pubmed/36543841
https://doi.org/10.1111/j.1542-474X.2005.10101.x
http://www.ncbi.nlm.nih.gov/pubmed/15649244
https://doi.org/10.1161/JAHA.120.020865
http://www.ncbi.nlm.nih.gov/pubmed/34075778
https://doi.org/10.1038/s41598-018-20062-4
https://doi.org/10.1038/s41598-018-20062-4
http://www.ncbi.nlm.nih.gov/pubmed/29367620
https://doi.org/10.1016/j.wneu.2017.12.076
https://doi.org/10.1161/STROKEAHA.111.648980
https://doi.org/10.1161/STROKEAHA.111.648980
http://www.ncbi.nlm.nih.gov/pubmed/22403047


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  21 of 27

Makowski D, Pham T, Lau ZJ, Brammer JC, Lespinasse F, Pham H, Schölzel C, Chen SHA. 2021. NeuroKit2: A 
Python toolbox for neurophysiological signal processing. Behavior Research Methods 53:1689–1696. DOI: 
https://doi.org/10.3758/s13428-020-01516-y, PMID: 33528817

Martínez JP, Almeida R, Olmos S, Rocha AP, Laguna P. 2004. A wavelet- based ECG delineator: evaluation on 
standard databases. IEEE Transactions on Bio- Medical Engineering 51:570–581. DOI: https://doi.org/10.1109/ 
TBME.2003.821031, PMID: 15072211

Megjhani M, Kaffashi F, Terilli K, Alkhachroum A, Esmaeili B, Doyle KW, Murthy S, Velazquez AG, Connolly ES, 
Roh DJ, Agarwal S, Loparo KA, Claassen J, Boehme A, Park S. 2020. Heart rate variability as a biomarker of 
neurocardiogenic injury after subarachnoid hemorrhage. Neurocritical Care 32:162–171. DOI: https://doi.org/ 
10.1007/s12028-019-00734-3, PMID: 31093884

Meyers EC, Solorzano BR, James J, Ganzer PD, Lai ES, Rennaker RL, Kilgard MP, Hays SA. 2018. Vagus nerve 
stimulation enhances stable plasticity and generalization of stroke recovery. Stroke 49:710–717. DOI: https:// 
doi.org/10.1161/STROKEAHA.117.019202, PMID: 29371435

Minhas JS, Moullaali TJ, Rinkel GJE, Anderson CS. 2022. Blood pressure management after intracerebral and 
subarachnoid hemorrhage: the knowns and known unknowns. Stroke 53:1065–1073. DOI: https://doi.org/10. 
1161/STROKEAHA.121.036139, PMID: 35255708

Naggar I, Nakase K, Lazar J, Salciccioli L, Selesnick I, Stewart M. 2014. Vagal control of cardiac electrical activity 
and wall motion during ventricular fibrillation in large animals. Autonomic Neuroscience 183:12–22. DOI: 
https://doi.org/10.1016/j.autneu.2014.01.009, PMID: 24530112

Naredi S, Lambert G, Edén E, Zäll S, Runnerstam M, Rydenhag B, Friberg P. 2000. Increased sympathetic nervous 
activity in patients with nontraumatic subarachnoid hemorrhage. Stroke 31:901–906. DOI: https://doi.org/10. 
1161/01.str.31.4.901, PMID: 10753996

Norberg E, Odenstedt- Herges H, Rydenhag B, Oras J. 2018. Impact of acute cardiac complications after 
subarachnoid hemorrhage on long- term mortality and cardiovascular events. Neurocritical Care 29:404–412. 
DOI: https://doi.org/10.1007/s12028-018-0558-0, PMID: 29949009

Pavlov VA, Tracey KJ. 2012. The vagus nerve and the inflammatory reflex--linking immunity and metabolism. 
Nature Reviews. Endocrinology 8:743–754. DOI: https://doi.org/10.1038/nrendo.2012.189, PMID: 23169440

Provencio JJ, Vora N. 2005. Subarachnoid hemorrhage and inflammation: bench to bedside and back. Seminars 
in Neurology 25:435–444. DOI: https://doi.org/10.1055/s-2005-923537, PMID: 16341999

Provencio JJ. 2013. Inflammation in subarachnoid hemorrhage and delayed deterioration associated with 
vasospasm: A review. Acta Neurochirurgica. Supplement 115:233–238. DOI: https://doi.org/10.1007/978-3- 
7091-1192-5_42, PMID: 22890674

Sahn B, Pascuma K, Kohn N, Tracey KJ, Markowitz JF. 2023. Transcutaneous auricular vagus nerve stimulation 
attenuates inflammatory bowel disease in children: a proof- of- concept clinical trial. Bioelectronic Medicine 
9:23. DOI: https://doi.org/10.1186/s42234-023-00124-3, PMID: 37849000

Schmidt JM, Crimmins M, Lantigua H, Fernandez A, Zammit C, Falo C, Agarwal S, Claassen J, Mayer SA. 2014. 
Prolonged elevated heart rate is a risk factor for adverse cardiac events and poor outcome after subarachnoid 
hemorrhage. Neurocritical Care 20:390–398. DOI: https://doi.org/10.1007/s12028-013-9909-z, PMID: 
24043479

Schneider UC, Xu R, Vajkoczy P. 2018. Inflammatory events following subarachnoid hemorrhage (SAH). Current 
Neuropharmacology 16:1385–1395. DOI: https://doi.org/10.2174/1570159X16666180412110919, PMID: 
29651951

Shaffer F, Ginsberg JP. 2017. An overview of heart rate variability metrics and norms. Frontiers in Public Health 
5:258. DOI: https://doi.org/10.3389/fpubh.2017.00258, PMID: 29034226

Sharon O, Fahoum F, Nir Y. 2021. Transcutaneous vagus nerve stimulation in humans induces pupil dilation and 
attenuates alpha oscillations. The Journal of Neuroscience 41:320–330. DOI: https://doi.org/10.1523/ 
JNEUROSCI.1361-20.2020, PMID: 33214317

Skora L, Marzecová A, Jocham G. 2024. Tonic and phasic transcutaneous auricular vagus nerve stimulation 
(taVNS) both evoke rapid and transient pupil dilation. Brain Stimulation 17:233–244. DOI: https://doi.org/10. 
1016/j.brs.2024.02.013, PMID: 38423207

Solti F, Szatmáry L, Vecsey T, Szabolcs Z. 1989. The effect of sympathetic and parasympathetic activity on QT 
duration. Clinical study in patients with normal and prolonged QT time. Cor et Vasa 31:9–15 PMID: 2721207. 

Tan G. 2024. TaVNS_SAH. swh:1:rev:0e906aaf70f12dd107c089b2902816a1027acb8c. Software Heritage. https:// 
archive.softwareheritage.org/swh:1:dir:fd65855349343cd35a395f2b7280568793ca7261;origin=https://github. 
com/GanshengT/taVNS_SAH;visit=swh:1:snp:f5392c1b63f6444a4bd4b62918db061a023977ab;anchor=swh:1: 
rev:0e906aaf70f12dd107c089b2902816a1027acb8c

Tan G, Adams J, Donovan K, Demarest P, Willie JT, Brunner P, Gorlewicz JL, Leuthardt EC. 2024. Does 
vibrotactile stimulation of the auricular vagus nerve enhance working memory? A behavioral and physiological 
investigation. Brain Stimulation 17:460–468. DOI: https://doi.org/10.1016/j.brs.2024.04.002, PMID: 38593972

Tracey KJ. 2002. The inflammatory reflex. Nature 420:853–859. DOI: https://doi.org/10.1038/nature01321, 
PMID: 12490958

Tynan A, Brines M, Chavan SS. 2022. Control of inflammation using non- invasive neuromodulation: past, present 
and promise. International Immunology 34:119–128. DOI: https://doi.org/10.1093/intimm/dxab073

van der Bilt IAC, Hasan D, Vandertop WP, Wilde AAM, Algra A, Visser FC, Rinkel GJE. 2009. Impact of cardiac 
complications on outcome after aneurysmal subarachnoid hemorrhage: a meta- analysis. Neurology 72:635–
642. DOI: https://doi.org/10.1212/01.wnl.0000342471.07290.07, PMID: 19221297

https://doi.org/10.7554/eLife.100088
https://doi.org/10.3758/s13428-020-01516-y
http://www.ncbi.nlm.nih.gov/pubmed/33528817
https://doi.org/10.1109/TBME.2003.821031
https://doi.org/10.1109/TBME.2003.821031
http://www.ncbi.nlm.nih.gov/pubmed/15072211
https://doi.org/10.1007/s12028-019-00734-3
https://doi.org/10.1007/s12028-019-00734-3
http://www.ncbi.nlm.nih.gov/pubmed/31093884
https://doi.org/10.1161/STROKEAHA.117.019202
https://doi.org/10.1161/STROKEAHA.117.019202
http://www.ncbi.nlm.nih.gov/pubmed/29371435
https://doi.org/10.1161/STROKEAHA.121.036139
https://doi.org/10.1161/STROKEAHA.121.036139
http://www.ncbi.nlm.nih.gov/pubmed/35255708
https://doi.org/10.1016/j.autneu.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24530112
https://doi.org/10.1161/01.str.31.4.901
https://doi.org/10.1161/01.str.31.4.901
http://www.ncbi.nlm.nih.gov/pubmed/10753996
https://doi.org/10.1007/s12028-018-0558-0
http://www.ncbi.nlm.nih.gov/pubmed/29949009
https://doi.org/10.1038/nrendo.2012.189
http://www.ncbi.nlm.nih.gov/pubmed/23169440
https://doi.org/10.1055/s-2005-923537
http://www.ncbi.nlm.nih.gov/pubmed/16341999
https://doi.org/10.1007/978-3-7091-1192-5_42
https://doi.org/10.1007/978-3-7091-1192-5_42
http://www.ncbi.nlm.nih.gov/pubmed/22890674
https://doi.org/10.1186/s42234-023-00124-3
http://www.ncbi.nlm.nih.gov/pubmed/37849000
https://doi.org/10.1007/s12028-013-9909-z
http://www.ncbi.nlm.nih.gov/pubmed/24043479
https://doi.org/10.2174/1570159X16666180412110919
http://www.ncbi.nlm.nih.gov/pubmed/29651951
https://doi.org/10.3389/fpubh.2017.00258
http://www.ncbi.nlm.nih.gov/pubmed/29034226
https://doi.org/10.1523/JNEUROSCI.1361-20.2020
https://doi.org/10.1523/JNEUROSCI.1361-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/33214317
https://doi.org/10.1016/j.brs.2024.02.013
https://doi.org/10.1016/j.brs.2024.02.013
http://www.ncbi.nlm.nih.gov/pubmed/38423207
http://www.ncbi.nlm.nih.gov/pubmed/2721207
https://archive.softwareheritage.org/swh:1:dir:fd65855349343cd35a395f2b7280568793ca7261;origin=https://github.com/GanshengT/taVNS_SAH;visit=swh:1:snp:f5392c1b63f6444a4bd4b62918db061a023977ab;anchor=swh:1:rev:0e906aaf70f12dd107c089b2902816a1027acb8c
https://archive.softwareheritage.org/swh:1:dir:fd65855349343cd35a395f2b7280568793ca7261;origin=https://github.com/GanshengT/taVNS_SAH;visit=swh:1:snp:f5392c1b63f6444a4bd4b62918db061a023977ab;anchor=swh:1:rev:0e906aaf70f12dd107c089b2902816a1027acb8c
https://archive.softwareheritage.org/swh:1:dir:fd65855349343cd35a395f2b7280568793ca7261;origin=https://github.com/GanshengT/taVNS_SAH;visit=swh:1:snp:f5392c1b63f6444a4bd4b62918db061a023977ab;anchor=swh:1:rev:0e906aaf70f12dd107c089b2902816a1027acb8c
https://archive.softwareheritage.org/swh:1:dir:fd65855349343cd35a395f2b7280568793ca7261;origin=https://github.com/GanshengT/taVNS_SAH;visit=swh:1:snp:f5392c1b63f6444a4bd4b62918db061a023977ab;anchor=swh:1:rev:0e906aaf70f12dd107c089b2902816a1027acb8c
https://doi.org/10.1016/j.brs.2024.04.002
http://www.ncbi.nlm.nih.gov/pubmed/38593972
https://doi.org/10.1038/nature01321
http://www.ncbi.nlm.nih.gov/pubmed/12490958
https://doi.org/10.1093/intimm/dxab073
https://doi.org/10.1212/01.wnl.0000342471.07290.07
http://www.ncbi.nlm.nih.gov/pubmed/19221297


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  22 of 27

van Gijn J, Kerr RS, Rinkel GJ. 2007. Subarachnoid haemorrhage. The Lancet 369:306–318. DOI: https://doi.org/ 
10.1016/S0140-6736(07)60153-6

Weir B. 2002. Unruptured intracranial aneurysms: a review. Journal of Neurosurgery 96:3–42. DOI: https://doi. 
org/10.3171/jns.2002.96.1.0003, PMID: 11794601

Williams DP, Koenig J, Carnevali L, Sgoifo A, Jarczok MN, Sternberg EM, Thayer JF. 2019. Heart rate variability 
and inflammation: A meta- analysis of human studies. Brain, Behavior, and Immunity 80:219–226. DOI: https:// 
doi.org/10.1016/j.bbi.2019.03.009, PMID: 30872091

Wu Z, Zhang X, Cai T, Li Y, Guo X, Zhao X, Wu D, Li Z, Zhang L. 2023. Transcutaneous auricular vagus nerve 
stimulation reduces cytokine production in sepsis: An open double- blind, sham- controlled, pilot study. Brain 
Stimulation 16:507–514. DOI: https://doi.org/10.1016/j.brs.2023.02.008, PMID: 36801260

Zaniboni M. 2024. The electrical restitution of the non- propagated cardiac ventricular action potential. Pflugers 
Archiv 476:9–37. DOI: https://doi.org/10.1007/s00424-023-02866-0, PMID: 37783868

Zhang L, Qi S. 2016. Electrocardiographic abnormalities predict adverse clinical outcomes in patients with 
subarachnoid hemorrhage. Journal of Stroke and Cerebrovascular Diseases 25:2653–2659. DOI: https://doi. 
org/10.1016/j.jstrokecerebrovasdis.2016.07.011

Zhang A, Liu Y, Wang X, Xu H, Fang C, Yuan L, Wang K, Zheng J, Qi Y, Chen S, Zhang J, Shao A. 2023. Clinical 
potential of immunotherapies in subarachnoid hemorrhage treatment: mechanistic dissection of innate and 
adaptive immune responses. Aging and Disease 14:1533–1554. DOI: https://doi.org/10.14336/AD.2023.0126, 
PMID: 37196120

https://doi.org/10.7554/eLife.100088
https://doi.org/10.1016/S0140-6736(07)60153-6
https://doi.org/10.1016/S0140-6736(07)60153-6
https://doi.org/10.3171/jns.2002.96.1.0003
https://doi.org/10.3171/jns.2002.96.1.0003
http://www.ncbi.nlm.nih.gov/pubmed/11794601
https://doi.org/10.1016/j.bbi.2019.03.009
https://doi.org/10.1016/j.bbi.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/30872091
https://doi.org/10.1016/j.brs.2023.02.008
http://www.ncbi.nlm.nih.gov/pubmed/36801260
https://doi.org/10.1007/s00424-023-02866-0
http://www.ncbi.nlm.nih.gov/pubmed/37783868
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.07.011
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.07.011
https://doi.org/10.14336/AD.2023.0126
http://www.ncbi.nlm.nih.gov/pubmed/37196120


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  23 of 27

Appendix 1
Calculation of cardiovascular metrics
1. Heart rate (HR) over a period is the mean of  

60
NN interval in seconds  over this period.

2. The percentage of prolonged QT intervals is defined as the number of intervals with a corrected 
QT interval (QTc) ≥500 ms, divided by the total number of QT intervals.

3. Root mean square of successive difference of normal RR intervals (RMSSD) for a given period:

 
RMSSD =

√
1

N−1

N−1∑
i

(
NNi+1 − NNi

)2

 
, where N is the number of NN intervals within this period.

4. Standard deviation of normal RR intervals (SDNN) for a given period:

 
SDNN =

√
1
N

N∑
i

(
NNi − NN

)2

 
, where  NN   represents the mean of NN intervals within this period.

5. To calculate total power and normalized high- frequency power, power spectral density is 
calculated from NN intervals with the help of Python package hrv- analysis. Linear interpolation is 
used to make NN intervals evenly spaced, assuming a sampling frequency of 4 Hz. Welch’s method 
is used to calculate power spectral density  P

(
f
)
 .

 
Total power =

ˆ 0.4

0
P
(
f
)

df
  

 
High − frequency power =

ˆ 0.4

0.15
P
(
f
)

df
  

 
Normalized high − frequency power = High − frequency power

Total power   

6. Cardiac vagal index (CVI) and cardiac sympathetic index (CSI):
The width (SD1) and length (SD2) of the Poincaré plot, a graphical representation of the correlation 

between consecutive NN intervals, are used to calculate CVI and CSI.

 
CSI = SD1

SD2  

 CVI = log10
(
SD1 ∗ SD2

)
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Appendix 2

Appendix 2—table 1. Summary of statistical tests.
Bolded values were used to make inferences in this paper.
Test name Variable Distribution A Distribution B N(A) N(B) p Statistics Effect size

T RMSSD change taVNS Sham 94 95 0.004 t = 2.91 0.42

T SDNN change taVNS Sham 94 95 0.48 t = 0.71 0.10

Mann–Whitney 
U HR change taVNS Sham 94 95 0.69 U(A) = 4317 –0.01

Equivalence 
test (two one- 
sided t- tests) HR change taVNS Sham 94 95

0.006 (lower), 0.004 
(upper)

2.53 (lower)
–2.72

(upper) –0.01

Mann–Whitney 
U QTc change taVNS Sham 94 95 <0.01 U(A) = 3539 –0.57

Equivalence 
test (two one- 
sided t- tests)

QTc change
margin: 30 ms taVNS Sham 94 95

0.50 (lower), 
1.45*10−13 (upper)

•	 –0.004 
(lower)

•	 –7.86
(upper) –0.57

Mann–Whitney 
U

Percentage of 
prolonged QT taVNS Sham 94 95 <0.01 U(A) = 2885 –0.72

Mann–Whitney 
U

Overall HRV 
change taVNS Sham 94 95 0.04 U(A) = 5237 0.37

Mann–Whitney 
U

Parasympathetic 
activity change taVNS Sham 94 95 0.04 U(A) = 5238 0.29

Mann–Whitney 
U ICP change taVNS Sham 66 52 0.61 U(A) = 1972 0.25

Equivalence 
test (two one- 
sided t- tests)

ICP change
margin: 2 mmHg taVNS Sham 66 52

3.66*10−13 (lower), 
3.33*10−10 (upper)

8.07 (lower)
–6.73

(upper) 0.12

Mann–Whitney 
U BP change taVNS Sham 66 81 0.73 U(A) = 2842 –0.11

Equivalence 
test (two one- 
sided t- tests)

BP change
margin: 2 mmHg taVNS Sham 66 81

0.07 (lower), 0.002 
(upper)

1.51 (lower)
–3.00

(upper) –0.12

Mann–Whitney 
U SBP change taVNS Sham 66 81 0.90 U(A) = 2719 –0.07

Mann–Whitney 
U DBP change taVNS Sham 66 81 0.73 U(A) = 2846 –0.17

Mann–Whitney 
U ABP change taVNS Sham 28 24 0.46 U(A) = 295 –0.48

Mann–Whitney 
U PPI change taVNS Sham 83 95 0.002 U(A) = 2877 –0.49

Mann–Whitney 
U RR change taVNS Sham 94 95 0.004 U(A) = 5530 0.37

Mann–Whitney 
U

HR difference 
(post–pre) taVNS Sham 188 199 0.28 U(A) = 17,527 0.10

Wilcoxon 
signed rank

HR difference 
(post–pre) taVNS 188   0.02 7525 0.11

Mann–Whitney 
U

QTc difference 
(post–pre) taVNS Sham 188 198 0.86 U(A) = 18,412 0.02

Mann–Whitney 
U

RMSSD difference 
(post–pre) taVNS Sham 188 199 0.31 U(A) = 17,581 0.14

Mann–Whitney 
U

SDNN difference 
(post–pre) taVNS Sham 188 199 0.48 U(A) = 17,923 0.03

Mann–Whitney 
U

HR difference 
(post–pre) mRS change <−1

mRS change 
≥−1 53 122 0.01 U(A) = 4019 0.38

Mann–Whitney 
U

BP difference 
(post–pre) taVNS Sham 159 180 0.03 U(B) = 12,400 0.21

Appendix 2—table 1 Continued on next page

https://doi.org/10.7554/eLife.100088


 Research article Medicine | Neuroscience

Tan, Huguenard et al. eLife 2024;13:RP100088. DOI: https://doi.org/10.7554/eLife.100088  25 of 27

Test name Variable Distribution A Distribution B N(A) N(B) p Statistics Effect size

Mann–Whitney 
U

ICP difference 
(post–pre) taVNS Sham 146 114 0.82 U(B) = 12,400 0.09

Mann–Whitney 
U

PPI difference 
(post–pre) taVNS Sham 186 227 0.002 U(B) = 17,386 0.19

Mann–Whitney 
U

RR difference 
(post–pre) taVNS Sham 214 224 0.10 U(B) = 21,806 0.11

Appendix 2—table 1 Continued
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Appendix 3

Appendix 3—table 1. Clinical characteristics and cardiovascular metrics of the two arms.
Values in this table represent the median.

taVNS Sham

Age 67 53

% of female 63.6% 84.6%

% with known hypertension 90.9% 46.2%

% with known diabetes mellitus 18.2% 7.7%

% with arrhythmia PTA 9.1% 7.7%

% with coronary artery disease PTA 0% 15.4%

% on beta blockers PTA 27.3% 38.5%

% on calcium channel blockers PTA 27.3% 7.7%

% on angiotensin- converting enzyme inhibitors PTA 27.3% 15.4

Heart rate (bpm) 86.0 78.8

Change from pre- to post- treatment   1.1   0.3

Change from pre- to during- treatment   0.4   –0.2

QTc (ms) 509.9 483.6

Change from pre- to post- treatment   –0.4   –0.2

Change from pre- to during- treatment   1.3   1.0

SDNN (ms) 72.7 77.1

Change from pre- to post- treatment   –0.4   –1.7

Change from pre- to during- treatment   –1.0   –1.4

RMSSD (ms) 24.8 24.5

Change from pre- to post- treatment   –0.1   –0.4

Change from pre- to during- treatment   –0.3   –0.8

Relative power of high- frequency band (%) 30.4 30.7

Change from pre- to post- treatment   –0.4   –0.7

Change from pre- to during- treatment   –0.5   –0.3

Blood pressure (mmHg) 92.4 95.3

Change from pre- to post- treatment   1.8   0.0

Change from pre- to during- treatment   0.0   0.0

PPI (a.u.) 1.6 2.3

Change from pre- to post- treatment   0.0   –0.1

Change from pre- to during- treatment   0.0   –0.1

IcP (mmHg) 6 6.3

Change from pre- to post- treatment   0.0   0.0

Change from pre- to during- treatment   0.0   0.0

Respiration rate (bpm) 20.1 18.3

Change from pre- to post- treatment   0.1   0.1

Change from pre- to during- treatment   0.0   0.0

QTc: corrected QT interval. PPI: peripheral perfusion index. ICP: intracranial pressure. PTA: prior to admission.
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Appendix 4

Appendix 4—table 1. Effect of taVNS on cardiac metrics adjusted for age.
The regression formula is: cardiac metric ~ Treatment + Age.

Coefficient p- value 95% CI

Heart rate change from Day 1 (F = 9.49, p < 0.01 for the overall model)

taVNS treatment 1.87 0.21 [–1.05, 4.80]

Age –0.26 <0.01 [–0.37, –0.14]

QTc change from Day 1 (F = 14.23, p < 0.01 for the overall model)

taVNS treatment –30.79 <0.01 [–42.16, –19.43]

Age 0.19 0.40 [–0.26, 0.65]

SDNN change from Day 1 (F = 29.40, p < 0.01 for the overall model)

taVNS treatment 15.43 <0.01 [5.14, 25.72]

Age –1.56 <0.01 [–1.97, –1.15]

RMSSD change from Day 1 (F = 25.09, p < 0.01 for the overall model)

taVNS treatment 16.90 <0.01 [10.02, 23.78]

Age –0.83 <0.01 [–1.10, –0.56]

https://doi.org/10.7554/eLife.100088
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