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Transcutaneous auricular vagus nerve 
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trial
Benjamin Sahn1,2*  , Kristine Pascuma1, Nina Kohn2,3, Kevin J. Tracey2 and James F. Markowitz1 

Abstract 

Background Vagus nerve stimulation is an investigational anti-inflammatory therapy targeting the nervous system 
to modulate immune activity. This study evaluated the efficacy and safety of transcutaneous auricular VNS (ta-VNS) 
in patients with pediatric-onset Crohn’s disease (CD) or ulcerative colitis (UC).

Methods Participants were 10–21 years of age with mild/moderate CD or UC and fecal calprotectin (FC) > 200 ug/g 
within 4 weeks of study entry. Subjects were randomized to receive either ta-VNS targeting the cymba conchae 
of the external left ear, or sham stimulation, of 5 min duration once daily for a 2-week period, followed by a cross 
over to the alternative stimulation for an additional 2 weeks. At week 4, all subjects received ta-VNS of 5 min dura-
tion twice daily until week 16. Primary study endpoints were clinical remission, and a ≥ 50% reduction in FC level 
from baseline to week 16. Heart rate variability measurements and patient-reported outcome questionnaires were 
completed during interval and week 16 assessments.

Results Twenty-two subjects were enrolled and analyzed (10 CD, 12 UC). Six of 10 with CD had a wPCDAI > 12.5 
and 6/12 with UC had a PUCAI > 10 at baseline, correlating to mild to moderate symptom activity. Among the 12 
subjects with active symptomatic disease indices at baseline, clinical remission was achieved in 3/6 (50%) with CD 
and 2/6 (33%) with UC at week 16. Despite all subjects having FC levels ≥ 200 within 4 weeks of enrollment, five sub-
jects (4 UC, 1 CD) had FC levels < 200 at the baseline visit and were excluded from the FC analysis. Of the remaining 
17, median baseline FC was 907 µg/g (IQR 411–2,120). At week 16, 11/17 (64.7%) of those with baseline FC ≥ 200 had 
a ≥ 50% reduction in FC (95% CI 38.3—85.8). In the UC subjects, there was an 81% median reduction in FC vs baseline 
(833 µg/g; p = 0.03) while in the CD subjects, median reduction in FC at 16 weeks was 51% (357 µg/g; p = 0.09). There 
were no safety concerns.

Conclusion Noninvasive ta-VNS attenuated signs and symptoms in a pediatric cohort with mild to moderate inflam-
matory bowel disease.
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Background
Chronic inflammatory bowel disease (IBD) comprising 
Crohn disease (CD) and ulcerative colitis (UC), is a global 
disease with rising prevalence, associated with significant 
health morbidity and very high health care costs sub-
stantially driven by therapeutics (Windsor and Kaplan 
2019; Ng et al. 2017; Zhao et al. 2021; Peery et al. 2018). 
While many with IBD have benefited greatly from mod-
ern era biologic and small molecule therapies, unresolved 
chronic inflammation is common despite treatment, and 
is fundamental to the evolution of disease complications 
(Baumgart and Berre 2021). Therefore, a non-pharmaco-
logic, non-toxic, lower cost anti-inflammatory therapy is 
necessary.

The inflammatory reflex is a vagus nerve mediated 
physiologic process by which the nervous system can 
attenuate peripheral inflammation (Rosas-Ballina et al. 
2011). Proinflammatory cytokines and other molecules 
are detected by sensory neurons communicating to the 
central nervous system, leading to a counterregulatory 
response through the efferent vagus nerve and other 
neuronal pathways (Pavlov et  al. 2018). Since the ini-
tial description of this cholinergic anti-inflammatory 
pathway by Tracey and colleagues in the early 2000s, 
(Borovikova et  al. 2000; Tracey 2002) hundreds of 
studies have confirmed the critical influence of auto-
nomic and enteric neural signaling pathways, such as 
the inflammatory reflex, on intestinal immune func-
tion, inflammation, epithelial barrier integrity, and 
T-regulatory cells in the gut (Brinkman et  al. 2019; 
Meroni et al. 2019; Matteoli et al. 2014; Bai et al. 2007; 
Ghia et  al. 2007, 2006; Teratani et  al. 2020; Jin et  al. 
2017; Meregnani et  al. 2011; Meroni et  al. 2021). The 
field of bioelectronic medicine has capitalized on these 
discoveries toward using device technology to treat 
human inflammatory disease. Initial human studies 
engaging the inflammatory reflex through a surgically 
implanted vagus nerve stimulator have shown efficacy 
in treating rheumatoid arthritis (RA) (Koopman et al. 
2016) and CD (Bonaz et  al. 2016). In adults with CD, 
vagus nerve stimulation led to improvement in symp-
toms, inflammatory biomarkers, and endoscopic heal-
ing at 12  months of follow up (Sinniger et  al. 2020). 
Until now, there have been no reports of successfully 
treating IBD in humans with non-invasive vagus nerve 
stimulation methods.

Transcutaneous auricular vagus nerve stimulation 
(taVNS) has been identified as a feasible method to elicit 
the inflammatory reflex in a noninvasive manner without 
requirement for an implantable device (Addorisio et  al. 
2019; Aranow et  al. 2021; Hong et  al. 2019). The auric-
ular branch of the vagus nerve is a sensory nerve to the 
external ear including the cymba concha. Stimulation 

of this auricular nerve branch delivers afferent neuronal 
impulses, whereas cervically implanted devices deliver 
efferent and afferent nerve stimulation. Functional MRI 
studies have mapped stimulation of the auricular branch 
of the vagus nerve to activate the same brain regions as 
implanted devices, confirming this nerve as a suitable 
noninvasive target to administer vagus nerve stimulation 
(Frangos et  al. 2015). Use of taVNS has been successful 
in a proof of concept study of adults with RA (Marsal 
et  al. 2021). Numerous gastroenterology focused edito-
rials have highlighted the importance of the brain-gut 
axis in the context of IBD and need for neuromodula-
tion based research to determine the therapeutic poten-
tial in this arena (Cheng et al. 2020; Bonaz and Bernstein 
2013; Bonaz et al. 2017; Browning et al. 2017; Gracie et al. 
2019). Accordingly, here we hypothesized that taVNS 
could be a safe and effective anti-inflammatory therapy in 
a pediatric and young adult population with CD or UC.

The primary aims of this study were to assess clini-
cal responses and achieving a ≥ 50% reduction in fecal 
calprotectin (FC) from baseline to week 16. Secondary 
aims included evaluating the effects of taVNS on various 
patient reported outcomes (PROs), and heart rate vari-
ability as a biomarker of vagal tone.

Methods
This study was approved by our institutional review 
board (IRB# 18–0945) before subject enrollment. Sub-
jects were prospectively enrolled between April 1, 2019 
and March 1, 2021. Enrollment was paused between 
March 15, 2020, and August 1, 2020 due to restrictions 
related to the COVID-19 pandemic. All authors had 
access to the study data and reviewed and approved the 
final manuscript.

Enrollment
Potential subjects between 10–21  years of age with a 
diagnosis of CD or UC for a minimum of 3 months, and 
an elevated pre-baseline screening FC ≥ 200 ug/g within 
4 weeks of enrollment despite previous treatment with 
at least one conventional IBD therapy were further 
screened (Fig. 1a). Subjects needed to be on their exist-
ing IBD therapy without dose and interval changes for 
at least the following amounts of time: oral or rectal 
5-aminosalicylate 4 weeks, immunomodulator 8 weeks, 
and biologic medication 16  weeks. Patients on inflixi-
mab were excluded due to potential confounding effects 
of different infusion intervals on symptoms or calpro-
tectin at time of study visits. Patients were also excluded 
if they had severe disease activity at the time of screen-
ing, described by a weighted Pediatric Crohn Disease 
Activity Index (wPCDAI) score > 57.5 or Pediatric Ulcer-
ative Colitis Activity Index (PUCAI) score ≥ 65 (Turner 
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et al. 2009, 2017). Additional exclusions included pres-
ence of bowel stricture with prestenotic dilatation; 
intraabdominal or perianal abscess; documented enteric 

infection in the prior 6 weeks; chronic use of any medi-
cation or over-the-counter supplement with choliner-
gic / anti-cholinergic activity, or nicotine use; known 

Fig. 1 Enrollment and Study Design
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history of arrhythmias or any implanted electronic 
device; pregnant or lactating females.

Study design
The study was designed in 2 phases (Fig.  1b). To evalu-
ate the short-term early effect of ta-VNS, in Phase 1 sub-
jects were randomized 1:1 to initially receive either active 
taVNS (left ear) or sham stimulation of the left calf for 
the first 2  weeks, performing the stimulation for 5  min 
once daily. Subjects and their caregivers were blinded to 
which body location provided active taVNS. Study per-
sonnel were not blinded. At week 2, the subject switched 
to the alternative stimulation site for the next 2  weeks. 
We were interested in assessing early taVNS responses 
given disease improvements in 2 weeks or less have been 
shown in humans with rheumatologic disease (Aranow 
et al. 2021; Marsal et al. 2021) and with implanted stimu-
lators in preclinical IBD models (Meregnani et  al. 2011; 
Payne et al. 2019).

Phase 2 began at week 4, at which time all subjects were 
assigned to receive active taVNS via the left ear for 5 min 
twice daily until week 16. Subjects were instructed to per-
form one session in the morning and one in the evening, 
and if not possible then to separate the two stimulation 
sessions by a minimum of 6  h. Frequency of stimula-
tions were increased to twice daily in this phase to better 
optimize potential effect of taVNS. All subjects therefore 
received 14 total weeks of active taVNS. Subjects were 
assessed at week 0, 2, 4, 8, 12, and 16 with blood and stool 
samples collected at each visit. Between study visits, the 
performance of the stimulations was evaluated by a study 
investigator using virtual telecommunication to ensure 

accuracy of the stimulation technique and function of the 
stimulation device. At the conclusion of 16  weeks, sub-
jects were given the option to continue the stimulation.

Vagus nerve stimulation
A commercial transcutaneous electrical nerve stimula-
tor (TENS) unit (TENS 7000, Roscoe Medical) and a 
sensor probe (Blue Moon Health) were used to deliver 
the electrical stimulation (Fig. 2). Conductive electro gel 
was applied to the tips of the sensor probe. Transcuta-
neous auricular vagus nerve stimulation was performed 
at the left ear targeting the cymba conchae, a small area 
of the external ear between cartilage grooves above the 
crus of helix (Fig.  2). The TENS unit settings were pre-
programmed to deliver continuous asymmetric bi-phasic 
square pulse waves with a pulse width of 300 µs and fre-
quency of 20 Hz. A timer within the device was pre-set 
for the desired duration of stimulation, with each stim-
ulation session ending at the completion of the 5-min 
interval. The intensity of the stimulation was titrated to 
subject tolerance to achieve the strongest comfortable 
sensation without eliciting pain. Sham stimulation was 
performed in the middle of the left calf with the same 
TENS settings.

Clinical assessments and patient reported outcomes
Participant weight, vital signs and physical exam were 
performed at each visit and a wPCDAI or PUCAI score 
was calculated. For wPCDAI, score ranges of < 12.5, 12.5–
40, and 42.5–57.5 represent remission, mild, and moder-
ate disease activity, respectively; whereas PUCAI score 
ranges of < 10, 10–30, and 35–60 represent remission, 

Fig. 2 Transcutaneous Auricular Vagus Nerve Stimulation Method. a Hand-held sensor probe stimulating the cymba conchae area of the left ear. b 
Schematic of left ear with anatomic location of cymba conchae
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mild, and moderate disease activity, respectively. At base-
line, week 8, and week 16, a Patient Reported Outcomes 
Measurement Information System (PROMIS) Pediatric 
Profile -25 questionnaire (Kappelman et  al. 2014) was 
completed by the study participants. If age < 18  years, 
a PROMIS Parent Proxy Profile -25 questionnaire was 
completed as well. PROMIS questionnaires consisted of 
4 items in each of 6 domains including physical function-
ing, anxiety, depression, fatigue, peer relationships, and 
pain interference. T-score changes > 3 points were con-
sidered the minimally important difference to be a sig-
nificant change.

Fecal calprotectin
Fresh stool samples were collected within 48  h of each 
study visit and stored at refrigerated temperature until 
the study visit, then stored at -20˚ Celsius until the cal-
protectin assay was performed. FC measurements were 
performed using the ALPCO Calprotectin Chemilumi-
nescence ELISA assay, with chemiluminescence detec-
tion using monoclonal antibodies against calprotectin 
(ALPCO Diagnostics, Salem, NH, USA). The reportable 
range for FC in this assay is 7.9 – 6000 µg/g of stool. Sam-
ples were run in duplicate to ensure diagnostic accuracy.

Heart rate variability
Heart rate variability (HRV) was assessed at each study 
visit, with the baseline assessment conducted before the 
first transcutaneous stimulation occurred. A continu-
ous 3-lead electrocardiogram was recorded in a stand-
ard limb lead II position for 10 min, with the subject in a 
seated position. HRV was calculated using the Sphygmo-
Cor Heart Rate Variability System Software (AtCor Med-
ical Inc, Itasca, IL USA). Vagal tone changes over time 
were evaluated by HRV power spectrum analysis includ-
ing low (LF; 0.04–0.15  Hz) and high (HF; 0.15–0.4  Hz) 
frequency bands and expressed as LF and HF normalized 
units (LFnu, HFnu), and LF:HF ratio. The LF component 
represents a combination of sympathetic and parasympa-
thetic nervous system activity while the HF component 
represents vagus tone (parasympathetic), providing the 
LF:HF ratio to describe sympathovagal balance; these 
parameters are modifiable by electrical vagus nerve stim-
ulation (Huston and Tracey 2011).

Statistics
Summary statistics are given as median and quartiles for 
continuous outcomes, and frequency and proportion 
for categorical outcomes. Analysis for fecal calprotectin 
was restricted to subjects with an FC ≥ 200 at their base-
line visit as follows: The association between the change 
in FC levels at week 2 and at week 4, after 2  weeks of 
taVNS vs sham stimulation was examined using the exact 

Mann–Whitney test. Changes in FC levels at baseline vs 
week 16 were examined using the Wilcoxon signed-rank 
test. The percent of subjects with a reduction in calpro-
tectin from baseline of ≥ 50% was calculated, along with 
the associated 95% exact binomial confidence interval. A 
result was considered statistically significant if p < 0.05. 
As this study was exploratory in nature, no adjustments 
for multiple comparisons were made. All analyses were 
conducted using SAS version 9.4 (SAS Institute Inc., 
Cary, NC).

Results
Demographics and patient classification
Twenty-three subjects were enrolled. One subject with 
prior history of Clostridioides difficile infection developed 
an infection recurrence in the first week after the baseline 
visit requiring antibiotics and was withdrawn. Baseline 

Table 1 Baseline Characteristics

a Two patients were on Adalimumab monotherapy. One patient was on 
combination Adalimumab and Methotrexate

Characteristics Patients (n = 22)

Gender (male) % 12 (55)

Age (years) Median (range) 15 (10–21)

Ethnicity (%)

 Caucasian 14 (63.6)

 African American 3 (13.6)

 Hispanic 3 (13.6)

 Other 2 (9.1)

Baseline Stimulation

 VNS (%) 10 (45.5)

 Sham (%) 12 (55.5)

Diagnosis

 Crohn Disease (%) 10 (45.5)

 Ulcerative Colitis (%) 12 (55.5)

CD Paris Classification (n)

 L1 3

 L2 6

 L3 1

UC Paris Classification (n)

 E1 1

 E2 1

 E3 3

 E4 7

Baseline wPCDAI, Median (range) 22.5 (0–57.5)

Baseline PUCAI Median (range) 10 (0–45)

Concomitant IBD Medications (n)

 None 4

 5-ASA 8

 Methotrexate (monotherapy) 4

  Adalimumaba 3

 Vedolizumab 3
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characteristics for the remaining 22 subjects are shown in 
Table 1. Five subjects were between 18–21 years of age at 
enrollment, and all were diagnosed with IBD prior to age 
18. Of note, all 10 of the patients on immunomodulator or 
biologic medications were on the same medication regi-
men for at least 6 months prior to study entry. During the 
study, two subjects with UC were considered taVNS treat-
ment failures for a flare of their disease requiring change 
in medication; one started prednisone and dropped out 
after week 12, the other started infliximab after week 12 
and chose to continue with taVNS until week 16. Only 3 of 
22 had elevated blood C-reactive protein measurements 
at baseline, precluding further analysis of this inflamma-
tory marker. No one with normal C-reactive protein at 
baseline had an elevated measurement at week 16.

Phase 1: Baseline to Week 4 Single blinded, 
sham‑controlled crossover
Disease activity
Twelve subjects (6 CD, 6 UC) had disease activity 
scores in the mild to moderately active range at the 
baseline visit. The median wPCDAI was 27.5 (range 
17.5–57.5) for the 6 CD subjects, and the median 
PUCAI was 25 (range 15–45) for the 6 UC subjects. 
In the first 2 weeks of active taVNS, 4 subjects (2 CD, 
2 UC) demonstrated a clinical response, defined as a 
reduction in wPCDAI > 12.5 or PUCAI > 10. Two sub-
jects (1 CD, 1 UC) had clinical response while receiving 
sham stimulation first.

Of the 10 subjects with an inactive wPCDAI or 
PUCAI at baseline, 3 had increased IBD symptoms 

while receiving sham stimulation followed by improve-
ment again with taVNS, while 1 receiving taVNS first 
had increased symptoms at week 2 and reduction 
in symptoms after sham stimulation at week 4; the 
remaining subjects had no change in clinical activity in 
the first 4 weeks.

Fecal calprotectin
Although all subjects had a FC level ≥ 200 µg/g within the 
screening 4 weeks prior to baseline, 5 were excluded from 
further FC analysis for having a baseline FC level < 200. 
This left 17 of the initial 22 subjects (72.3%) included in the 
FC analysis. Median baseline FC was 907 µg/g (IQR 411–
2,120). In those receiving taVNS first, median FC decreased 
at week 2, and when therapy was changed to sham, FC 
sharply increased. Whereas in those receiving sham first, a 
slight reduction was seen at week 2, followed by a further 
reduction at week 4 (Table 2). In comparing FC responses 
between the 2 groups, a statistically significant difference 
in FC was found between weeks 2 and 4; median Δ FC 
increased by 308 µg/g in those receiving sham and decreased 
by 225 µg/g in those receiving taVNS (p = 0.016) (Table 2).

Phase 2: Week 4–16 Twice daily active ta‑VNS extension
Disease Activity
At week 16, 3/6 (50%) CD subjects with wPCDAI > 12.5 
at baseline achieved clinical remission (wPCDAI < 12.5) 
(Fig. 3); 2/3 achieving clinical remission also met the pri-
mary FC endpoint of ≥ 50% reduction. One subject with 
CD entered the study with active IBD-associated arthri-
tis, and the arthritis pain resolved after 4 weeks of taVNS 
stimulation.

Table 2 Fecal calprotectin changes in phase I
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Clinical remission (PUCAI < 10) was also achieved in 
2/6 (33%) of UC subjects with PUCAI > 10 at baseline, 
and an additional subject had a clinically significant 
response with a PUCAI decrease from 40 to 15 by week 
16 (Fig. 3); 2/3 of these UC subjects also met the primary 
FC endpoint.

Fecal calprotectin
Of the 17 subjects with baseline FC ≥ 200 (9 CD, 8 UC), 
11/17 (64.7%) met the primary endpoint of a ≥ 50% reduc-
tion in FC at week 16 (95% exact Binomial Confidence 

Interval: 38.3%-85.8%) (Fig.  4a,b). Seven of the 11 
responders had a rapid FC response, with ≥ 50% reduc-
tion after only 2 weeks of active ta-VNS, which was main-
tained to week 16. The remaining four responders did not 
have any FC improvement during Phase 1, but steadily 
improved with twice daily stimulation to week 16 (Fig. 4b). 
At week 16, 4/17 (23%) achieved FC < 100 including 2 sub-
jects (11.7%, 1 CD, 1 UC) who reached normalized FC 
levels < 50. The subjects who were treatment failures were 
included as non-responders for calprotectin at week 16.

When analyzed by disease subtype, the subjects with 
CD had a baseline and week 16 median FC value of 
506 µg/g (IQR 255–1,976) and 394 µg/g (IQR 149–1,078), 
respectively, correlating to an absolute median reduction 
of 357 (IQR -563 to -176) (p = 0.09; Fig. 5). The median 
percent change in FC in the CD cohort was reduction by 
56% (p = 0.12). Those with UC had a baseline and week 
16 median FC value of 994  µg/g (IQR 610–2,265) and 
376  µg/g (IQR 83–525), respectively, correlating to an 
absolute median reduction of 833 (IQR -1,844 to -577) 
(p = 0.03; Fig. 5). The median percent change in FC in the 
UC cohort was reduction by 81% (p = 0.10).

Patient reported outcomes
Participants and parents completed their respective 
PROMIS questionnaires at baseline, week 8, and week 
16 to assess for any perceived changes in the 6 domains 
of physical functioning, anxiety, depression, fatigue, peer 
relationships, and pain interference. T-score changes > 3 
points, as the minimally important difference, was noted 
in the subjects’ anxiety scores and nearly 3 points in the 
parent proxy anxiety scores. Pediatric median anxiety 
T-scores decreased (improved) from 46 (IQR 41–55) at 
baseline to 36 (IQR 36–50) at week 8, and 40 (IQR 36–44) 
at week 16. Consistent with previous reports, median 
anxiety T-scores improved in those with clinical symptom 
improvement and were unchanged in those with stable 
disease activity. Interestingly however, median anxiety 
T-scores improved by 6.2 points (Range: -8.2 to -4.1) in 
the 2 subjects who had worse disease activity at week 16. 
In comparison, parent-proxy median T score improved in 
the anxiety domain by -2.8. T-score changes in all other 
domains (physical function, depressive symptoms, fatigue, 
peer relationships and pain interference) were < 3 points, 
therefore not significant in differences.

Heart rate variability
Nineteen of 23 (83%) had complete heart rate variability 
assessments for analysis. The baseline median LFnu was 
57.1 (range 16.4–83.3) and median HFnu was 42.9 (range 
16.7–83.6), suggesting lower baseline vagal tone in the full 
cohort than healthy individuals. Transcutaneous auricular 
VNS led to an increase in the HFnu (vagal) component of 

Fig. 3 Change in IBD activity index from baseline (BL) to week (WK) 
16. a wPCDAI = weighted pediatric Crohn’s disease activity index. 
b PUCAI = pediatric ulcerative colitis activity index. Shaded area 
represents remission zones
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HRV in 4 of 5 subjects with lowest baseline HFnu (< 30), 
and a decrease in HFnu in all 5 subjects with the highest 
baseline HFnu values (> 60). The subject with the highest 
baseline HFnu of 83.6 had a substantial reduction to 29. 
Modest changes in either direction occurred in the 8/9 
subjects with medial HFnu levels (30–60) at baseline; one 
subject had increase in HFnu from 33.9 to 69.7 over time. 
This suggests a modulation in vagal tone possibly occurred 
based on pre-therapy baseline status.

Patient safety, tolerability, and longer‑term outcomes
Transcutaneous auricular VNS was tolerated very well 
in our patient population. There were no serious adverse 
events during the study. One subject developed focal red-
ness and a minor break in the skin as result of excessive 
pressure applied to the skin with the sensor probe in the 
first week of stimulation. With additional education on the 
technique of taVNS, this subject did not have any further 
skin irritation during the study. At conclusion of 16 weeks, 
15/22 subjects (68%) subjectively reported improvement in 
symptoms and chose to continue using taVNS for a period 
beyond study conclusion. One subject with history of recur-
rent C. diff infection developed an infection recurrence after 

3–5 days of taVNS use, which we suspect was unrelated to 
this therapy given her history and the very short duration of 
use. Two subjects with UC had worsening disease activity 
between week 4–12 requiring change in medical therapy; it 
is uncertain what effect taVNS had, if any, in the progression 
of disease activity. These two subjects had baseline PUCAI 
of 30 and 45, respectively, so were already at the higher end 
of disease activity for the UC subjects enrolled.

Endoscopic assessments were not performed as part 
of the prospective study. Four subjects continuing to use 
taVNS as part of their maintenance IBD therapy follow-
ing conclusion of study participation—without other 
change in their medication treatments—had a clinically 
indicated colonoscopy performed by their primary treat-
ing gastroenterologist. Medical charts were reviewed 
retrospectively to compare endoscopic appearance after 
taVNS use to their most recent colonoscopy before study 
enrollment. These 4 subject diagnoses, duration of taVNS 
use until the follow up colonoscopy and mucosal appear-
ance are described in Table  3. The pre-study reference 
colonoscopy for subject 6, 7, and 9 was performed within 
30 days of starting taVNS, while subject 8 had a colonos-
copy 9 months prior to starting taVNS.

Fig. 4 Percentage Change in Fecal Calprotectin from Baseline to Week 16. Red dotted line: Median percentage change
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Discussion
In this proof-of-concept clinical trial, noninvasive 
transcutaneous vagus nerve stimulation delivered via 
the auricular branch of the vagus nerve resulted in an 
improvement in clinical symptoms and fecal calprotec-
tin in a pediatric and young adult population with mild 
to moderate IBD. We demonstrated a ≥ 50% reduc-
tion in FC concentration in a significant proportion of 
our cohort (11/17, 64.7%), which is suggestive of taVNS 
having an anti-inflammatory effect and possible disease 
impact in these IBD patients, as no changes in pharmaco-
logic treatment were allowed during the study period or 
for a period prior to study entry. In the sham-controlled 
phase of the study assessing early responses, we found 
2  weeks of once daily taVNS therapy led to FC reduc-
tions, and crossover from taVNS to sham stimulation 
led to > twofold rise in median FC levels. Between week 
2 and 4, a statistically significant change in FC was found 

comparing those newly on taVNS for 2  weeks to those 
on sham stimulation (after initially on taVNS the prior 
2 weeks). In those who met the FC endpoint at week 16, 
we found two calprotectin response patterns, with seven 
responders (2 CD, 5 UC) more quickly improving FC 
levels at week 4 (2  weeks of active taVNS and 2  weeks 
of sham), and four responders (3 CD, 1 UC) having no 
improvement at week 4 and then steadily improving with 
twice daily taVNS until week 16.

The literature supporting FC as a reliable biomarker 
of disease activity is robust; reduction in FC concentra-
tion has been shown to correlate with endoscopic disease 
activity, suggest mucosal healing, and predict longer term 
remission from induction response, (Chen et  al. 2021; 
D’Haens et  al. 2012; Molander, et  al. 2012) while rising 
FC has been shown to predict disease relapse (Mao et al. 
2012). In subjects from both CD and UC cohorts, a clini-
cally significant FC reduction was seen from baseline to 

Fig. 5 Change in Fecal Calprotectin by Diagnosis

Table 3 Endoscopic Changes Post-taVNS Therapy: Retrospective Review

SES-CD Simple Endoscopic Severity of Crohn’s disease

UST Ustekinumab

VDZ Vedolizumab

Study 
Subject

Diagnosis Disease location Pre‑study 
Endoscopic disease 
severity

Medication 
at study 
entry

Duration 
of taVNS 
(weeks)

Follow up 
endoscopic disease 
severity

Clinical outcome

6 CD Right colon SES-CD = 4 None 69 SES-CD = 3 Continued taVNS started UST

7 CD Left colon SES-CD = 6 Mesalamine 60 SES-CD = 2 Continued taVNS

8 CD Left colon SES-CD = 10 VDZ 16 SES-CD = 4 Continued taVNS

9 UC Pancolonic Mayo score 2 Mesalamine 21 Mayo score 2 Discontinued taVNS started 
VDZ
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week 16, and a subset achieved normalized calprotectin 
levels. In the UC cohort, there was a statistically sig-
nificant decrease in FC levels at week 16, with a median 
decrease of 833  µg/g. The percent reduction in FC was 
81%, and while this change was non-statistically sig-
nificant (likely due to small sample size), this may be a 
highly impactful predictor of clinical outcome. A recent 
report from the PROTECT study, a multicenter inception 
cohort of children newly diagnosed with UC, found that 
a FC reduction > 75% from baseline to week 12 of therapy 
was the best predictor of corticosteroid-free remission at 
1 year (Krishnakumar et al. 2022).

Most subjects with baseline disease activity index 
scores in mild to moderate range had reduced IBD symp-
toms, including all 6 subjects with Crohn disease. An 
early 2-week symptom response was not seen to match 
the early biomarker response. However, importantly, 
six (3 CD, 3 UC) achieved clinical remission or marked 
clinical response by week 16. Notably, 4 of these 6 sub-
jects also had a ≥ 50% reduction in fecal calprotectin, 
indicating symptom resolution could be tied to reduced 
inflammation as opposed to only effects on visceral pain 
perception or intestinal motility, which has also been 
demonstrated (Shi et  al. 2021). We were interested in 
assessing early clinical and biomarker responses to gain 
insights into the speed of response of this novel therapy. 
In an adult cohort with Systemic Lupus Erythematosus, 
taVNS led to symptomatic response within days of start-
ing therapy (Aranow et  al. 2021). Further studies isolat-
ing CD and UC cohorts is warranted to determine the 
impact of time to response on remission rates and treat-
ment durability.

Our data are consistent with the anti-inflammatory 
effect of vagus nerve stimulation seen in prior neuro-
modulation studies aimed at treating Crohn disease and 
other immune mediated diseases. In a single center open 
label trial using a surgically implanted device to treat 
CD in 9 adult biologic naïve patients, improvements in 
CRP, FC, and cytokine biomarkers, as well as clinical and 
endoscopic remissions were found at 12  months follow 
up (Sinniger et al. 2020). Subsequently, a multicenter trial 
of adults with biologic-refractory, moderate to severe CD, 
treated with a surgically implanted vagus nerve stimula-
tor as monotherapy or in combination with biologic ther-
apy was performed. Patients were required to have an 
elevated FC > 200 ug/g and active endoscopic disease, and 
at week 16, a majority had reduction in FC concentration 
and a subset had improvement in endoscopic severity 
(D’Haens et  al. 2019). Vagus nerve stimulation has also 
been studied in adults with rheumatologic disease. In a 
study of 18 adults with medication refractory RA, vagus 
nerve stimulation achieved significant improvement 
in disease activity scores at day 42 and lowered serum 

CRP levels (Koopman et al. 2016). Taken together, these 
results suggest that bioelectronic therapy may be used 
successfully as a treatment strategy for immune mediated 
inflammatory diseases.

In addition to improvements in common IBD symp-
toms and fecal calprotectin, we assessed for benefit of 
taVNS on health-related quality of life using a validated 
measure in pediatric IBD patients. We found improved 
anxiety scores on both the pediatric and parent proxy 
PROMIS questionnaires, with subjects self-reporting 
improvements in anxiety at week 8 and sustaining that 
improvement at week 16. The interplay between anxiety, 
other mental health outcomes, and IBD is complex, and 
IBD disease activity is strongly correlated with HRQOL 
metrics (Brenner et al. 2021). Vagus nerve stimulation is 
identified as having modulatory effects on the brain gut 
axis, and has been described as a therapeutic option for 
neuroinflammation causing various mental health dis-
orders; (Breit et  al. 2018) it is therefore reasonable to 
hypothesize the mental health benefits of taVNS in peo-
ple with IBD (and other inflammatory disease) could 
relate to both disease-dependent and independent fac-
tors. We were intrigued by the improvement seen in 
anxiety scores in the 2 subjects with worsening disease 
activity at study conclusion—albeit a small sample—sug-
gesting further study on this topic is warranted.

We further investigated the effect of taVNS on heart 
rate variability parameters. Normative HRV values in 
healthy children have been previously reported, with 
median HFnu ranging 54–69 depending on calculation 
method (Gasior et  al. 2018). Our IBD cohort had lower 
baseline HFnu values, suggesting lower vagal tone than 
healthy peers. Previous studies have found mixed results 
related to autonomic dysfunction in IBD patients. Prior 
to regular use of HRV in this assessment, two studies 
from the 1990s found sympathetic dysfunction in CD 
and vagal dysfunction in UC (Lindgren et al. 1991, 1993). 
More recently, low vagal tone has been reported in adult 
CD patients and associated with high TNFα levels, (Pel-
lissier et  al. 2014) and improved HRV metrics has been 
described in association with less disease exacerbation 
in pediatric IBD (Yerushalmy-Feler et  al. 2022). In our 
cohort, 4 of 5 subjects with the lowest baseline vagal tone 
had increased HFnu over time, and all 5 with the highest 
HFnu values had reduced levels at week 16, suggestive of 
a recalibration of vagal tone induced by taVNS. A similar 
pattern has recently been demonstrated in a CD cohort 
treated with implanted vagus nerve stimulators (Sinniger 
et al. 2020). A limitation of HRV in this and other stud-
ies is the lack of standardized performance and analysis 
of HRV, including subject positioning and duration of 
the study, leading analyses to have variability between 
studies. Further investigation is needed to know if HRV 
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correlates with taVNS treatment response, how children 
and adults differ in these responses, and how the effects 
of taVNS compares to pharmacological therapies as dis-
ease improves.

The tolerability and safety of taVNS was highly favora-
ble in our study; with children as young as 10 years of age 
finding this therapy nonpainful and sustainable in addi-
tion to the efficacious response many experienced. This 
favorable safety profile in children was similar to the use 
of a different neuromodulation treatment for pediatric 
functional gastrointestinal disorders (Kovacic et al. 2017). 
Safety is a critical aspect of neuromodulation in the cur-
rent era of IBD therapy with increasing numbers of bio-
logic and small molecule agents available, and a growing 
willingness to use these medicines in combination with 
uncertain longer term risk (Baumgart and Berre 2021; 
Kwapisz et al. 2021). While current pharmacologic ther-
apies offer essential benefits toward achieving our goals 
of clinical remission and mucosal healing, there also 
remains numerous dilemmas in our current treatment 
paradigms—balancing significant risks with potential 
benefit, lack of an exit strategy if remission is achieved, 
managing partial responses without remission, and lack 
of appropriate therapies for individuals with more mild 
disease—representing a substantial unmet therapeutic 
need in patients with IBD. These challenges are all poten-
tially addressed by neuroimmunomodulation (such as 
vagus nerve stimulation) that could be used as monother-
apy or in combination with a conventional pharmaceuti-
cal agent. More studies are needed to determine optimal 
electrical stimulation parameters and understand mecha-
nistic reasons for effectiveness and response variability. 
Further, future studies with endoscopic endpoints will 
be needed to confirm mucosal disease modulation and 
healing. Given the invasive nature of surgically implant-
able devices (particularly in children), the noninvasive 
method such as taVNS offers advantages for widespread 
application in the treatment of chronic inflammatory dis-
eases such as IBD.

Strengths of our study include the prospective study 
design with early treatment sham comparator, the 
requirement for elevated fecal calprotectin as inclusion to 
increase confidence that only patients with active inflam-
mation were being enrolled and controlling for concur-
rent pharmacologic therapy to better isolate the effect of 
taVNS on IBD status. Additionally, adherence and accu-
racy of the stimulation was regularly monitored via tel-
ecommunication to confirm the taVNS was performed 
correctly. Limitations of our study includes lack of a con-
trol sham treated group through the full length of the 
study and lack of endoscopic disease assessments to eval-
uate the effects of taVNS on mucosal healing. Only sub-
jects were blinded in phase 1 rather than a double-blind 

assessment, conceivably introducing a bias; study person-
nel could not be blinded as the sham was a different body 
part from active taVNS and was known to the investiga-
tors demonstrating the therapy. Further, patients were 
not required to have a symptomatic disease activity index 
above a particular threshold, leading to a smaller sample 
size in assessing symptom response.

Conclusions
Transcutaneous auricular VNS is safe and effective in a 
cohort of pediatric and young adult patients with mild to 
moderate IBD, with improvement in symptoms and reduc-
tions in fecal calprotectin achieved. Neuromodulation ther-
apies such as vagus nerve stimulation have the potential of 
becoming an important tool in the treatment toolbox for 
patients with IBD. Further investigation into noninvasive 
neuromodulation as an anti-inflammatory therapy with pla-
cebo-controlled trials and larger sample size is warranted.
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