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Abstract

Background: Opioid Use Disorder (OUD) is a serious public health problem, and the behavioral 

and physiological effects of opioid withdrawal can be a major impediment to recovery. Medication 

for OUD is currently the mainstay of treatment; however, it has limitations and alternative 

approaches are needed.

Objective: The purpose of this study was to assess the effects of transcutaneous cervical 

vagus nerve stimulation (tcVNS) on behavioral and physiological manifestations of acute opioid 

withdrawal.

Methods: Patients with OUD undergoing acute opioid withdrawal were randomly assigned to 

receive double blind active tcVNS (N = 10) or sham stimulation (N = 11) while watching neutral 

and opioid cue videos. Subjective opioid withdrawal, opioid craving, and anxiety were measured 

using a Visual Analogue Scale (VAS). Distress was measured using the Subjective Units of 

Distress Scale (SUDS), and pain was measured using the Numerical Rating Scale (NRS) for pain. 

Electrocardiogram signals were measured to compute heart rate. The primary outcomes of this 

initial phase of the clinical trial (ClinicalTrials.gov NCT04556552) were heart rate and craving.

Results: tcVNS compared to sham resulted in statistically significant reductions in subjective 

opioid withdrawal (p = .047), pain (p = .045), and distress (p = .004). In addition, tcVNS was 

associated with lower heart rate compared to sham (p = .026). Craving did not significantly differ 

between groups (p = .11).

Conclusions: tcVNS reduces behavioral and physiological manifestations of opioid withdrawal, 

and should be evaluated in future studies as a possible non-pharmacologic, easily implemented 

approach for adjunctive OUD treatment.

Keywords

Opioid use disorder; Withdrawal; Non-invasive; Vagus nerve stimulation; Sham-controlled; 
Double-blind

1. Introduction

Substance use is an escalating crisis in the United States, with drug overdose deaths, the 

majority secondary to opioids, rising over 100,000 in 2021 [1]. The standard of care for 
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treating opioid use disorder (OUD) is medication for OUD (MOUD), including opioid 

receptor agonists and antagonists; however, the barriers to care are high [2-4]. “Secret 

shopper” studies demonstrate that fewer than 25% of patients are able to successfully access 

MOUD [5], and other potential barriers may prevent many patients from seeking treatment 

in the first place [6,7]. As many as 70% of patients with OUD will return to opioid use 

without medication, and even with the opioid agonist, methadone, 46% will return to use 

[8]. Treatment with the opioid antagonist naltrexone also requires an extended period of 

detoxification before initiation, which can be associated with withdrawal symptoms [9-11]. 

Return to use during this period may be associated with an even higher risk of relapse-

related overdose and death, due to loss of tolerance [2,12,13]. New paradigms are therefore 

necessary for managing withdrawal in the treatment of OUD.

In 2017, the Food and Drug Administration (FDA) approved a percutaneous form of vagus 

nerve stimulation (VNS) for the treatment of opioid withdrawal [14]. This was based on 

the results of an open label trial of 73 patients with OUD, where significant reductions 

in opioid withdrawal symptoms were observed within 1 h [15]. This study was limited by 

lack of a sham stimulation control, and lack of objective measures of withdrawal including 

physiological measures of sympathetic nervous system activation.

We previously demonstrated that transcutaneous cervical VNS (tcVNS) reduces sympathetic 

[16-20] and inflammatory biomarker responses to stress [21,22], and modulates central brain 

regions involved in stress and emotion that have also been implicated in addictions (Fig. 1) 

[23-25]. Given the key role of sympathetic nervous system activation in opioid withdrawal, 

this suggests that tcVNS could reduce sympathetic activation and symptoms of withdrawal 

in patients with OUD. Therefore, the purpose of this study was to compare tcVNS to 

sham stimulation in patients with OUD undergoing acute withdrawal. We hypothesized that 

tcVNS would result in reductions in subjective withdrawal, craving, pain, and distress, as 

well as physiological markers such as heart rate.

2. Material and methods

2.1. Study cohort

To investigate the effects of tcVNS on patients with OUD experiencing opioid withdrawal, 

the first of two phases of a clinical trial (ClinicalTrials.gov NCT04556552), approved 

by the institutional review boards of Emory University (IRB00117320) and the Georgia 

Institute of Technology (H20203), was conducted between November 2020 and September 

2021. This initial phase's primary outcomes were heart rate and craving; the second phase 

will evaluate the remaining UG3 outcomes specified on ClinicalTrials.gov (e.g., anterior 

cingulate function) in a separate sample. Please see the Supplementary Material for more 

details. All participants were required to meet criteria for an OUD based on the Structured 

Clinical Interview for DSM-5 (SCID) and be between the ages of 18 and 80 years old. 

Participants were excluded if currently pregnant, breastfeeding, or implanted with a device 

(e.g., pacemaker); or if they had a history of meningitis, traumatic brain injury, neurological 

disorder, loss of consciousness for greater than 1 min, schizophrenia, schizoaffective 

disorder, bulimia, serious medical or neurological illness, carotid atherosclerosis, or cervical 

vagotomy.
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All participants underwent acute opioid withdrawal during the study. Withdrawal was 

induced by requiring abstinence from opioids for a minimum of 8 h prior to study 

onset. Participants were recruited for study participation prior to initiation of MOUD, in 

partnership with the Emory Healthcare Addiction Services and Alliance Recovery Center 

(Decatur, GA). The Addiction Severity Index (ASI) was administered for all participants 

to detail prior substance use, and for the fifth participant onwards, urine drug tests were 

conducted to detect recent substance use. All participants provided written informed consent 

after receiving a complete description of the study, and data were collected either at the 

Emory University School of Medicine or at Alliance Recovery Center.

2.2. Study protocol

Fig. 2 outlines the study protocol. The protocol involved the patient viewing neutral videos 

meant to elicit neutral or positive affect for control purposes (baseline), receiving active 

tcVNS or sham stimulation, and hearing an opioid cue audio followed by opioid use videos 

meant to elicit opioid craving [26]. The neutral videos were recordings of a mailwoman 

describing her job, the opioid cue audio consisted of a guided breathing exercise followed 

by instructions to vividly recollect recent opioid use, and the opioid cue videos contained 

snippets of opioid use and imagery. The audio recording lasted approximately 4 min, 

while the video recordings were played for approximately 2 min at a time. Stimulation 

accompanied each of the opioid cue videos, and was also administered twice prior to 

any opioid cues. Stimulation occurred for exactly 2 min for each administration. All data 

collection took place in the morning and lasted for approximately 2 h. Participants wore 

masks to protect against Coronavirus Disease 2019 (COVID-19) and remained seated in a 

reclining chair throughout.

2.3. Randomization and blinding

To maintain double blinding, participants were randomized into active tcVNS and 

sham stimulation groups using simple randomization. An individual not involved in 

recruitment, enrollment, data collection, or analysis assigned stimulation devices to 

participant identification numbers. The active tcVNS and sham stimulation devices were 

pre-numbered by the manufacturer and appeared and operated identically, differing only in 

stimulation waveforms. Thus, researchers and participants alike were blinded to stimulus 

type throughout the screening, clinical interview, and data collection. Unblinding occurred 

only upon active vs. sham analysis of the data.

2.4. tcVNS and sham stimulation

A handheld active tcVNS (gammaCore, electroCore, Basking Ridge, New Jersey) or sham 

stimulation device (gammaCore, electroCore, Basking Ridge, New Jersey) was connected 

to bar electrodes adhered to each participant. Each participant received only one of either 

active or sham stimulation, using the same device throughout the protocol. Electrode gel 

was applied to each electrode prior to placement to reduce skin-electrode impedance. A 

hook-and-loop strap was then used to fasten the bar electrodes over each participant's right 

carotid artery and maintain proper skin-electrode contact. Please see Fig. S1 for details.
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The active tcVNS and sham stimulation devices only differed in the voltage signals 

delivered. The active devices produce an alternating current (AC) voltage signal consisting 

of five periods of a 5 kHz sinusoid, repeating every 40 ms (i.e., the device produces no 

signal for the remaining 39 ms of each cycle). Sham devices produce an AC biphasic square 

wave at a frequency of 0.2 Hz. For both devices, stimulation amplitude was adjustable using 

a rotary switch that ranged from 0 to 5. For the active devices, this corresponded to output 

voltages ranging from 0 to 26 V; for sham devices, this corresponded to voltages ranging 

from 0 to 4 V.

At the onset of each administration, a researcher turned the device on, keeping voltage 

output to 0 V until an audible beep was heard and a light emitting diode (LED) 

illuminated. Stimulation intensity was then increased from 0 V to the maximum level the 

participant could painlessly tolerate using a rolling switch. If participants felt any pain 

during stimulation, the intensity was reduced. Stimulation automatically stopped 120 s after 

administration onset. Participants were monitored and asked about undesirable side effects 

of stimulation after each administration.

2.5. Measurement of opioid withdrawal, craving, and pain

Opioid withdrawal symptoms were measured using two scales: a visual analog scale for 

withdrawal symptoms (VAS-withdrawal) and the Clinical Opiate Withdrawal Scale (COWS) 

[27]. After each of the eight protocol condition blocks (Fig. 2), the VAS-withdrawal was 

administered. Participants were asked to rate their withdrawal symptoms on a scale of 0–10, 

where 0 represented no symptoms at all and 10 represented the most severe experienced. 

The COWS includes eleven items, and the scores for each item range between 0 and 4 

(or 5 for some items). The total score ranges from 0 to 48, 0 representing no withdrawal 

symptoms and 48 representing the worst measurable. The COWS was administered prior to 

and following the protocol.

Opioid craving was a primary outcome of this initial phase of the clinical trial and was 

measured using a visual analog scale for craving (VAS-craving). The VAS-craving ranged 

from 0 to 10, where 0 represented no cravings at all, and 10 represented extreme cravings. 

The VAS-craving was administered after each of the eight protocol condition blocks (Fig. 2).

Pain was measured using the Numerical Rating Scale (NRS) for pain. The NRS pain ranged 

from 0 to 10, where 0 represented no pain at all, and 10 represented the worst pain ever felt. 

Similar to the COWS, the NRS pain was administered prior to and following the protocol.

2.6. Measurement of distress and anxiety

Perceived distress and anxiety were measured throughout the protocol due to their roles in 

craving and relapse [28,29]. Distress was measured using the subjective units of distress 

scale (SUDS) that ranges from 0 to 100, where 0 represents complete relaxation and 100 

represents the most distress ever felt [30]. Anxiety was measured using a visual analog scale 

for anxiety (VAS-anxiety) that ranged from 0 to 10, where 0 represents no anxiety at all and 

10 represents the most ever felt. Both the SUDS and VAS-anxiety were administered after 

each of the eight protocol condition blocks (Fig. 2).
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As in a prior study on tcVNS for patients with posttraumatic stress disorder [22], 

overlap was reduced between SUDS and VAS-Anxiety by using the following script when 

administering SUDS: “On a scale from 0 to 100, with 0 meaning ‘not at all’ and 100 

meaning ‘the most ever,’ how distressed are you feeling right now?” For VAS-Anxiety, 

the following script was used: “On a scale from 0 to 10, 0 meaning ‘not at all’ and 

10 meaning ‘the most ever,’ how anxious are you feeling right now?” Hence, unlike the 

typical administration of SUDS, the word “anxiety” was not mentioned and instead left for 

VAS-Anxiety measurements.

2.7. Measurement of heart rate

Heart rate was a primary outcome of this phase of the clinical trial and was computed from 

electrocardiogram (ECG) measurements. ECG was sensed using three Ag/AgCl electrodes 

in a lead I configuration. Using the Biopac RSPEC-R system (Biopac Systems, Goleta, CA), 

ECG signals were measured continuously throughout the protocol and data were acquired 

using the Biopac MP150 data acquisition system at a rate of 2 kHz. ECG signals were 

assessed for quality and “clean” R-peak to R-peak intervals (also referred to as “normal-to-

normal” intervals) were extracted using the quality assessment and processing methods of 

prior work [31]; all the open source toolbox's default thresholds were used. An instantaneous 

heart rate value was then estimated for each normal-to-normal interval. This produced a 

heart rate time series for each participant used in subsequent analysis.

2.8. Comparing survey responses

To study tcVNS effects on the progression of perceived withdrawal, craving, pain, distress, 

and anxiety symptoms, the active and sham groups’ pre-stimulation to post-stimulation 

differences in survey scores were compared. For the VAS measures and SUDS, baseline 

was defined using the responses following the second neutral video, as this was the final 

protocol condition prior to stimulation. Differences were computed by subtracting baseline 

measurements from those made after the final protocol condition. For COWS and NRS-pain, 

differences between the post-protocol and pre-protocol measurements were computed. These 

differences are denoted with a Δ. Note that the post-protocol measurements of COWS and 

NRS-pain took place immediately after the final VAS and SUDS surveys were administered, 

i.e., the measurements used as minuends (when computing the Δ values) correspond to the 

same timepoint.

2.9. Comparing heart rate responses

Active and sham stimulation effects on heart rate were compared across all administrations. 

For each participant, the average heart rate during the second neutral video served as 

baseline. This baseline heart rate was subtracted from the average heart rate during each 

stimulation administration to produce a Δ heart rate value for each stimulation. Each 

participant's Δ heart rate values were also averaged across all stimulations to produce a 

single Δ heart rate value per participant for an additional active vs. sham comparison.
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2.10. Statistical analysis

All statistical tests performed treated device group (active vs. sham) as the independent 

variable and the outcome of interest as the dependent variable. The Δ survey responses were 

compared using unpaired t-tests or Mann-Whitney U tests for normally and non-normally 

distributed variables (assessed using the Shapiro-Wilk test), respectively. The Δ heart rate 

responses, one per participant, were compared using an unpaired t-test. The Δ heart rate 

responses, one per condition, per participant, were compared using a mixed model with a 

random intercept per participant. These mixed models were fit using the lme4 package in 

R, where P values were obtained using the Satterthwaite's degrees of freedom method. All 

statistical tests performed were two-tailed with a significance level of .05.

Upon finding an imbalance in history of depression between the active and sham groups, 

additional analyses were conducted to assess the confounding effects of history of 

depression. Unpaired t-tests were replaced with multivariate linear models to adjust for 

history of depression. For the Δ heart rate mixed model, history of depression was adjusted 

for by including it as an additional covariate. Mann-Whitney U tests were replaced with 

ordinal logistic regression models to include history of depression as an additional covariate.

3. Results

3.1 Participant characteristics

As shown in Fig. 3, of the 31 participants assessed for eligibility, 23 met inclusion criteria 

and agreed to participate. These 23 were randomized to exclusively receive either active 

or sham stimulation. One participant in the active group had unusable data, however, due 

to equipment malfunctions and a second participant in the active group withdrew from 

the study during the protocol. Therefore, this investigation considers the remaining 21 

participants, 10 in the active and 11 in the sham group.

Demographic data for each participant are included in Table S1 [age: 35 ± 11 years; body 

mass index: 28.1 ± 7.3 (mean ± standard deviation)]. Table S2 details medical history. 

Table 1 compares the active and sham groups’ characteristics. The sham group had more 

participants with a history of depression (8 participants, 73% of the sham group) than the 

active group (2, 20%). As shown in Table S3, the stimulation amplitudes received were 19.1 

± 5.2 V (mean ± SD) for active tcVNS and 3.9 ± 0.2 V for sham stimulation. Note these 

stimulation amplitudes were those delivered after all intensity adjustments were made. Table 

S4 details the urine drug test results, and Table S5 details drug use in the 30 days prior to 

study reported during completion of the ASI and/or SCID.

3.2. Side effects of stimulation

No serious side effects were observed or reported. General complaints of uncomfortable 

muscle contraction were noted when stimulation amplitudes were initially set higher than 

what the participant could comfortably receive for 2 min (this only occurred in the active 

group). These concerns were remedied by decreasing stimulation amplitude. One participant 

(assigned to the active group) complained of lightheadedness after receiving stimulation. It 

remains unclear, however, whether this was tcVNS-induced (e.g., vasovagal syncope) or a 
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coincidentally timed symptom of withdrawal. This lightheadedness soon subsided, and the 

participant continued the protocol with no further complaints.

3.3. Significant tcVNS-Induced reductions in opioid withdrawal, pain, and distress

Significant differences existed between the active and sham groups in ΔVAS-withdrawal, 

ΔNRS-pain, and ΔSUDS (Fig. 4). The active group's ΔVAS-withdrawal scores of −1.9 ± 3.7 

were significantly lower than the sham group's ΔVAS-withdrawal scores of 0.4 ± 1.0 with 

an effect size of f = 0.74; U = 29; p = .047 (Fig. 4A). The active group's ΔNRS-pain scores 

of −0.8 ± 2.4 were significantly lower than the sham group's ΔNRS-pain scores of 0.9 ± 

1.0 with an effect size of f = 0.77; U = 23; p = .045 (Fig. 4B). Note that one participant 

in the active group was excluded from the ΔNRS-pain comparison due to missing data. The 

active group's ΔSUDS scores of −17.5 ± 26.5 were significantly lower than the sham group's 

ΔSUDS scores of 2.2 ± 5.9 with an effect size of f = 0.85; U = 17; p = .004 (Fig. 4C).

The differences between active and sham groups' ΔVAS-craving, ΔVAS-anxiety, and 

ΔCOWS were not statistically significant, though the active group's means were nominally 

lower for all measures. The active group's ΔVAS-craving scores (−2.2 ± 3.6) were not 

significantly different (d = 0.73, t = 1.66, p = .112) from the sham group's ΔVAS-craving 

scores (0.1 ± 2.7). The active group's ΔVAS-anxiety scores (−1.9 ± 3.5) were not 

significantly different (f = 0.67, U = 36, p = .175) from the sham group's ΔVAS-anxiety 

scores (−0.1 ± 1.8). The active group's ΔCOWS scores (0.6 ± 3.5) were not significantly 

different (d = 0.32, t = 0.73, p = .475) from the sham group's ΔCOWS scores (1.8 ± 4.1).

Table S6 details an item-by-item analysis of ΔCOWS. The Anxiety or Irritability item's 

change (i.e., ΔAnxiety or Irritability) was significantly lower (f = 0.80, U = 21.5, p = .017) 

for the active group (−0.6 ± 0.7) compared to the sham group (0.7 ± 1.3). No other items 

significantly differed between groups. Tables S7-S11 detail the baseline and post-protocol 

values for each of the survey responses.

3.4. Significant tcVNS-Induced reductions in heart rate

Fig. 5 illustrates the active vs. sham comparisons in Δ heart rate responses to stimulation. 

Active tcVNS had a significant effect on Δ heart rate across all administrations (Fig. 

5A) with an estimated decrease in 3.0 bpm for the active group compared to sham. The 

standardized fixed effect coefficient was β = 0.76; p = .026. Table S12 and Table S13 detail 

the mean heart rates themselves at baseline and during each stimulation.

Mean Δ heart rate also significantly differed between device groups (Fig. 5B). The mean Δ 

heart rate of the active group (−5.5 ± 3.5 bpm) was significantly lower than the mean Δ heart 

rate of the sham group (−1.4 ± 4.6 bpm). The effect size observed for this comparison was d 

= 0.99; t = 2.3; p = .035.

3.5. Post-hoc adjustments for history of depression

The results remained materially unchanged after post-hoc adjustments for history of 

depression. Table S14 details the linear model coefficients and standard errors before and 
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after adjusting for history of depression. Table S15 details the ordinal logistic regression 

coefficients and standard errors before and after adjusting for history of depression.

4. Discussion

This double-blind, randomized, sham-controlled study of 21 patients with OUD found that 

tcVNS reduced both psychological and physiological symptoms of acute opioid withdrawal. 

In particular, statistically significant reductions in opioid withdrawal symptoms, distress, 

and pain were observed over the course of a 2-h protocol for the active tcVNS group, 

in comparison to the sham stimulation group. This was accompanied by a statistically 

significant decrease in heart rate during active tcVNS compared to sham stimulation, across 

all stimulation administrations. These findings support the potential for adjunctive use of 

tcVNS in mitigating acute opioid withdrawal symptoms, especially during detoxification and 

transitional periods (e.g., prior to MOUD) – periods of increased vulnerability to relapse 

where the prescription of MOUD may not be appropriate [32].

4.1. tcVNS reduced risk factors of opioid relapse

Compared to sham stimulation, active tcVNS elicited statistically significant reductions in 

three risk factors of relapse: withdrawal symptoms, pain, and distress. Opioid withdrawal 

symptoms are highly uncomfortable and are known to contribute to relapse in patients 

with OUD, especially during the acute phases [33-36]. After long-term use of opioids, 

many patients cite avoidance of withdrawal symptoms as a primary factor in continuing 

opioid use [33]. Pain intensification during opioid withdrawal is also associated with relapse 

risk [37,38]. If a patient recovering from OUD is exposed to a nociceptive stimulus, the 

increased pain sensitivity can motivate opioid use, and thus, perpetuate the addictive cycle 

[39]. Distress is another critical risk factor of return to opioid use [28,29,34]. Often, patients 

with OUD continue opioid use to avoid negative affective states and alleviate feelings of 

distress or anxiety [33,40]. Heightened levels of distress can also trigger relapse, even after 

lengthy periods of successful abstinence [23,41]. Reducing each of these risk factors via 

tcVNS may thus reduce the likelihood of relapse during early periods of withdrawal. It 

should be noted, however, that although the observed reductions in withdrawal symptoms, 

pain, and distress were statistically significant, they may not suffice in ultimately preventing 

a patient's relapse. Future longitudinal studies will be necessary to evaluate relapse rate as an 

outcome.

The active group's ΔVAS-Craving scores were 2.29 points less than the sham group's; 

however, this difference was not statistically significant. The reasoning for the discrepancy 

between statistically significant reductions in withdrawal symptoms and distress and the 

lack thereof for craving is unknown. We speculate, however, that subtle differences in 

the neurophysiological underpinnings of craving, withdrawal, and distress may explain 

this discrepancy. Craving is characterized by dysregulated executive function, where the 

predominant mediator is the prefrontal cortex [42,43]. In contrast, withdrawal is regarded 

as dysregulation of negative emotional states and the autonomic nervous system, where the 

extended amygdala, hypothalamus, and brainstem regions are believed to predominantly 

mediate the dysphoria and autonomic imbalance [42,43]. Notably, distress is mediated by 
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similar regions [44]. Although these three responses share overlapping neural bases, the 

statistically significant survey score and heart rate reductions seem to indicate that the 

effects of tcVNS on executive function may not be as potent as tcVNS effects on the 

autonomic nervous and limbic systems. This may help explain the nonsignificant difference 

in ΔVAS-Craving between the active and sham groups. Functional neuroimaging studies in 

the context of OUD will be necessary to validate this hypothesis.

4.2. Reduced heart rate, distress, and withdrawal symptoms suggest autonomic 
mediation

Acute reductions in heart rate during tcVNS, as well as reductions in distress and 

withdrawal symptoms over the course of the protocol, indicate that the primary effects 

of tcVNS are mediated by the autonomic nervous system. Heart rate is mediated by 

both the parasympathetic and sympathetic branches of the autonomic nervous system, 

where decreases in sympathetic arousal and/or increases in parasympathetic activity 

cause heart rate to decrease [45]. Withdrawal symptoms are also a result of autonomic 

imbalance in favor of the sympathetic nervous system (e.g., via increased noradrenaline 

production in the locus coeruleus) [35]. Increased heart rate, sweating, pupil size, etc. 

– all symptoms of withdrawal – are a result of increased sympathetic arousal and/or 

decreased parasympathetic activity [46]. Distress is also associated with sympathetic arousal 

and reduced parasympathetic activity [47]. Therefore, perceived reductions in withdrawal 

symptoms and distress, along with measured reductions in heart rate, would align with the 

hypothesis that tcVNS effects on opioid withdrawal are autonomically mediated.

4.3. Implications for the adjunctive use of tcVNS for OUD

Based on this study's findings, the adjunctive use of tcVNS for OUD management should 

be evaluated in future studies. The non-invasive nature of tcVNS and its amenability to 

handheld administration enable on-demand and mobile use as needed. During periods 

of vulnerability, self-administered tcVNS could reduce the risk of opioid misuse by 

mitigating associated withdrawal symptoms, pain, or distress. For MOUD using opioid 

agonists such as buprenorphine, initial doses are typically followed by mild to moderate 

withdrawal symptoms [48]. These symptoms could be mitigated by tcVNS to improve 

treatment adherence. For individuals transitioning to treatment with an opioid antagonist, 

the required detoxification period results in a window of heightened vulnerability [49]. 

During this time window, tcVNS could be used to reduce symptom burden. Importantly, 

tcVNS poses minimal risk and requires minimal training for self-administration [50]. Its 

non-pharmacological nature allows targeting of the autonomic nervous system via the vagus 

nerve with less side effects that can be associated with pharmacological treatments for 

withdrawal such as lofexidine [51]. On the other hand, pharmacological treatments may 

produce stronger and more widespread effects that may be necessary in severe cases of 

withdrawal, even if side effects could linger for hours according to the drugs' half-lives. 

Future work will be necessary to evaluate these potential tradeoffs.

4.4. Limitations and future work

This study is not without limitations. Treatment with tcVNS, in comparison to sham 

stimulation, reduced subjective withdrawal as measured by the VAS but not clinician-
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observed withdrawal measured with the COWS. Other studies, however, have also noted 

greater effects of medication treatment on subjective versus clinician-rated withdrawal [8]. 

The lack of significant effects on craving and anxiety scores further limits conclusions of 

tcVNS efficacy. Assessing distress and anxiety separately using SUDS and VAS-Anxiety, 

respectively, may have resulted in confusion due to linguistic difficulties in disentangling 

distress and anxiety. There may have also been discrepancies between participants who 

treated these measures as simply differing by a scale factor of 10 (e.g., participant 7) 

and others who treated these as measuring differing phenomena. Compared to sham, 

tcVNS reduced the Anxiety or Irritability item of COWS, but no statistically significant 

difference existed between the groups for VAS-Anxiety. This may have been due to 

differing scales (VAS-Anxiety: 0–10; COWS Anxiety or Irritability: 0, 1, 2, or 4) or the 

inclusion of clinician judgement during COWS assessment. It may have also been helpful 

to make repeated measurements of COWS and/or NRS-pain after each protocol condition. 

At a minimum, this would have helped to standardize the baseline timepoints for all Δ 

computations. This study also had a small sample size, which limited statistical power and 

increased margin of error. Although participants were asked to confirm eight or more hours 

of drug abstinence prior to study initiation, no objective method was employed to confirm; 

the urine drug tests produced positive results for opioids taken within approximately 24–72 h 

prior, depending on drug half-life. The exact time of last substance use prior to the study was 

not recorded, limiting the contextualization of participant differences.

As this study focused on the initial phase of withdrawal, further investigations are necessary 

to study tcVNS use during later phases of withdrawal. Longitudinal studies during the full 

period of detoxification should assess whether tcVNS use ultimately leads to reduced overall 

symptoms and relapse rates, and increased completion of detoxification and enrollment into 

OUD treatment. Studying the neurophysiological effects of tcVNS, as well as additional 

physiological measures (e.g., blood pressure) in the context of OUD also remain compelling 

avenues of future work. These investigations would help to determine whether differing 

neurophysiological effects could explain the discrepancy between withdrawal and craving 

effects, as well as to evaluate the hypothesis of autonomic mediation of tcVNS effects. If this 

hypothesis holds true, comparative studies of tcVNS and alpha-2-adrenergic agonists such as 

lofexidine are warranted. These future studies could help evaluate possible tradeoffs between 

non-invasive neuromodulation approaches (e.g., tcVNS) and pharmacological treatments 

(e.g., clonidine) for opioid withdrawal.

5. Conclusions

This double-blind, randomized, sham-controlled pilot study of tcVNS is the first 

randomized, placebo-controlled (i.e., sham controlled) investigation of non-invasive 

neuromodulation in human participants with OUD [52]. The observed reductions in 

withdrawal symptoms, pain, and distress for the active tcVNS group compared to the sham 

stimulation group are therefore encouraging given they likely cannot be attributed to placebo 

effects. The reductions in heart rate strengthen the results, as they seem to indicate tcVNS-

induced autonomic effects that counteract sympathetic arousal accompanying withdrawal. 

As a non-invasive, non-pharmacological therapy that poses minimal risk and is amenable 
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to self-administration, tcVNS for the management of opioid withdrawal in individuals with 

OUD should be evaluated in future studies as a possible adjunctive treatment for OUD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Background and research question. (A) Previous studies of transcutaneous cervical vagus 

nerve stimulation (tcVNS) found modulated brain activity in regions associated with opioid 

craving and/or withdrawal. Heart rate reductions during tcVNS were also observed. The 

hypothesized mechanism of action is shown, where tcVNS is believed to produce afferent 

signaling to the nucleus tractus solitarius (NTS), followed by neural processing and resultant 

efferent signaling affecting peripheral organs such as the heart. (B) In this study, we 

hypothesized that tcVNS would reduce opioid withdrawal symptoms in comparison to sham 

stimulation in a double-blind, randomized, sham-controlled pilot study.
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Fig. 2. 
Protocol diagram. The protocol involved neutral videos meant to elicit neutral or positive 

affect for control purposes; active tcVNS or sham stimulation; and opioid cue audio and 

videos meant to elicit opioid craving. The protocol lasted approximately 2 h, where each 

protocol condition block was separated by approximately 5 min. Note that the opioid cue 

audios were immediately followed by opioid cue videos and stimulation.
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Fig. 3. 
CONSORT Diagram. Of the 31 patients assessed for eligibility, 23 met inclusion criteria 

and agreed to participate. These 23 were randomized to exclusively receive either active or 

sham stimulation. One participant in the active group had unusable data due to equipment 

malfunctions. Another participant in the active group withdrew from the study.

Gazi et al. Page 18

Brain Stimul. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Comparison between active tcVNS and sham stimulation on self-report withdrawal, pain, 

and distress. Error bars depict 95% confidence intervals (CIs), Δ indicates post-protocol 

minus baseline changes, and * denotes p < .05. A) The active group's ΔVAS-Withdrawal 

scores were significantly less than for the sham group. B) The active group's Δ NRS-Pain 

scores were significantly lower than for the sham group. One patient who received active 

tcVNS was missing a post-protocol measurement of NRS-pain. C) The active group's Δ 

SUDS scores were significantly reduced compared to the sham group.
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Fig. 5. 
Heart rate comparison between the active tcVNS and sham stimulation groups. Δ denotes 

changes relative to baseline. A) During all stimulation administrations, the active group's 

mean Δ heart rates in beats per minute (bpm) were significantly lower than the sham group's 

(p < .05, denoted by *). The error bars show 95% confidence intervals (CIs). The horizontal 

shift between active and sham data is included solely for the purpose of visualization; 

measurements were taken equivalently. A light gray background is used for stimulations 

3–6 to highlight that opioid cues were presented to participants during this portion of 

the protocol. The “0” shown represents the baseline used as the initial point to compute 

differences from for Δ heart rate. B) The mean Δ heart rate response across all stimulations 

was significantly lower in the active group compared to the sham group (p < .05, denoted by 

*). Horizontal jitter is used to overlay the participant-specific datapoints.
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