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ABSTRACT

Introduction: Current guidelines for pain
treatment recommend a personalized, multi-
modal and interdisciplinary approach as well as
the use of a combination of drug and non-drug
therapies. Risk factors for chronification should
already be reduced in patients with acute pain,
e.g., after surgery or trauma. Auricular vagus
nerve stimulation (aVNS) could be an effective
non-drug therapy in the multimodal treatment
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of chronic and acute pain. The aim of this sys-
tematic review and meta-analysis is to evaluate
the clinical efficacy and safety of aVNS in treat-
ing chronic and acute pain conditions.

Methods: A systematic literature search was
performed regarding the application of auricu-
lar electrical stimulation in chronic and acute
pain. Studies were classified according to their
level of evidence (Jadad scale), scientific validity
and risk of bias (RoB 2 tool) and analyzed regard-
ing indication, method, stimulation parameters,
duration of treatment and efficacy and safety. A
meta-analysis on (randomized) controlled trials
(using different comparators) was performed for
chronic and acute pain conditions, respectively,
including subgroup analysis for percutaneous
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(pVNS—needle electrodes) and transcutaneous
(tVNS—surface electrodes) aVNS. The visual
analog pain scale (VAS) was defined as primary
efficacy endpoint.

Results: A total of n=1496 patients were
treated with aVNS in 23 identified and analyzed
studies in chronic pain, 12 studies in acute post-
operative pain and 7 studies in experimental
acute pain. Of these, seven studies for chronic
pain and six studies for acute postoperative pain
were included in the meta-analysis. In chronic
pain conditions, including back pain, migraine
and abdominal pain, a statistically significant
reduction in VAS pain intensity for active com-
pared to sham aVNS or control treatment with
an effect size Hedges’ g/mean difference of —1.95
(95% confidence interval [CI]: —3.94 to 0.04,
p=0.008) could be shown and a more favorable
effect in pVNS compared to tVNS (- 5.40 [-8.94;
-1.85] vs. =1.00 [-1.55; -0.44]; p=0.015). In
acute pain conditions, single studies showed
significant improvements with aVNS, e.g., in
kidney donor surgery or tonsillectomy but,
overall, a non-statistically significant reduction
in VAS pain intensity for active compared to
sham aVNS or control with —-0.70 [-2.34; 0.93]
(p=0.15) could be observed in the meta-analysis.
In acute pain results vary greatly between stud-
ies depending especially on co-medication and
timepoints of assessment after surgery. A sig-
nificant reduction in analgesics or opiate intake
was documented in most studies evaluating this
effect in chronic and acute pain. In 3 of the 12
randomized controlled trials in patients with
chronic pain, a sustainable pain reduction over
a period of up to 12 months was shown. Overall,
aVNS was very well tolerated.

Conclusion: This systematic review and meta-
analysis indicate that aVNS can be an effective
and safe non-drug treatment in patients with
specific chronic and acute postoperative pain
conditions. Further research is needed to iden-
tify the influence of simulation parameters and
find optimal and standardized treatment proto-
cols while considering quality-of-life outcome
parameters and prolonged follow-up periods. A
more standardized approach and harmonization
in study designs would improve comparability
and robustness of outcomes.

Keywords: Neuromodulation; Auricular vagus
nerve stimulation; Chronic pain; Acute pain;
Postoperative pain

Key Summary Points

Auricular vagus nerve stimulation is an easy-
to-use method with a low side effect profile.

The method can be an effective, minimally
invasive, non-drug treatment for chronic
back pain, abdominal pain and migraine.

Results for acute postoperative pain and
experimental pain are still inconclusive,
although single studies show a significant
reduction in post-surgery pain in specific
procedures.

Further studies should focus on standardiza-
tion of stimulation parameters and treatment
regimens to strengthen clinical evidence.

INTRODUCTION

Chronic pain affects > 30% of people world-
wide and often causes an enormous reduction
in patients’ quality of life as well as high soci-
oeconomic costs [1]. In particular, back pain,
headache and musculoskeletal pain are among
the diseases with the highest years lost to dis-
ability (YLD) [1].

Current guidelines for chronic pain treat-
ment recommend a personalized, multimodal
and interdisciplinary approach as well as the
use of a combination of drug (e.g., acetami-
nophen, NSAIDs, opioid analgesics) and non-
drug therapies (e.g., multidisciplinary reha-
bilitation, cognitive behavioral therapy or
neuromodulative therapies) [1, 2]. Risk factors
for chronification (e.g., based on peripheral or
central sensitization) should already be reduced
during the treatment of acute pain, e.g., after
surgery or trauma [3].

With existing drug therapies, often only
minor and/or short-term improvements
are achieved. Moreover, side effects and/or
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interactions with other drug therapies must
be considered, and the possibility of addiction
in long-term medication/opioid use should be
weighed as a risk.

Thus, there is a high need for complementary,
effective and safe non-drug treatment options,
and in particular neuromodulative approaches,
for patients with acute and chronic pain condi-
tions [1, 4, 5].

The Vagus Nerve

The vagus nerve is the tenth cranial nerve and
the most important parasympathetic nerve in
the autonomic nervous system [6, 7]. It inner-
vates structures and organs of the throat, thorax
and abdomen and is responsible for transmit-
ting sensory information to the brain as well
as motor and parasympathetic signals to the
body. Through its auricular branch, the vagus
nerve also innervates the outer ear sensorially
[8]. About 80% of vagal fibers are afferent, pro-
jecting to the nucleus spinalis nervi trigemini
(NSNT) and nucleus tractus solitarii (NTS). The
vagus nerve is essential in maintaining auto-
nomic function [6, 7] and is a mediator of anti-
inflammatory effects, e.g., via the so-called cho-
linergic anti-inflammatory pathway [7, 9-11].
The activity of the autonomic nervous system is
particularly associated with pain perception and
modulation, e.g., pain increases heart rate, blood
pressure and skin conductance and decreases
vagal tone [12].

Auricular Vagus Nerve Stimulation and its
Applications in Pain Therapy

Electrical stimulation of the cervical branch of
the vagus nerve (VNS) has been approved since
the 1990s for the treatment of therapy-refractory
epilepsy and chronic, therapy-resistant depres-
sion [7]. Here, a pulse generator is implanted
delivering electrical impulses to the, preferably
left, cervical vagus nerve via a cuff electrode.
However, there is an increasing research
interest in non- or minimally invasive tech-
nologies for vagus nerve stimulation to reduce
side effects (e.g., hoarseness, cough, pain),
complications due to implantation (e.g., nerve

injury, infection) [13] and costs. Furthermore,
this allows the method to be accessible for a
broader range of indications and a larger group
of patients [7, 14].

Non- or minimally invasive stimulation can
be achieved either via stimulation of the cervical
vagus nerve using surface electrodes (transcuta-
neous stimulation) or by stimulating the auricu-
lar branch of the vagus nerve (aVNS) innervat-
ing the pinna of the ear using surface or needle
electrodes (transcutaneous or percutaneous
stimulation) in the cymba concha, the concha
and, to a lesser extent, the (crus) antihelix, fossa
triangularis, tragus and crus helix (see Fig. 1).

Transcutaneous and percutaneous vagus nerve
stimulation is currently studied in a broad range
of indications [2, 9, 14-235]. In the following, we
will specifically focus on applications of aVNS in
chronic and acute pain conditions.

The modulation of nociception via vagal affer-
ents was first investigated in systematic studies
in the 1980s [26-30]. The peripheral and cen-
tral systems regulating cardiovascular and auto-
nomic functions, for example, were described

vagal
L innervated
f\.— region

\

Fig.1 Ear anatomy with marked vagal innervated area and
specific anatomical regions [8, 104]. a Triangular fossa, b
cymba conchae, ¢ antihelix, d crus helix, e cavum conchae,
f tragus, g antitragus. With permission from Likar et al.
2023 [40]
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as closely linked to the systems involved in the
control of nociception [31]. Meanwhile, in the
2010s, it was shown that afferent stimulation of
the NTS and NSNT modulates a variety of rel-
evant brain structures in pain processing and
perception, such as nucleus dorsalis nervi vagi,
locus ceruleus (LC; noradrenergic), raphe nuclei
(RN; serotonergic), amygdala, thalamus, periag-
ueductal gray (PAG), cingulate cortex and pre-
frontal cortex [6, 32-34]. Thereby—according to
current evidence—the analgesic effect of aVNS
can be attributed to the following mechanisms:
partial activation of descending noradrenergic
and serotonergic systems associated with release
of enkephalin and a corresponding effect on
opioid receptors [6, 32], an effect on the limbic
system, as shown, e.g., in patients with migraine
[33, 35, 36], a parasympathetic activation and
sympatholytic effect [7, 35] and an activation of
the vagal mediated cholinergic anti-inflamma-
tory reflex with a positive effect on pain [7, 12,
37-39]. Clinical trials showed beneficial effects
of aVNS in different acute and chronic pain
conditions, like for acute post-surgery pain in
orthopedic surgery, and for chronic back pain,
abdominal pain or migraine [40].

Comprehensive reviews and meta-analysis
on aVNS in chronic and acute pain conditions
are limited [17, 18, 40, 41], although essential
to elucidate the clinical efficacy and safety as
well as the optimal patient and parameter selec-
tion, and this should be elaborated further in
this paper.

MATERIALS AND METHODS

Literature Review and Evaluation

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors. A systematic literature
search was performed in the databases PubMed,
Scopus and Semantic Scholar. The search was
narrowed to the period 1 January 2000 to 1
May 2023. The search was based and updated

regarding a previously published review in
Likar et al. 2023 (published under the creative
commons license,which evaluated studies till
1 June 2022) [40]. All databases were searched
using predefined, thematically relevant
keywords. The following keywords were
defined: auric* vagus nerve stimulation, auric*
elect* stimulation, auric* elect* vagus nerve
stimulation, auricular neurostimulation (+pain
[if>1,000 results]), VNS and pain.

Listed results were screened for duplicates and
removed on a case-by-case basis. The remaining
hits were screened based on title, abstract and
the following exclusion criteria: year of publica-
tion <2000, no abstract available, language used
not English or German, preclinical study/animal
study, study protocols, case study, review and no
relation to aVNS. For further qualification of the
studies, the full text was used to check for com-
pliance with the inclusion criteria: indication
(pain) and intervention (aVNS, transcutaneous
or percutaneous).

Included studies were scored by two inde-
pendent reviewers using the Jadad scale (maxi-
mum score 5) and according to their scientific
validity (maximum score 4) (Supplementary
Table 1), and the respective mean values of the
evaluations were summed up (possible total
score 9) [42]. Studies that could not be assessed
according to the Jadad scale (no randomiza-
tion, no blinding) were evaluated only based
on defined scientific validity criteria (maximum
4 points) [43-435]. The risk of bias for individual
studies was assessed with the Cochrane Risk of
Bias 2 tool (version 22 August 2019) [46] by two
independent reviewers. Case series and retro-
spective analyses were excluded from the risk-
of-bias analysis.

Furthermore, full texts of the publications
were analyzed and summarized regarding study
type and level of evidence [44, 47], indication
(classification into: chronic pain, acute postop-
erative pain, acute experimental pain), method
(intervention, stimulation points—see also
Fig. 1—and control), stimulation parameters,
duration of treatment, primary and secondary
outcomes and observed adverse events.

A\ Adis



Pain Ther

Data Synthesis and Meta-Analysis

A meta-analysis of study data was performed
for chronic and acute pain conditions, respec-
tively. Inclusion criteria comprised rand-
omized controlled trials (RCTs) and controlled
clinical trials published in peer-reviewed
journals. Comparative calculations were per-
formed between treatment (aVNS stimulation)
groups vs. control groups or vs. sham stimula-
tion groups for within and inter-group study
designs. Moreover, a small subgroup analysis
for percutaneous (pVNS—needle electrodes)
vs. transcutaneous (tVNS—surface electrodes)
aVNS was performed. The primary efficacy
endpoint (outcome) for this meta-analysis was
defined as acute or chronic pain measured on
a visual analog scale (VAS; 0-100 mm). Studies
reporting pain on a numeric rating scale (NRS;
0-10) were also included. To standardize scales,
we assume VAS from 0 to 100 mm is equiva-
lent to NRS from 0 to 10, by dividing VAS val-
ues by ten [48]. In acute pain studies, we used
data from or within the first 24 h post-surgery
(between 30 min to 24 h). For chronic pain
studies, we used data from end of treatment
(on average 4.7 weeks, 4 days to 8 weeks). Stud-
ies were included if the presented data allowed
for derivation of necessary datapoints to calcu-
late effect size.

For between and within-group analy-
sis, a random-effects model meta-analysis
was employed to account for heterogeneity
between studies. This approach assumes that
the true effects vary across studies because of
differences in patients’ characteristics, inter-
ventions and methodologies.

Subgroup analyses were performed to
explore the potential sources of heterogeneity
by stratifying the studies based on either the
treated conditions or type of aVNS stimulation.

Mean and standard deviation (SD) of each
treatment outcome between active stimulation
and sham stimulation or a control group, for
between-group analysis, were used to calculate
effect sizes. Sham stimulation indicates a treat-
ment group with either needle application at
the ear at equal stimulation points but with-
out an electrical signal applied or an active

stimulation at other stimulation points of
the ear (e.g., earlobe). Control groups include
standard of care or alternative treatments.

Results are shown as forest plots including
groups tested, weight (%), Hedges’ g/mean
difference [95% Cl—confidence interval] and
combined effect size for overall and subgroup
analysis.

Differences between groups were tested using
a chi-square test. A p value<0.05 was considered
statistically significant.

RESULTS

In total, n=3138 results (Fig. 2) were found in
the primary literature search. After screening
based on title and abstract, n=252 studies were
qualified. After reviewing the full text, n=42
studies were evaluated according to the Jadad
scale and scientific validity, and studies were
comprehensively analyzed. Results of the evalua-
tion can be found in Supplementary Table 2—4. A
summary and analysis of all studies are depicted
in Table 1 and in more detail in the supplemen-
tary material (Supplementary Table 5).

The risk of bias was assessed in a total of n=22
studies for chronic and acute pain (Table 2).

Chronic Pain

Twenty-three studies on chronic pain with a
total number of n=696 (n=725 including drop-
outs) aVNS-treated patients were included in the
analysis. These studies addressed chronic inflam-
matory bowel disease/abdominal pain (7 stud-
ies [49-54, 70], n=150), migraine (4 studies [36,
55-57], n=134), back pain (6 studies [56, 58-62],
n=229), rheumatoid arthritis (RA)/osteoarthritis
(2 studies [63, 64]; n=45), fibromyalgia/systemic
lupus erythematosus (SLE) (3 studies [65-67],
n=49), chemotherapy-induced peripheral
neuropathy (1 study [68]; n=358), nonspecific
chronic pain (1 study [49], n=3) and chronic
pain with depression comorbidity (1 study [69],
n=28). Of these, 12 studies [36, 50, 51, 57-60,
62, 65, 66, 69, 70] were high-quality RCTs with
an average score of 7.2 out of 9 (Supplementary
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PubMed
n=1469

Primary Literature
Search

Screening

Qualification

aVNS + pain (n=42)

Inclusion, Analysis, Jadad,
Scientific Validity, Summary

S. Scholar
n=847 [

Quick Screening - Removal of
Duplicates per Database

Removal of Reviews, Duplicates
Preclinical Studies, Study Protocols,
Unrelated Content, language not

L engl/ger (Title, Publication Type)

@
Reviewing for Relevance J

(pain, VNS, study type)
(Title & Abstract)

Reviewing Indications (pain) and
Interventions (aVNS)
(Fulltext)

Fig.2 Flowchart and results of systematic literature search. Extended and translated from Likar et al. 2023 with permission

[40]

Table 2). One study [53] was designed as a ran-
domized cross-over study with a rating of 5
points. Furthermore, seven case series [49, 52,
54-56, 63, 64], two retrospective cohort studies
[61, 68] and one case-control study [67] with an
average score of 3.5 points were identified.

Pain on a VAS or NRS, psychological well-
being and tolerability/safety of stimulation
were the most common primary and second-
ary endpoints. Depending on the indication,
(additional) more specific symptom-related and
disease-relevant endpoints were chosen.

In most of the studies, an improvement
on VAS or NRS pain scale or a more specific

disease-related endpoint was observed, with this
improvement being statistically significant in 18
studies compared to baseline and/or compared
to the chosen control group (see Table 1). In 3 of
the 12 RCTs (for chronic back pain and abdomi-
nal pain), sustained pain reduction over up to
12 months was documented [50, 58, 60].

In eight studies [52, 55, 57, 58, 60, 61, 63, 68],
the demand for pain medication was assessed.
In six of these studies (3 for chronic back pain,
1 for chronic migraine, 1 in chemotherapy-
induced peripheral neuropathy, 1 in irritable
bowel syndrome) [52, 57, 58, 60, 61, 68], pain
medication intake was reduced during and/or
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Table 1 Summary and analysis of studies of auricular vagus nerve stimulation (aVNS) in chronic pain, acute post-surgery

pain and acute experimental pain (short version, details in Supplementary Table 5)

Author

Indication

Primary results

Chronic pain

Sator-Katzenschlager et al. [60] Chronic cervical syndrome

Sator-Katzenschlager et al. [58] Chronic low back pain

Kongand Ng [56]

Napadow et al. [53]

Straube et al. [57]

Sacco et al. [68]

Kovacic et al. [50]
Grolaux [49]
Krasaelap et al. [51]
Mion et al. [52]
Kutlu et al. [66]

Shi et al. [70]

Széles et al. [61]
Aranow et al. [65]
Woodbury et al. [67]

Marsal et al. [64]
Zhangetal. [36]

Fengetal. [55]

Courties et al. [63]

Santucci et al. [54]

Lietal. [69]

Spondylosis, migraine

Chronic pelvic pain/endometriosis

Chronic migraine

Chemotherapy-induced peripheral neuropa-
thy

Chronic abdominal pain (11-18 years)
IB pain and chronic pain

IBD pain

IBS pain

Fibromyalgia

IBS-C, chronic abdominal pain
Chronic low back pain
SLE and musculoskeletal pain

Fibromyalgia

Rheumatoid arthritis

Migraine without aura

Migraine without aura

Osteoarthritis/hand pain

Chronic functional abdominal pain (11-18

years)

Depression with chronic pain

VAS| pVNS vs. sham
VAS| pVNS vs. sham

VAS improvement based on single cases

reported pVNS vs. baseline

Evoked pain intensity <>, anxiety| tVNS

vs. sham

Headache days| tVNS (1 Hz) vs. tVNS
(25 Hz)

NRS| pVNS vs. baseline

PFSD| pVNS vs. sham

IBS-SSS <> tVNS vs. baseline

Severe abdominal pain| pVNS vs. baseline
IBS-SSS| tVNS vs. baseline

VAS, depression, anxiety, functionality,
SF-36 <> tVNS + training vs. training

CSBMs/week?, VAS| tVNS vs. sham
NRS| pVNS vs. baseline

Pain|, fatigue| tVNS vs. sham

VAS <>, sleep?, activity?!, mood?| pyYNS

vs. control
DAS28-CRP| tVNS vs. baseline

Migraine days |, pain intensity |, duration
tVNS vs. sham

VAS |, frequency, duration |, MSQ1,
SDS|, SAS| tVNS vs. baseline

VAS| tVNS vs. baseline
VAS|, nausea|, anxiety| pVNS vs. base-

line

VAS|, depression| tVNS + EA vs. base-

line, no difference vs. citalopram
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Table 1 continued

Author

Indication

Primary results

Unal et al. [59]

Uzlifatin et al. [62]

Acute postoperative pain
Sator-Katzenschlager et al. 73]
Likar et al. [77]

Michalek-Sauberer et al. [79]

Kager et al. [78]

Holzer et al. [71]

Tsang et al. [72]
Chakravarthy et al. [15]
Ahmed et al. [74]
Blank et al. [75]

Chelly et al. [76]
Iifeld et al. [81]

Zhou et al. [80]

Myofascial pain syndrome (neck)

Chronic low back pain

Perioperative (oocyte-aspiration)

Postoperative (laparoscopic nephrectomy)

Postoperative (third molar tooth extraction)

Postoperative (tonsillectomy)

Postoperative (gynecological surgery)
Postoperative (hysterectomy)
Postoperative (cesarean section)
Postoperative (Roux-en-Y gastric bypass)

Postoperative (colorectal surgery)

Postoperative (kidney donor surgery)
Postoperative (orthopedic and breast
surgery)

Postoperative (rebound pain ropivacaine

femoral nerve block for ACLR)

Acute experimental pain in healthy participants

Busch etal. [82]

Laqua et al. [86]

Frokjaer et al. [85]

Usichenko et al. [87]

Janner et al. [84]
Farmer et al. [83]

Experimental mechanical/heat pain

Experimental pain threshold

Acute mechanical pain, bowel motility

Experimental heat pain

Experimental heat pain

Esophageal pain, hypersensitivity

VAS|, algometer?, Jamar?, SF-367
tVNS + IC + exercise vs. baseline, no/low

difference vs. exercise + IC

CRP <> tVNS + exercise vs. exercise

VAS| pVNS vs. sham

VAS at rest|, VAS on exertion| 1 h postop-
erative pVINS vs. sham

VAS <>, analgesic consumption <> pVNS

vs. sham

VAS| 9, 12,24 h postoperative pVNS vs.

sham
VAS <> pVNS vs. sham
VAS|, PEFR <> tVNS vs. baseline/control
NRS| pVNS vs. control
OME <> 24 h post-OP pVNS vs. control

OME <> pVNS vs. sham (overall); OME|
pVNS vs. sham (open surgery)

OME| 24 h post-OP pVNS vs. control

Low NRS, low opioid requirement

NRS| sleep disturbances|, analgesics|
pVNS vs. sham (8 h/12 h after surgery)

Pain threshold <> mechanical/pressure

pain, pain| (heat) tVNS vs. sham

Pain threshold! (n=15), pain
threshold | (n = 6) tVNS vs. control

CPM <>, pain threshold bone pain! tVNS

vs. sham

Pain threshold? (n=8), pain
threshold | (n=12) tVNS vs. sham

VAS| tVNS vs. control

Prevented/reversed acid-induced esopha-
geal HS tVNS vs. sham
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Table 1 continued

Author Indication

Primary results

Dumoulin et al. [88] Experimental pain

Somatosensory perception <> tVNS vs. sham

Extended and translated from Likar et al. 2023 with permission [40]. <> No significant difference/no change; 1/ significant

improvement/change

ACLR anterior cruciate ligament reconstruction, CPM conditioned pain modulation, CSBM complete spontaneous bowel

movements, HS hypersensitivity, IBS-SSS Irritable Bowel Syndrome-Severity Scoring System, IC ischemic compression,
MSQ Migraine-Specific QoL Questionnaire, VRS numeric rating scale, OME oral morphine equivalents, PEFR peak expira-
tory flow rate, PFSD pain frequency-severity-duration, SAS/SDS Self-Rating Anxiety Scale/Self-Rating Depression Scale

after aVNS (compared to baseline and/or con-
trol group). Secondary outcomes such as psy-
chological well-being, disability scores, anxiety,
sleep, fatigue and quality of life also significantly
improved in the majority of studies [50, 53-55,
57, 58, 60, 65-67, 69, 70].

Clinically and statistically highly significant
results were shown for indications chronic low
back pain [58], chronic cervical syndrome [60],
myofascial pain syndrome (neck) [59], depres-
sion with chronic pain [69], chronic abdominal
pain [50, 51, 70] and chronic migraine [36, 55,
57].

In the present studies, aVNS was most used
concomitantly to drug therapy. The average
treatment period was 5.7 (1-26) weeks. How-
ever, duration of treatment as well as stimula-
tion parameters within these applications could
differ remarkably.

In three studies [36, 55, 67], fMRI examina-
tions were performed alongside therapy to char-
acterize the influence of aVNS on brain activity.
tMRI revealed particularly an increase in brain
connectivity in the areas of the executive con-
trol network (prefrontal brain regions), thalamus
and cerebellum during or shortly after aVINS.

Fourteen studies were included in the risk-of-
bias analysis. Only one study was rated low risk
of bias [50], three studies with some concern [36,
65, 69] and ten studies with an overall high risk
of bias [51, 53, 57-60, 62, 66, 70] (Table 2).

Seven studies [36, 58, 60, 65, 66, 69, 70]
were included in the meta-analysis. The com-
bined effect size and mean difference of —1.95
(95% confidence interval [CI]: —3.94 to 0.04,
p=0.008) was in favor of active aVNS compared
to sham aVNS or control treatments (Fig. 3).

Highest effect sizes were seen in chronic cervi-
cal syndrome and chronic low back pain [58,
60]. Active pVNS [58, 60] showed a higher effect
size compared to active tVNS [36, 65, 66, 69, 70]
(=5.40 [-8.94; —1.85] vs. —=1.00 [-1.55; —0.44];
p=0.015).

Acute Postoperative Pain

Twelve studies on acute postoperative pain with
a total of n=291 aVNS-treated patients (n=311
including dropouts) were included in the analy-
sis. Surgery included gynecological interven-
tions (4 studies [15, 71-73], n=115), abdominal
surgery (4 studies [74-77], n=66), tonsillectomy
(1 study [78], n=16), molar tooth extraction (1
study [79], n=48), outpatient orthopedic surgery
and anterior cruciate ligament reconstruction (1
study each [80, 81], n=46). Of these, eight stud-
ies [71-73, 75, 77-80] were high-quality RCTs
with an average score of 7.6 out of 9 (Supple-
mentary Table 3). Two other studies [15, 74]
were case-control studies, and two [76, 81] were
case series with an average score of 3.6 points.

Eight studies observed significant improve-
ment in pain and/or need for opioids after sur-
gery using aVNS; see Table 1 [15, 72, 73, 75-78,
80]. In one study [74], slight, non-significant
improvements were observed. Differences in
nausea, fatigue and use of non-opioid analge-
sics were not significant in any of the studies (if
included in endpoint analysis).

aVNS was used either shortly before (periop-
eratively) or immediately after surgery (postop-
eratively) for a period of 2-5 days. In one study
(hysterectomy), stimulation was performed for
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Table 2 Results of the risk-of-bias 2 tool assessment [46]

Author Risk-of-bias domains
D1 D2 D3 D4 D5 Overall
Chronic pain
Sator-Katzenschlager et al. [60] SC H L SC L High
Sator-Katzenschlager et al. [58] SC H L SC L High
Napadow et al. [53] L H L sC L High
Straube et al. [57] SC SC L SC L High
Kovacic et al. [50] L L L L L Low
Krasaelap et al. [51] L H L L L High
Kutlu et al. [66] H H L SC L High
Shietal. [70] SC SC L SC L High
Aranow etal. [65] SC L L L L Some con-
cern
Woodbury et al. [67] SC H L SC L High
Zhangetal. [36] L SC L L L Some con-
cern
Lietal. [69] L sC L L L Some con-
cern
Unal et al. [59] SC H SC L High
Uzlifatin et al. [62] SC H L SC L High
Acute postoperative pain
Sator-Katzenschlager et al. [73] SC SC L SC L High
Likar et al. [77] L L L L L Low
Michalek-Sauberer et al. [79] H sC L sC L High
Kager et al. [78] L L L L L Low
Holzer et al. [71] L L L L L Low
Tsang et al. [72] L H L L L High
Blank et al. [75] sC L L L sC Some con-
cern
Zhou et al. [80] L L L L L Low

D1 bias arising from the randomization process, D2 bias due to deviation from intended intervention, D3 bias due to miss-

ing outcome data, D4 bias in measurement of the outcome, DS bias in selection of the reported result, H high, SC some con-

cern, L low
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a Study name

Test groups

Weight (%) Hedges' g [95% CI]

Shi, 2021 tVNS vs control (elbow) 15.37 -1.15[-1.85, -0.49] e

Sator-Katzenschlager, 2003 PVNS vs sham 8.61 -7.37 [-10.21, -5.14] _—————

Aranow, 2021 tVNS vs sham 14.35 -0.56 [-1.61, 0.44] —

Kutlu, 2020 tVNS+training vs training 15.69 -0.48 [-1.04, 0.07] —o

Sator-Katzenschlager, 2004 PVNS vs sham 14.78 -3.79 [-4.69, -2.98] ——

Li, 2022 tVNS+EA vs Citalopram 15.48 -2.01[-2.67, -1.4] o

Zhang, 2021 tVNS vs sham 15.74 -0.74 [-1.29, -0.22] e

Combined Effect Size 100.0 -1.95 [-3.94, 0.04] .__‘_
-10 -8 -6 -4 -2 0

Hedges' g
b Study name / Subgroup name Test groups Weight (%) Hedges' g [95% CI]

Sator-Katzenschlager, 2003 PVNS vs sham 44.98 -7.37 [-9.9, -4.83] [

Sator-Katzenschlager, 2004 pVNS vs sham 55.02 -3.79 [-4.64, -2.93] —

PVNS 42.01 -5.4 [-8.94, -1.85] =]

Shi, 2021 tVNS vs control (elbow) 19.97 -1.15[-1.82, -0.47] —o—

Aranow, 2021 tVNS vs sham 15.39 -0.56 [-1.58, 0.47] —

Kutlu, 2020 tVNS+training vs training 21.87 -0.48 [-1.04, 0.08] —@-

Li, 2022 tVNS+EA vs Citalopram 20.59 -2.01 [-2.65, -1.38] —o—

Zhang, 2021 tVNS vs sham 22.18 -0.74 [-1.28, -0.21] e

tVNS 57.99 -1.0 [-1.55, -0.44] -

Combined Effect Size 100.0 -2.85 [-5.29, -0.4] mﬁ__
-10 -8 -6 -4 -2 0

Hedges' g

Fig.3 Forest plot for studies in chronic pain conditions
(cervical syndrome, low back pain, migraine, abdominal
pain, fibromyalgia, musculoskeletal pain; [a]), including
subgroup analysis for percutaneous auricular vagus nerve

only a few minutes [72] and in another study
(oocyte aspiration) for only a few hours [73].

Clinically and statistically highly significant
results were found for oocyte aspiration for
in vitro fertilization [73], laparoscopic nephrec-
tomy [77], open colorectal surgery [75] and
rebound pain after femoral nerve block for ACLR
[80].

Eight studies were included in the risk-of-bias
analysis. Four were rated with overall low risk of
bias [71, 77, 78, 80], one with some concern for
risk of bias [75] and three with a high risk of bias
[72, 73, 79] (Table 2).

stimulation (pVNS, needle electrodes) and transcutane-
ous auricular vagus nerves stimulation (tVNS, surface elec-

trodes) (b)

Six studies [71-73, 76-78] were included in
the meta-analysis. Two studies allowed for sepa-
rate evaluation between active aVNS vs. sham
aVNS as well as active aVNS vs. control [72, 73].
The combined effect size and mean difference of
-0.70 [-2.34; 0.93] (p=0.15) was not in favor of
active aVNS compared to sham aVNS or control
treatments (Fig. 4). However, outcome strongly
depended on the specific study and indication
as well as on co-medication and timepoints of
assessments. For instance, in Likar et al. 2007,
there were statistically significant improve-
ments in rest-pain at 1 h post-surgery but not
after 24 h, whereas the benefit was sustainable
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a Study name Test groups Weight (%) Hedges' g [95% CI]
Chelly, 2022 pVNS vs control 11.79 -1.94 [-3.13, -0.92] e
Sator-Katzenschlager, 2006 PVNS vs sham 13.09 -1.06 [-1.6, -0.54] —o—
Sator-Katzenschlager, 2006 pVNS vs control 13.0 -1.48 [-2.07, -0.93] @
Tsang, 2011 tVNS vs sham 12.74 -0.41[-1.13, 0.29] ®
Tsang, 2011 tVNS vs control 12.62 -1.16 [-1.96, -0.43] @
Holzer, 2011 pVNS vs control 12.8 -1.11[-1.81, -0.46] .
Likar, 2007 pVNS vs sham 11.67 4.1[3.08, 5.29] —
Kager, 2009 pVNS vs sham 12.28 -2.28 [-3.24, -1.44] ——
Combined Effect Size 100.0 -0.7 [-2.34, 0.93] ‘
R S S
Hedges' g
b Study name / Subgroup name Test groups Weight (%) Hedges' g [95% CI]
Chelly, 2022 pVNS vs control 16.04 -1.94 [-3.05, -0.83] @
Sator-Katzenschlager, 2006 PVNS vs sham 17.29 -1.06 [-1.59, -0.53] —o—
Sator-Katzenschlager, 2006 pVNS vs control 17.21 -1.48 [-2.05, -0.91] @
Holzer, 2011 pVNS vs control 17.02 -1.11 [-1.79, -0.44] ——
Likar, 2007 pVNS vs sham 15.92 4.1[3.0,5.21] ——
Kager, 2009 PVNS vs sham 16.52 -2.28 [-3.18, -1.38] e
PVNS 13.6 -0.66 [-2.53, 1.2] . —
Tsang, 2011 tVNS vs sham 51.63 -0.41[-1.12, 0.3] — o
Tsang, 2011 tVNS vs control 48.37 -1.16 [-1.93, -0.4] —
tVNS 86.4 -0.77 [-1.52, -0.02] —
Combined Effect Size 100.0 -0.76 [-3.12, 1.61] ‘
-2 0 2 4
Hedges' g

Fig.4 Forest plot for studies in acute pain conditions
(kidney donor surgery, oocyte-aspiration, hysterectomy,
gynecological surgery, nephrectomy, tonsillectomy; [a]),
including subgroup analysis for percutancous auricular

in exertion [77]. Highest effect sizes in favor of
active aVNS was seen in tonsillectomy and kid-
ney donor surgery [76, 78]. The effect size was
comparable between pVNS and tVNS (-0.66
[-2.53; 1.20] vs -0.77 [-1.52; —0.02]).

Acute Experimental Pain

For acute experimental pain, seven rand-
omized cross-over studies with a total of n=226
healthy volunteers (n=229 including dropouts)
were identified. Six of the studies [82-87] could
be evaluated with the Jadad scale and reached

vagus nerve stimulation (pVNS, needle electrodes) and
transcutaneous auricular vagus nerves stimulation (tVNS,
surface electrodes) (b)

an average rating of 5.4 points (Supplemen-
tary Table 4). The experimental pain stimuli
included heat or heat and pressure (4 studies
[82, 84, 87, 88], neurometer (1 study [86]),
cold and pressure (3 studies [85, 88, 89]) and
acid-induced hypersensitivity (1 study [83]). In
six of the seven studies [82-87], differences in
pain perception or intensity (lower) and pain
threshold (higher) were found during or after
stimulation with aVNS, cf. Table 1. The avail-
able studies indicate that stimulation during
experimental pain in some patients does not
result in any change of pain perception (non-
responders) or even exhibit a pro-nociceptive
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effect, reflected in an increased pain perception
and lower pain threshold during and directly
after stimulation. Current evidence does not
provide consistent results or conclusions in
experimental pain.

Design of Studies

Of the 42 studies evaluated, 19 were conducted
with pVNS devices [15, 50, 51, 54, 56, 58, 60, 61,
67, 68,71, 73-79, 81] (needle electrodes) and 23
studies used tVNS devices [36, 49, 52, 53, 55, 57,
59, 62-66, 69, 70, 72, 80, 82-88] (surface elec-
trodes) (see Supplementary Table 5). Stimulation
electrodes were placed in vagal innervated but
partly also in non-vagal innervated areas of the
auricle. This was done depending on the device
used and the experience of the study authors,
with the conchae being the most used stimula-
tion region. The most frequently used control
group was a sham aVNS group using an inactive
device with the electrodes at the same position
as in the intervention group (15 studies [50, 51,
58, 60, 65, 71, 73, 75, 77-79, 82, 84, 86, 87]),
followed by active controls of sham aVNS with
an active device at other non-vagal innervated
ear regions such as the earlobe (7 studies [36, 53,
72, 80, 83, 84, 88]) or other (standard) therapies
as controls (pro- and retrospective, 7 studies [15,
59, 62, 67, 72, 74, 76]). One study [57] used an
active sham aVNS control at the same points but
with different stimulation pattern; one study
used electrical stimulation control at the elbow
[70]. In three studies [59, 62, 66], aVNS was
performed with physical training; in one study
[53], stimulation was synchronized with slow
and deep breathing; in another study, stimu-
lation was combined with electroacupuncture
at acupoints located in the parietal and frontal
skin and compared with pharmacotherapy (cit-
alopram) [69].

Stimulation Parameters

Devices available on the market were used for
aVNS with device-specific preconfigured stimula-
tion parameters (see Supplementary Table 5). The
devices evaluated use monophasic or biphasic
square waves with a pulse width of 0.2-1 ms and

repetition or alternating frequencies between 1
and 100 Hz. The current or voltage amplitude
was either set constantly or was individually
adapted to the perception of the patients (from
below sensory threshold to clearly perceptible
or below pain/discomfort threshold). The most
common configuration was biphasic rectangular
pulses of 1 ms and 1 Hz and an amplitude that
produced a clear, non-painful perception.

Tolerability of aVNS

In most treated patients or subjects, no adverse
events associated with aVINS were observed (see
Supplementary Table 5). Documented adverse
events were mostly mild side effects at the stim-
ulation site, such as skin irritation, pain and
slight bleeding at the insertion points of nee-
dle electrodes. Dizziness, nausea or fatigue were
reported less frequently. One patient collapsed
because of needle phobia.

The tolerability of the devices (if surveyed)
was rated as good to excellent by a significant
majority of patients (>75%).

DISCUSSION

Chronic pain significantly affects health and
individual quality of life of patients [47]. Fuz-
ther development of additional effective thera-
pies for the treatment of these patients as well
as approaches to avoid chronification of pain,
e.g., after surgery, is of high clinical relevance.
This present systematic review and meta-anal-
ysis indicates that aVNS is a complementary,
non-drug-based, effective treatment for spe-
cific chronic pain and acute postoperative pain
conditions.

The results prove a consistent pain-reducing
effect as well as improvement in patients’ qual-
ity of life with chronic back pain, abdominal
pain and migraine, with a very low side effect
profile (see Table 1), even in long-term use [52,
57]. In chronic pain conditions, a higher com-
bined effect size in pVNS compared to tVNS
studies was observed, which may be based on
the prolonged stimulation durations/increased
daily dose of stimulation or a more effective
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stimulation due to close placement of needle
electrodes directly at the nerve (compared to
surface electrodes) [90] (see Table 1). However,
subgroup analysis comparing pVNS and tVNS
has limited power due to the low number of
studies per group.

The meta-analysis for acute pain conditions
was not in favor of active aVNS compared to
sham aVNS or control treatments (Fig. 4). Out-
come of acute pain studies was more difficult to
interpret and strongly depended on the study
design, especially the co-medication and time-
points of pain assessment after surgery, and
condition during pain assessment (e.g., rest,
huff, exertion). For instance, an overall analy-
sis in Blank et al. [75] was not able to show
any effect in the entire cohort, but a significant
effect was achieved for open colorectal inter-
ventions when performing subgroup analyses.
Generally, a better effect was observed in more
severe procedures with greater trauma and
inflammation compared to minimally inva-
sive procedures. Outcomes of studies on acute
experimental pain in healthy volunteers also
provided inconsistent results. More detailed
considerations can be found in [2, 24, 91].

In chronic pain conditions, several stud-
ies documented a sustained therapeutic effect
(see Table 1). This sustained effect lasted for
weeks to months after the end of stimulation
(follow-up between 2 weeks and a maximum of
12 months) [50, 52, 54, 58, 60, 65, 68]. Long-
lasting effects of aVNS have already been pre-
sented in other indications, such as epilepsy or
depression [21, 24, 92]. Possible mechanisms of
action are the activation of neuroplastic effects
in brain and spinal cord structures involved in
pain processing (effect on central sensitization)
as well as anti-inflammatory effects, e.g., on
neuroinflammatory processes [7, 83]. The meta-
analysis was in favor of active aVNS compared
to sham or control treatments, although high
heterogeneity was observable. Moreover, due to
a highly conservative approach, most studies
were prone to high bias because blinding and
sham stimulations are easily identified and not
ideal. A sustainable therapeutic improvement,
combined with the good tolerability of the
treatment, is of high socioeconomic relevance

[93]. Recent health technology assessments
have acknowledged the positive value of non-
implanted vagus nerve stimulation for pain
indications [94-96].

The tolerability of the treatment can be rated
as very good based on the available literature
review. Interactions with concomitant drug
therapies could not be detected in the evalu-
ated studies. The side effect profile of aVNS has
already been rated as very good in other stud-
ies and indications [24, 83, 97]. A retrospective
analysis by Roberts et al. [98] in 1207 applica-
tions of pVNS found only 24 (1.98%) docu-
mented adverse events of mild bleeding at the
insertion sites of needle electrodes, local der-
matitis and pain at the insertion sites. No sys-
temic side effects or infections were observed.
Studies on possible cardiovascular side effects of
aVNS also revealed no increased risks [99]. In
user studies, satisfaction of patients with pVNS
during several weeks of treatment was surveyed.
Eighty percent of patients rated their treatment
with pVNS as very satisfactory regarding their
subjective perception of quality of life [100].

Despite a high number of well-conducted
studies on the effect of aVNS in chronic and
acute post-surgery pain, the studies often do
not directly compare. For the meta-analysis, a
variety of primary endpoints in different studies
as well as missing absolute data in publications
resulted in exclusion of several studies. Since we
only included studies reporting VAS pain inten-
sity, the meta-analysis does not account for, e.g.,
effects on frequency in migraine attacks, opi-
oid use or more disease-specific outcomes and
questionnaires. Difficulties in blinding, due to
the immanent procedure and suprathreshold
active electrical stimulation, led to higher risk
of bias. Differences in control groups, location
of stimulation electrodes, stimulation param-
eters and duration of treatment are vast, cf.
Table 1. For instance, due to the dense innerva-
tion of the auricle, not only by the vagus nerve
but also by the auriculotemporal nerve (branch
of the trigeminal nerve), great auricular nerve
and minor occipital nerve, a co-stimulation of
non-vagal fibers can be assumed in the stud-
ies summarized and analyzed here [14, 31, 34].
This is particularly of relevance considering the
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choice of control groups. In sham controls with
active stimulation, e.g., at the earlobe, it cannot
be assumed that this stimulation is physiologi-
cally inert. There is evidence that stimulation of
the great auricular nerve can have a therapeu-
tic effect in migraine or cluster headache [101].
Additionally, in fMRI studies, a corresponding
modulation of specific brain regions during ear-
lobe stimulation was shown [34].

To enable superior and comparable evidence
in the future, a recent consensus review by
Farmer et al. has highlighted the importance of
minimal reporting criteria in studies on aVNS.
A recent systematic review by Wang et al. [102]
also evaluated the significance of differences
in used nomenclature for aVNS, which also
requires standardization to enable a consist-
ent clinical evaluation. In addition, research
and definition of criteria determining the indi-
vidual treatment success of patients with pain
are of high relevance [7]. Some evidence indi-
cates differences in the effectiveness of aVNS
in neuropathic and somatic pain [58] as well as
in influencing affective components [35]. The
inclusion of different physiological parameters
and measurements of individual patients before
start of therapy could be of enormous impor-
tance. There are attempts, e.g., based on the
heart rate variability or the autonomic status of
a patient, to predict the probability of a thera-
peutic response of individual patients, thereby
simplifying patient selection regarding a posi-
tive therapy prognosis [7, 103]. Corresponding
guidelines for patient selection will be essential
for the clinical use of the method in chronic and
acute pain.

Conclusion for Practice

Auricular vagus nerve stimulation is an easy-to-
use method with a low side effect profile. The
use of auricular vagus nerve stimulation can be
an effective supplement to multimodal pain
management for chronic back pain, abdominal
pain and migraine or for specific operative pro-
cedures to reduce post-surgery pain. Results for
acute experimental pain are not conclusive. Fur-
ther studies should focus on optimal and stand-
ardized treatment protocols.
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