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Vagus nerve-mediated neuroimmune 
modulation for rheumatoid arthritis:  
a pivotal randomized controlled trial
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Gineth Paola Pinto-Patarroyo11, Stuart N. Novack12, Melvin A. Churchill13, 
Minna Kohler    14, Eric C. Lee    15, Jose A. Pando16, Glenn R. Parris17, 
Jeff R. Peterson18, Tina Shah19, Atul K. Singhal20, Victoria Vuong    21, 
Yaakov A. Levine    22,23,24,25, Melissa L. Evangelista22, Amy A. Derosier22, 
Jeffrey R. Curtis26, R. Mark Richardson    14,27 & David Chernoff    22 

The inflammatory reflex, in which vagus nerve signaling modulates cytokine 
production, is dysregulated in rheumatoid arthritis (RA). RESET-RA, a 
pivotal, double-blind, randomized, sham-controlled trial, evaluated a 
vagus nerve-targeted neuromodulation system for RA in 242 patients 
with inadequate response/intolerance to biological/targeted synthetic 
disease-modifying antirheumatic drugs. Patients were randomized to 
active or sham stimulation for 3 months, and then all received open-label 
stimulation with results reported to 12 months. The primary end point 
was 3-month American College of Rheumatology 20% (ACR20) response. 
ACR20 rates were higher with active simulation than with sham at 3 months 
(35.2% versus 24.2%, P = 0.0209), which further improved in open-label to 
50.0% at 6 months and 52.8% at 12 months (all-completers). Adverse events 
occurred in a similar proportion of patients in both arms. Related serious 
adverse events (rate = 1.6%) were all perioperative, and resolved. Vagus 
nerve-mediated neuroimmune modulation for RA achieved its primary 
efficacy end point and produced durable clinical benefits with a favorable 
safety profile. ClinicalTrials.gov registration: NCT04539964.

Patients with uncontrolled rheumatoid arthritis (RA) suffer from pain-
ful chronic joint inflammation, systemic inflammation and progres-
sive disability due to ongoing structural joint damage. Despite the 
availability of numerous conventional synthetic disease-modifying 
antirheumatic drugs (csDMARDs; for example, methotrexate) and 
biological or targeted synthetic DMARDs (b/tsDMARDs) with distinct 
mechanisms of action, treatment failure remains a challenge for many 
patients due to lack of initial response, loss of response over time or 
intolerance to b/tsDMARDs1,2.

The central nervous system governs homeostatic control of 
immune responses and bone turnover through innate neuroimmune 
and osteo-targeted reflexes, including the vagus nerve-mediated 
‘inflammatory reflex’. This reflex is dysregulated in RA; tonic vagus 
nerve activity is diminished, and reduction in vagal tone precedes the 
onset of clinical disease3–5. Actively stimulating the vagus nerve can 
engage the inflammatory reflex, resulting in acetylcholine release and 
specific agonism of α7 nicotinic acetylcholine receptors on immune 
cells6,7. Subsequent modulation of intracellular pathways acting 
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nerve once daily at 10 Hz16 (arm 1 = 1.8 mA average; arm 2 = 0 mA). 
The 3-month assessments were completed for 99.2% of patients, with 
two missed visits (one in each arm). Supplementary medications that 
were prohibited per protocol before the 3-month assessment (‘res-
cue’) occurred in four patients in arm 1, and five patients in arm 2. All 
patients, healthcare providers, investigators, joint evaluators and the 
sponsor were blinded to group assignment until all patients completed 
assessments at 3 months and the database was locked for primary 
efficacy analysis.

Following the primary end point assessment at 3 months, all 
patients were eligible to continue in the study for open-label active 
stimulation treatment. Adjunctive pharmacological treatments  
(‘augmented therapy’) were permitted throughout the open-label 
stimulation period at the discretion of the rheumatologist in consulta-
tion with the patient, with 17.8%, 24.8% and 32.2% of patients receiving 
protocol-defined augmented therapy at 6, 9 and 12 months, respec-
tively. At these timepoints, 88.0%, 80.6% and 75.2% of patients remained 
free from adjunctive b/tsDMARD therapy. During the open-label stim-
ulation period, 96.3% of patients in the ITT population completed 
12-month assessments.

Primary outcome
The primary end point was a difference in proportion of patients in 
the ITT population receiving stimulation versus sham who achieved 
an ACR20 response at the 3-month visit from baseline (day of consent). 
ACR20 response, as defined by the American College of Rheumatology, 
is a dichotomous composite end point representing the proportion of 
patients who achieve at least a 20% improvement in both the tender 
and swollen joint counts (out of a maximum of 28 joints) and in ≥3 of 
the following 5 additional measures—Health Assessment Question-
naire Disability Index (HAQ-DI) score, patient global assessment of 
disease, patient pain, evaluator’s global assessment of disease and 
high-sensitivity C-reactive protein concentration17. The primary end 
point was met at 3 months; ACR20 response was achieved by 35.2% 
of arm 1 (stimulation) and by 24.2% of arm 2 (sham; Fig. 3a). The 
stratification-adjusted difference in ACR20 response between arms was 
11.8% (P = 0.0209, 95% confidence interval (CI) = 0.6, 23.1). At 3 months, 
Bang’s blinding index scores were <0.3 for patients, joint assessors and 
co-investigators, which indicated satisfactory blinding at the time of 
primary end point assessment (Supplementary Table 4).

Secondary outcomes
Four key secondary end points were evaluated, each representing the 
difference in the proportion of patients in the ITT population receiv-
ing stimulation versus sham who achieved the end point at 3 months. 
End points included a DAS28-CRP good/moderate response accord-
ing to the European League Against Rheumatism (EULAR) criteria; a 
DAS28-CRP minimal clinically important difference (MCID; −1.2); a 
HAQ-DI MCID (−0.22); and an ACR20 response from day 0 (randomiza-
tion). Among the key secondary end points, multiplicity adjustment 
was performed using Hochberg’s step-up procedure. All secondary end 
points showed a higher response rate for stimulation compared to sham, 
although significance was achieved for only EULAR good/moderate 
response (Supplementary Table 5). EULAR good/moderate response was 
achieved by 60.7% of arm 1 (stimulation) and by 41.7% of arm 2 (sham) 
(multiplicity-adjusted P = 0.0048, 95% CI = 7.3, 31.7). DAS28-CRP MCID 
was achieved by 45.1% of arm 1 and by 32.5% of arm 2 (multiplicity-adjusted 
P = 0.0528, 95% CI = 1.1, 25.3). HAQ-DI MCID was achieved by 45.9% of arm 
1 and by 36.7% of arm 2 (multiplicity-adjusted P = 0.0797, 95% CI = −3.3, 
21.4). ACR20 from day 0 was achieved by 31.1% of arm 1 and by 22.5%  
of arm 2 (multiplicity-adjusted P = 0.0797, 95% CI = 1.1, 25.3).

Exploratory outcomes
All other efficacy end points at 3 months and within the open-label  
stimulation period were exploratory. Open-label stimulation was 

through NFkB, JAK/STAT and the inflammasome leads to reduced pro-
duction of an array of proinflammatory cytokines (for example, TNF, 
IL-6, IL-1β)8. This broad-spectrum immunomodulation retains cytokine 
network bioavailability, thereby allowing reduction and resolution 
of inflammation while maintaining competent immunosurveillance 
against foreign pathogens and precancerous cells9–11.

Prior clinical studies of implanted devices support this mechanism 
of action as a treatment approach for RA12–14. In these studies, a total of 
27 patients with RA were stimulated with implanted neurostimulators 
targeting the vagus nerve and although not designed to determine 
efficacy, demonstrated clinical improvements with reductions in pro-
inflammatory cytokines12,13. Accordingly, we studied the safety and 
efficacy of an integrated neuromodulation system to treat patients with 
moderately-to-severely active RA following an inadequate response 
or intolerance to one or more b/tsDMARDs, in the pivotal (similar to a 
phase III drug trial) RESET-RA trial.

We observed in this randomized, controlled trial of 242 patients 
that the primary end point of a difference between stimulation and 
sham in American College of Rheumatology 20% (ACR20) responses 
at 3 months was achieved, with further clinical improvements docu-
mented at 12 months.

Results
Patient disposition
Following approval by the institutional review board (Advarra  
centrally and three local boards), a total of 405 patients diagnosed 
with RA were screened for study participation, 243 were consented 
and enrolled, and 242 completed standard b/tsDMARD washout per 
protocol requirements before device implantation (intent-to-treat 
(ITT) population). Figure 1 provides patient disposition from screening 
through 12 months. Patients were randomized to either arm 1 (stimula-
tion treatment for 3 months, then continued to open-label stimulation; 
122 patients) or arm 2 (sham treatment for 3 months, then crossover to 
open-label stimulation; 120 patients) following postsurgical recovery. 
One consented patient was discontinued from the study before device 
implantation for logistical reasons; the patient was not randomized 
but was followed for safety per protocol. A single patient randomized 
to arm 1 did not continue in the study after the 3-month primary end 
point. The demographics and clinical characteristics of the patients 
at baseline are presented in Table 1 and Supplementary Tables 1–3. 
Overall, mean duration of RA was 12.4 years, and the mean (s.d.) and 
median (range) number of prior b/tsDMARDs was 2.6 (1.9) and 2.0 
(1–12), respectively. The total number of patients (% overall population) 
who had prior exposure to 1 b/tsDMARD was 94 (38.8%), those exposed 
to >1 b/tsDMARDs was 148 (61.2%), those exposed to ≥3 b/tsDMARDs 
were 95 (39.3%) and to a tsDMARD were 49 (20.2%). At the time of con-
sent, 78.5% of patients were taking stable doses of a single csDMARD, 
of which 51.1% were receiving methotrexate. The remainder received at 
least two csDMARDs. Open-label data are reported through 12 months; 
233 patients from the ITT population completed the 12-month visit.

Treatment
The magnetic resonance imaging (MRI)-conditional pulse generator, 
the ‘implant’, was implanted and fitted within a contoured silicone  
pod that was secured directly to the left cervical vagus nerve15 (Fig. 2).  
Once implanted, targeted electrical pulses were delivered to the  
vagus nerve to engage the inflammatory reflex and modulate 
immune activity. The stimulation parameters were controlled by 
site-specific programmers using a tablet-based software application 
that transmitted information through a charger worn by the patient 
(Fig. 2). Those patients randomized to sham stimulation always received  
0 mA, regardless of the stimulation strength set by the programmers, 
who were blinded to treatment arm assignment.

The active stimulation intensity was set to an upper comfort level 
(maximum = 2.5 mA) and delivered a 1-min train of pulses to the vagus 
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initiated in both arms after the 3-month controlled-blind period. 
Response rates for primary and all secondary end points increased 
further in arm 1, while patients in arm 2 demonstrated clinical 
improvements following initiation of stimulation. Clinical end 
point responses were sustained in both arms through 12 months 
(Supplementary Table 5).

Clinically relevant composite measures. Prespecified clinically rel-
evant composite outcome measures included EULAR good/moderate 
response, low disease activity (LDA) or remission by DAS28-CRP, and LDA 
or remission by the Clinical Disease Activity Index (CDAI) evaluated at 3 
months (sham-controlled-blinded period) and also during the open-label 
stimulation period at 6 months, 9 months and 12 months (Fig. 3c,d and 
Supplementary Table 6). Arm 1 (stimulated) had significantly higher 
rates than arm 2 (sham) at 3 months for EULAR good/moderate response 
(% responders ± s.e.m.—arm 1 = 60.7% ± 4, arm 2 = 41.7% ± 5; P = 0.0048, 
95% CI = 7.3, 31.7) and DAS28-CRP LDA/remission (% rate ± s.e.m.—arm 

1 = 26.1% ± 4, arm 2 = 15.4% ± 3; P = 0.0154, 95% CI = 1.2, 21.6). Differ-
ence in rates for CDAI LDA/remission at 3 months did not reach signifi-
cance (% rate ± s.e.m.—arm 1 = 23.3% ± 4, arm 2 = 16.0% ± 3; P = 0.0648,  
95% CI = −2.1, 17.7), although favored stimulation.

All composite outcome measures improved further in both arms 
during the open-label period, when all patients received stimulation, 
with responses maintained at 12 months. Across both arms, the per-
centage of patients who achieved an ACR20 response at 12 months 
was 57.6%, EULAR good/moderate response was 77.3%, DAS28-CRP 
LDA/remission was 44.8%, and CDAI LDA/remission was 43.9% by a 
nonaugmented analysis (Fig. 3b–d and Supplementary Table 6). Com-
parable results were observed by an all-completers analysis, which 
additionally included those patients who received augmented therapy 
(Supplementary Table 6). Patient satisfaction rate using a five-point 
Likert rating scale revealed that 78.1% of patients were somewhat to very 
satisfied with the therapy at 6 months (satisfaction %—arm 1 = 75.6%, 
arm 2 = 80.7%; Supplementary Table 10).

Assessed for eligibility (n = 405)Excluded (n = 162)
• Did not meet inclusion criteria (n = 85)*

•
•
•
•
•

• Met exclusion criteria (n = 81)*
•
•
•
•
•
•

•
•
•
•
•
•

•

Able to comply with protocol (n = 42)
No active, moderate-to-severe RA (n = 22)
Previous biologic failure (n = 11)
csDMARD stability (n = 10)
Other (n = 1)

Comorbidities (n = 19)
Unsuitable for inclusion per investigator (n = 18)
BMI ≥ 35 kg m–2 (n = 9)
Active infection (including COVID) (n = 6)
Cervical spine disorder or instability (n = 5)
Significant esophageal or vocal cord dysfunction or
prior thyroid surgery (n = 5)
Currently being treated with b/tsDMARDs (n = 4)
Nicotine use (n = 4)
History of CVA/TIA (n = 4)
Creatinine ≤ 50 ml min–1 1.73 m–2 (n = 4)
Prior JAKi failure once 10% limit met (n = 3)
Unstable use of steroid, NSAID or other prohibited
medication (n = 3)
Other (n = 2)

Participants may be excluded for multiple reasons

Enrolled (n = 243)

1:1 randomized (n = 242)

Not implanted due to sponsor
decision (n = 1)

Arm 1: stimulation (n = 122) Arm 2: sham control (n = 120)

Month 3
completed visit: n = 121
missed visit: n = 1

Month 3
completed visit: n = 119
missed visit: n = 1

Continuation in long-term
follow-up
n = 121

Crossover and continuation in
long-term follow-up
n = 120

Discontinued (n = 1)
• Explantation due to device
malfunction

Discontinued (n = 1)
• Participant decision to
withdraw consent

Month 6
completed visit: n = 119
missed visit: n = 2

Month 6
completed visit: n = 117
missed visit: n = 3

Discontinued (n = 1)
•Participant decision to
withdraw consent

Month 9
completed visit: n = 119
missed visit: n = 1

Month 12
completed visit: n = 119
missed visit: n = 1

Month 9
completed visit: n = 115
missed visit: n = 4

Month 12
completed visit: n = 114
missed visit: n = 2

Discontinued (n = 3)
• Participants decision to

withdraw consent (n = 1)
• Adverse event (n = 2)

 

Fig. 1 | CONSORT diagram. Patient disposition through month 12. BMI, body mass index; CVA, cerebrovascular accident; TIA, transient ischemic attack; JAKi, Janus 
kinaseinhibitor, NSAID, nonsteroidal anti-inflammatory drug.
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Outcome Measures in Rheumatology RA MRI score. Treatment 
effects on joint inflammation and erosions were assessed using  
gadolinium-enhanced MRI of the hand and wrist at baseline (pre- 
implant), 3 months and 6 months. Images were analyzed with the vali-
dated Outcome Measures in Rheumatology (OMERACT) RA MRI score 
(RAMRIS) to objectively quantify bone erosion progression18. In the ITT 
population, a total of 216 patients had RAMRIS scores measured at both 
baseline and 3 months (arm 1, n = 109; arm 2, n = 107). At baseline, bone 
erosion scores were comparable between arm 1 and arm 2, with a mean 
(s.d.) erosion score of 10.4 (11.7) and 9.5 (12.1), respectively. From base-
line to 3 months, a smaller proportion of patients in arm 1 (stimulation) 

exhibited progression of bone erosions (>0.5 increase in score) in 
the evaluated hand and wrist compared with arm 2, although the dif-
ference was not significant (P = 0.248; Fig. 4c,g). In the prespecified 
subgroup analysis of patients with a phenotype enriched for erosive 
damage risk (defined as synovitis score of 2 or more on any individual 
joint, at least four joints with a score of 1 or any joint with osteitis at 
baseline), a total of 105 patients met the erosive phenotype criteria 
(arm 1, n = 57; arm 2, n = 48). In this subgroup, the rate of progression 
of bone erosion from baseline to 3 months was significantly decreased 
in arm 1 (stimulation = 18.9%) as compared with arm 2 (sham = 37.8%, 
P = 0.016; Fig. 4e,h). During the open-label stimulation period from  

Table 1 | Demographics and clinical characteristics of the patients at baselinea

Characteristic Arm 1 (n = 122) Arm 2 (n = 120) All (n = 242)

Female sex—no. (%)b 98 (80.3%) 110 (91.7%) 208 (86.0%)

Age—year 55.8 (10.3) 55.5 (10.5) 55.7 (10.4)

BMIc 30.7 (7.3) 29.8 (6.7) 30.3 (7.0)

Duration of RA—year 13.0 (10.6) 11.8 (10.4) 12.4 (10.5)

Prior biological or targeted synthetic DMARD—no. (%)

  1 prior biological or targeted synthetic DMARD 52 (42.6%) 42 (35.0%) 94 (38.8%)

  2 prior biological or targeted synthetic DMARD 25 (20.5%) 28 (23.3%) 53 (21.9%)

  3 or more prior biological or targeted synthetic DMARD 45 (36.9%) 50 (41.7%) 95 (39.3%)

Classification of prior biological or targeted DMARD—no. (%)

  Anti-TNF agents 116 (95.1%) 109 (90.8%) 225 (93.0%)

  CTLA4-Ig 32 (26.2%) 36 (30.0%) 68 (28.1%)

  Anti-IL-6 agents 27 (22.1%) 28 (23.3%) 55 (22.7%)

  JAKid 25 (20.5%) 24 (20.0%) 49 (20.2%)

  B cell depleting agents 13 (10.7%) 21 (17.5%) 34 (14.0%)

  Anti-IL-1 agents 0 (0.0%) 4 (3.3%) 4 (1.7%)

Conventional synthetic DMARD at baseline—no. (%)

  1 conventional synthetic DMARD 96 (78.7%) 98 (81.7%) 194 (80.2%)

  2 conventional synthetic DMARD 23 (18.8%) 18 (15.0%) 41(16.9%)

  3 conventional synthetic DMARD 3 (2.5%) 4 (3.3.%) 7 (2.9%)

Tender-joint count of 28 joints 14.1 (6.9) 15.0 (7.3) 14.6 (7.1)

Swollen-joint count of 28 joints 9.6 (5.5) 10.5 (5.0) 10.0 (5.2)

HAQ-DI scoree 1.4 (0.6) 1.3 (0.6) 1.4 (0.6)

Score for patient assessment of painf 5.5 (2.0) 5.7 (2.2) 5.6 (2.1)

Score for patient global assessment of diseaseg 6.2 (2.1) 6.0 (2.3) 6.1 (2.2)

Score for the evaluator global assessment of diseaseh 6.3 (1.9) 6.7 (1.7) 6.5 (1.8)

hsCRP (mg l−1) 8.41 (12.34) 8.01 (12.76) 8.21 (12.53)

Serological marker for RA—no. (%)

  Rheumatoid factor positive 49 (40.2%) 56 (46.7%) 105 (43.4%)

  ACPA positive 61 (50.0%) 59 (49.2%) 120 (49.6%)

  Rheumatoid factor positive and/or ACPA positive 62 (50.8%) 66 (55.0%) 128 (52.9%)

  Missing 4 (3.3%) 0 (0.0%) 4 (1.7%)

Clinical Disease Activity Index scorei 36.1 (12.6) 38.2 (12.8) 37.1 (12.7)

DAS28-CRP scorej 5.3 (0.91) 5.4 (0.96) 5.3 (0.93)
aValues are means (s.d.), unless otherwise noted. bData related to sex was collected based on self-report and was not a key factor in the study design. cThe BMI is the weight in kilograms 
divided by the square of the height in meters. dPatients with prior JAKi exposure included six patients who had inadequate response or loss of response to a JAKi; the remainder reported 
intolerance. eHAQ-DI is a subjective, self-reported measure of functioning and disability on a scale of 0 (no difficulty) to 3 (unable to do). fPatient assessment of pain on a scale from 0 to 10, 
with higher scores indicating greater severity of pain. gPatient-reported measure of disease activity per numerical scale from 0 to 10; higher scores indicate greater severity. hEvaluator’s 
assessment of disease activity per numerical scale from 0 to 10; higher scores indicate greater severity. iClinical Disease Activity Index is the sum of tender joints, swollen joints, patient global 
assessment and evaluator global assessment. A score of >10 and ≤22 indicates moderate disease activity and >22 indicates high disease activity. jDAS28 for RA with CRP is a composite index 
providing a measure of severity of disease activity using tender- and swollen-joint counts of 28 joints, patient-reported disease activity (scale 0–10) and lab data (hsCRP). A total score ranges 
from 0 to 10, with higher scores indicating higher disease activity. TNF, tumor necrosis factor; CTLA4-Ig, cytotoxic T-lymphocyte-associated antigen-4 immunoglobulin; IL, interleukin; ACPA, 
anticitrullinated protein antibody; hsCRP, high-sensitivity C-reactive protein.
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3 months to 6 months, the rate of progression of bone erosion declined 
in arm 2 (Fig. 4g,h).

Sensitivity analyses
Primary and secondary end point response measures during the 
open-label period were consistent with analyses using nonre-
sponder imputation to account for missed visits or study dropouts 
(Supplementary Table 5). At 12 months from baseline, ACR20 response 
by nonresponder imputation were 50.4% (61/121) and 51.7% (62/120) 
for arm 1 and arm 2, respectively; EULAR good/moderate response was 
70.2% (85/121) and 70.8% (85/120) for arm 1 and arm 2, respectively; 
DAS28-CRP MCID was 60.3% (73/121) and 55.8% (67/120) for arm 1 and 
arm 2, respectively; and HAQ-DI MCID was 54.5% (66/121) and 55.8% 
(67/120) for arm 1 and arm 2, respectively.

Safety
The safety evaluation was based on all available data at the time of 
reporting, with a mean implant duration of >700 days. No deaths or  
unanticipated adverse device effects occurred at any point during  
the trial. Overall, adverse events occurred in a similar proportion of  
patients in both arms during the controlled period (Table 2 and  
Supplementary Table 11). Nonserious related adverse events were  
predominantly associated with the implantation procedure 
(Supplementary Table 13), reported in 38 patients (15.6%; 52 events). 
These were consistent with those seen in other devices implanted 
near the cervical vagus nerve. The most frequent events were mild 
to moderate hoarseness, classified as either vocal cord paresis (4.5%, 
n = 11) or dysphonia (2.9%, n = 7). These adverse events resolved over 
the course of up to one year; three patients received bulk injection 
fillers into the left vocal cord and some underwent voice therapy. No 
cases required surgical intervention. Additional implantation-related 
adverse events of mild to moderate severity occurred in 5.4% of patients 
related to the surgical site (n = 13), including swelling/inflammation 
(n = 6), hypoesthesia (n = 2), stitch abscess/infection (n = 2), pain (n = 1), 
erythema (n = 1) and a suture-related complication (n = 1). Active stim-
ulation (1 min daily) was generally well tolerated. Mild to moderate 
stimulation-related events, most commonly pain, occurred in 4.2% of 
patients (n = 10) during the controlled period and 4.6% (n = 11) during 
long-term follow-up. These typically resolved after reducing stimula-
tion strength or adjusting the time of delivery, without interruption 
of therapy.

Overall, during the controlled period and long-term follow-up, 4 
of 242 ITT patients (1.7%) experienced a serious adverse event related 

to surgical procedure, all having an onset during the perioperative 
period (1.6% of the 243 enrolled patients in the safety population). All 
these events resolved without clinically significant sequelae. There 
was one event of postoperative incision-site swelling, one event of 
transient vocal cord paresis (presented as hoarseness) with dysphagia, 
one intraoperative pharyngeal perforation (that occurred during an 
explantation procedure and was immediately repaired) and one event 
of postoperative dysphonia (that presented as hoarseness) possibly 
associated with postoperative progression of age-related vocal cord 
bowing (presbylarynges; Table 2). There were no serious adverse events 
related to the active stimulation.

A total of six patients underwent device removal (explantation) 
before 12 months. All explantations were performed as outpatient, elec-
tive procedures. The reasons for explantation included a nonfunction-
ing device (n = 1), chronic pain at the incision site (n = 1), gastrointestinal 
symptoms attributed to stimulation therapy (n = 1) and patients who 
requested removal due to perceived lack of benefit (n = 3). During the 
explantation procedure, the vagus nerve appeared to be normal on 
visual inspection.

Details of the safety results during the open-label stimulation 
period are provided in Table 2 and Supplementary Tables 17–21. No 
safety concerns have been identified through other protocolized safety 
monitoring assessments (for example, vital signs, hematology, ECG, 
blood pressure, heart rate). All adverse events of infection, major 
adverse cardiac events and malignancies were reviewed and deter-
mined to be unrelated, and the rates were within the expected range 
for the target RA patient population.

Discussion
RESET-RA is the first randomized, sham-controlled trial to demonstrate 
the safety and efficacy of a neuroimmune modulation device to treat 
any autoimmune disease, specifically RA. Compliance with therapy and 
preservation of treatment blinding were achieved through automated 
nighttime delivery of active stimulation. Efficacy was observed in the 
3-month blinded-control period and further supported by improve-
ment during the open-label stimulation period through 12 months, 
with low usage of adjunctive b/tsDMARDs. In patients with high 
baseline risk for structural damage, active stimulation substantially 
reduced progression of bone erosions, as assessed by quantitative 
MRI joint imaging.

The enrolled study population reflected a spectrum of treatment 
experiences, including 43% classified with ‘difficult-to-treat’ (D2T) RA, 
that is, those who had previously failed multiple b/tsDMARDs, with at 

Implant implanted
adjacent to the
vagus nerve

HCP prescribes
therapy delivery on

tablet-based app

Charge
a few minutes 
a week

Charger

Implant in podPodImplant Implant in podPodImplant

Programmer

Fig. 2 | Integrated neuromodulation system. The integrated neuromodulation 
system consists of an implant and pod. The implant is placed in the pod to 
position and hold it in place on the left cervical vagus nerve to ensure direct 
contact for precise stimulation. The implant is approximately 2.5 cm in length 

and weighs 2.6 g. To charge the implant, patients wear a wireless device (charger) 
around the neck for a few minutes, once a week. The implant is programmed 
by healthcare providers (HCPs) using a proprietary application (programmer). 
Adapted from ref. 16, by permission of Cold Spring Harbor Laboratory Press.
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least 2 different mechanisms of action19, and 39% who had failed a single 
b/tsDMARD. The patient’s choice to undergo surgical implantation 
of an experimental device rather than switch to another b/tsDMARD 
indicated strong patient preference for nonpharmacologic treat-
ment options. Unlike most trials for new therapies in this population, 
RESET-RA did not impose a requirement for elevated CRP at baseline, 
allowing inclusion of patients with moderate-to-severe RA regardless  
of CRP status who would normally be excluded from studies of new 
RA therapies. This inclusive design reflects the broader United States 
(US) RA population, where CRP is not uniformly elevated despite 
active disease20.

Efficacy measures were consistent with those used in phase 3 RA 
drug trials. Rates of ACR20 response, EULAR moderate/good response 
and LDA/remission by DAS28-CRP criteria were all higher with stimu-
lation compared with sham at 3 months (LDA/remission by CDAI was 
numerically higher). Blinding across all assessed parties was satisfac-
tory at the primary clinical end point, and the sham response rate was 
consistent with placebo response rates reported in phase 3 trials of 
pharmacologic therapies in bDMARD-refractory patients21–24. During 
the open-label period, therapeutic responses in arm 1 continued to 

improve over time, while patients in arm 2 demonstrated clinical ben-
efits following crossover to active stimulation. The observed clinical 
improvement past 3 months was consistent with the pilot study of 
this neuromodulation system in patients with RA12,14. In both arms, the 
ACR20, clinical LDA/remission and EULAR good/moderate response 
rates were comparable to those achieved with effective pharmacologic 
therapies in similar bDMARD-refractory patients by 6 months, and were 
sustained through 12 months21–24.

Protection from progressive structural damage was documented 
by MRI. Although most patients who have had an inadequate response 
to b/tsDMARD therapy were unlikely to have had MRI-observable 
erosive progression over a 3-month period (as was observed in the ITT 
population), the subgroup with elevated synovitis and/or osteitis at 
baseline was at higher risk for progression25. In this higher erosive-risk 
phenotype, active stimulation attenuated the rate of erosion progres-
sion, a clinically relevant effect, given that progressive MRI-detectable 
erosions at 3 months predict radiographic progression at 12 months 
and subsequent functional decline26,27.

The observed protection from bone erosions is consistent with 
several known mechanisms of vagus nerve-targeted neuroimmune 
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of patients who had an ACR20 response at 3 months, the primary efficacy end 
point of this study. Patients with missing data or who received rescue treatment 
were imputed as nonresponders. Stimulation, n = 122; sham, n = 120. b, The 
percentage of patients who had an ACR20 response through 12 months. Within 
double-blind period; stimulation, n = 122; sham, n = 120. At 6, 9 and 12 months, 
n = 97, 89, 77 in arm 1, respectively, and n = 98, 87, 81 in arm 2, respectively.  
c, The percentage of patients who had a DAS28-CRP good or moderate response 
according to the EULAR criteria. At 3, 6, 9 and 12 months, n = 118, 95, 85, 75 in arm 
1, respectively, and n = 117, 98, 82, 79 in arm 2, respectively. d, The percentage of 
patients who had achieved LDA or remission by DAS28-CRP criteria (score < 3.2). 
At 3, 6, 9 and 12 months, n = 118, 95, 85, 75 in arm 1, respectively, and n = 117, 98, 
82, 79 in arm 2, respectively. All data are presented as the percentage of each 

group with s.e. Formal statistical analyses were only performed at the 3-month 
study visit (double-blind) with the Cochran–Mantel–Haenszel (CMH) test 
using stratification factors based on prespecified criteria (prior inadequate or 
lost response to a tsDMARD, prior inadequate or lost response to ≥4 biological 
DMARDs with ≥2 mechanisms of action and RA disease severity defined as 
either <4 TJC28 or <4 SJC28 at day 0), at a one-sided significance level of 0.025. 
P = 0.0209, 95% CI = 0.6–23.1 (a,b). P = 0.0048, 95% CI = 7.3–31.7 (c). P = 0.0154, 
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presented at 6, 9 and 12 months in b–d include all patients completing the visit 
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*P < 0.025, **P < 0.01.
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modulation. For example, vagotomized mice become osteoporo-
tic, while stimulating the vagus nerve leads to increased bone 
formation12,28–30. Electrical stimulation of the vagus nerve induces 
release of specialized pro-resolving mediators and neurotransmitters 
that signal through specific receptors including the ChemR23 lipid 
receptors, acetylcholine receptors and adrenergic receptors on osteo-
blasts, osteoclasts and osteocytes resulting in reduction of osteoclas-
togenesis and osteoclastic activity28,30–35. The protective effect of this 
therapy on bone may therefore be mediated by the canonical RANKL/
osteoprotegerin pathway (neuroimmune modulation decreases RANKL 
and increases osteoprotegerin, the decoy ligand for RANKL) as well  
as direct effects on osteoblasts, osteoclasts and osteocytes28,30–35.  
While these pathways are biologically plausible, confirmation in  
RA patients will require future targeted mechanistic studies.

In evaluating the safety of drugs used to treat RA, there has been 
a critical focus on increased rates of serious infections, major car-
diovascular, venous and/or arterial thrombotic events and malig-
nancies, reflecting the immunosuppressive mechanisms of action 
of b/tsDMARDs36. The safety data from the RESET-RA trial through 12 
months showed no increase in these adverse events, consistent with the 
well-established safety data of vagus nerve stimulation accumulated 
over decades of use in nonautoimmune disease populations37. No 
hemodynamic changes, including hypotension or bradycardia, were 
detected during the study. The rate of related serious adverse events 
was low, associated with the surgery, all of which were successfully 
managed to clinical resolution, and with no events observed in the 
open-label period. Nonserious adverse events were predominantly 
associated with the implantation procedure, were mild or moder-
ate in severity and consistent with the inherent risks of any surgical 
procedure performed near the cervical vagus nerve37. Discomfort 
related to stimulation was typically managed by reducing the stimula-
tion without discontinuing therapy. Clinical application of electrical 
stimulation to the vagus nerve with a variety of devices has been used 
in the U.S. since 1997, initially as an adjunctive treatment for patients 
with drug-refractory epilepsy, later for difficult-to-treat depression, 
and most recently for use in stroke patients to improve motor function 
when paired with physical rehabilitation37. Relative to this extensive 
prior clinical experience, no new risks or safety signals were observed 
in the RESET-RA trial.

The new integrated neuromodulation system used in the RESET-RA 
trial represents an important advancement in device design, as it uses  

a rechargeable battery and integrated electrodes, obviating the need  
to tunnel a lead wire from an implantable pulse generator, typically 
placed in the chest, to the cervical vagus nerve. This design elimi-
nates the risk of lead breakage and chest-pocket infections seen with 
other systems. Nonimplanted devices could also mitigate these risks; 
however, to date, randomized controlled trials of transcutaneous 
stimulation targeting neuroimmune pathways have not demonstrated 
efficacy in RA38.

A limitation of this trial was the 3-month controlled phase, which 
was restricted in duration by U.S. Food and Drug Administration (FDA) 
guidelines to protect patients randomized to placebo from an extended 
period without treatment. In drug trials, peak ACR20 responses 
are typically observed by 3 months, that is, continued group-level 
improvement after 3 months is minimal21–24. In contrast, stimulation 
in arm 1 appears to take longer to reach peak therapeutic response. 
The response is consistent with clinical experience with vagus nerve 
stimulation for other indications, where some patients took longer to 
achieve threshold benefit37. The extended time to peak therapeutic 
response is likely influenced by modulation of innate neuroimmune 
pathways rather than by acute inhibition of discrete inflammatory 
pathways, the mechanism of most pharmaceutical interventions. This 
may explain why, despite a statistically significant difference in ACR20 
response rates between arms at 3 months (meeting the primary effi-
cacy end point), the effect size of 11.8% was smaller than the projected 
effect size of 25% and smaller than that typically reported in drug trials 
at 3 months21–24. During open-label, the therapeutic response to active 
stimulation increased between 3 and 6 months, as was first observed 
in the pilot study of this neuromodulation system12,14. In addition, 
the consistency of clinical outcomes across multiple visits through 
12 months in the open-label period, together with a low rate of drug 
augmentation, supports the durability of the treatment effect. Demon-
strating longer-term sustained reductions in disease activity (beyond 
short-term efficacy measured at 3 months) is clinically meaningful, as 
RA is a chronic disease that requires prolonged therapy. Caution should 
be exercised in interpreting the low rate of augmentation therapy, as 
observed disease activity after 3 months to 12 months was not paired 
against protocol-mandated decision-making to either advance or not 
advance therapy.

In conclusion, evidence from this large, pivotal, randomized, 
double-blind, sham-controlled trial of an integrated neuromodula-
tion system using an implantable device demonstrated significant 

Table 2 | Summary of safety by adverse event reporting

Category of adverse events Implantation through 3 months  
(sham-control, blinded period)a

3 months through 12 months  
(open-label stimulation)

Arm 1, n = 122 Arm 2, n = 120 Arm 1, n = 121 Arm 2, n = 120 All, n = 241

Number of patients (%) with adverse event 81 (66.4%) 86 (71.7%) 84 (69.4%) 88 (73.3%) 172 (71.4%)

Procedure or device relatedb 16 (13.1%) 22 (18.3%) 1 (0.8%) 2 (1.7%) 3 (1.2%)

Stimulation relatedc 10 (8.2%) 0 4 (3.3%) 5 (4.2%) 9 (3.7%)

Any serious adverse event 4 (3.3%) 5 (4.2%) 7 (5.8%) 14 (11.7%) 21 (8.7%)

Related, serious adverse eventd 3 (2.5%) 1 (0.8%) 0 0 0

Unrelated, serious adverse event 2 (1.6%) 4 (3.3%) 7 (5.8%) 14 (11.7%) 21 (8.7%)

Serious infection (unrelated)e 0 1 (0.8%) 0 5 (4.2%) 5 (2.1%)

Leading to study discontinuation 0 0 0 1 (0.8%) 1 (0.4%)

Death 0 0 0 0 0
aOne enrolled patient included in the safety population was not implanted or randomized to either arm. No adverse events were observed in that patient through study exit. bAdverse 
events with frequency ≥3% included mild/moderate vocal cord paresis or dysphonia, resolved or stable with no significant sequelae. cAdverse events with frequency ≥3% included mild/
moderate pain, managed with adjustment to stimulation level. dSerious adverse events included incision-site swelling, hospitalized for evaluation, no infection (resolved); vocal cord paresis 
with dysphagia that led to hospitalization (resolved); dysphonia at worst severity deemed by the investigator significant enough to impair daily activities (resolved, mild sequelae), and 
pharyngeal injury repaired intraoperatively, no hospitalization required (resolved). eBefore 3 months, there was one case of acute osteomyelitis in arm 2 (sham). After 3 months and between 
12 months, there were five patients with serious, unrelated infections in arm 2, all resulting in hospitalization: tooth abscess, cellulitis complicated by sepsis and pericarditis (one patient, one 
hospitalization), Escherichia sepsis, cellulitis (orbital) and intestinal diverticulitis perforated.
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sustained clinical benefits and high patient satisfaction with low rates 
of adverse events through 12 months of follow-up in a largely D2T, 
moderately-to-severely active RA population. Patients benefited from 
automatic delivery of 1 min of active treatment daily to achieve sub-
stantial improvement in their disease activity, resulting in a significant 
decrease in swollen and tender joints, and reduction in MRI-observed 
erosions without the use of b/tsDMARDs. Vagus nerve-mediated  
neuroimmune modulation offers a first-in-class nonpharmacologic 
therapeutic option for RA.
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Methods
Trial design
The RESET-RA trial (ClinicalTrials.gov registration: NCT04539964, 
registered on 31 August 2020) was a pivotal, randomized, double-blind, 
sham-controlled trial conducted at 41 sites across the U.S. based on 
study design considerations from the FDA previously used to approve 
therapeutic trials for RA39,40. Within 30 days of completing the base-
line assessments performed at time of informed consent, all eligible 
patients who provided informed consent underwent an outpatient 
surgical procedure to implant the integrated vagus nerve stimula-
tion device, followed by randomization (day 0) in a 1:1 ratio to either 
an active stimulation (arm 1) or a sham stimulation (arm 2) group. 
Randomization incorporated stratification for prior inadequate or 
lost response to a tsDMARD, exposure to ≥4 biological DMARDs with 
≥2 mechanisms of action and RA disease severity at day 0. The rand-
omization scheme was generated by the study biostatisticians and 
implemented centrally through Interactive Response Technology 
(IRT). End points were assessed at 3 months after randomization as 
change from baseline. Blinding was formally assessed using Bang’s 
blinding index41,42. Data collection used the Veeva System of Elec-
tronic Data Capture, with clinical sites directly entering data through 
a password-protected portal, with source documentation verification 
completed by clinical monitors. Data collection by Electronic Data 
Capture was compliant for data integrity, security and traceability 
through adherence to regulations like FDA 21 CFR Part 11 and ICH GCP, 
and global standards.

After the primary end point assessment at 3 months, all patients 
were eligible for open-label treatment with stimulation, and use  
of adjunctive pharmacological treatments were permitted at the 
discretion of the rheumatologist in consultation with the patient 
(‘augmented therapy’). Augmented therapy was defined as initiation 
of a b/tsDMARD, use of additional csDMARD(s), high-dose steroids 
or steroid injections in combination with continued active stimu-
lation during open-label follow-up. Results are reported through  
12 months. A detailed schematic of trial design and visits is provided  
in Extended Data Fig. 1. All data and results associated with the dataset 
are available in the ‘Results’ section and Supplementary Note.

Patients
All patients provided written informed consent using an institutional 
review board (IRB)-approved document. Patients were compensated 
with a nominal payment, approved by the IRB, for each completed  
visit. The study only reported sex as self-reported by the study  
participant.

Inclusion and exclusion criteria
Eligible patients were adults (age = 22–75 years, inclusive) with 
moderately-to-severely active RA defined at baseline (day of informed 
consent) by the presence of >4 tender joints and >4 swollen joints of 
28 joints, as assessed by a designated joint evaluator. Prior treatment 
with at least one csDMARD (for example, methotrexate) for a mini-
mum of 12 weeks was required at a continuous and nonchanging dose 
for at least 4 weeks before consent. Patients were required to maintain 
this csDMARD dose throughout the double-blind, sham-controlled 
period. Patients were also required to have experienced an inad-
equate response or intolerance to at least one or more b/tsDMARDs 
before consent, with standard b/tsDMARD washout completed before 
the surgical procedure for device implantation. An elevated level 
of an acute phase reactant, such as serum C-reactive protein, was 
not required for eligibility. Exclusion criteria included history of 
vagotomy, partial or complete splenectomy, clinically significant 
cardiovascular disease or regular use of or dependency on nicotine 
products within the two years preceding study participation. Com-
plete eligibility criteria are provided in the Supplementary Note—
Inclusion and exclusion criteria.

Enrollment and implantation procedure
Participants meeting final eligibility criteria and in whom the implan-
tation procedure was attempted were considered enrolled (safety 
cohort). The implantation procedure occurred within 30 days of 
informed consent and took place in an operating room under general 
anesthesia. The Implant and Pod were placed on the left cervical vagus 
nerve by surgeons trained and experienced in procedures involving 
the implantation of vagus nerve stimulation devices. All surgeons 
performing the implant procedure had documented training before 
performing the first case. All enrolled and randomized patients were 
included in the ITT analysis.

Trial procedures
Stimulation therapy was delivered by a neuromodulation device com-
prised of an implant with an integrated, rechargeable battery approxi-
mately 2.5 cm in length. The implant was placed in a silicon positioning 
pod on the left cervical vagus nerve during an outpatient surgical 
procedure under general anesthesia (Fig. 2). The surgical procedure 
to implant the device has been previously described15. The entire sys-
tem also included external devices for recharging and programming 
the implant. Stimulation parameters chosen for this study have been 
designed, translated and validated in 3 prior clinical studies12,13,16,43.

All patients, regardless of treatment assignment, completed the 
same stimulation titration protocol that occurred weekly over a period 
of 4 weeks. The device was titrated to an upper comfort level that did 
not exceed 2.5 mA. For treatment, a pulse train was delivered to the 
vagus nerve for 1 min once daily at 10 Hz (stimulation group), while 
patients randomized to sham stimulation always received 0 mA, regard-
less of the stimulation strength set by the blinded programmer. Stimu-
lation was programmed to be delivered in the early morning hours, 
when patients would typically be asleep. Patients were instructed that 
feeling stimulation was not necessary to be receiving active treatment, 
and if stimulation was felt, the stimulation setting may not be at a 
therapeutic dose during the double-blind, sham-controlled period. 
Blinding to group assignment was maintained for patients, healthcare 
providers, investigators, joint evaluators and the sponsor until all 
patients completed assessments at 3 months and the database was 
locked for primary efficacy analysis. Because all patients crossed over 
to open-label follow-up before the study was unblinded, they repeated 
the initial titration protocol, as it was unknown whether they had been 
receiving stimulation or sham during the 3-month double-blind period.

End points
The primary end point was the difference in proportion of patients 
receiving stimulation versus sham who achieved an ACR20 response 
at the 3-month visit from baseline (day of consent). ACR20 response 
is a dichotomous composite end point indicating the proportion 
of patients that achieve at least 20% improvement in the number of 
both tender and swollen joints of a maximum of 28 joints and ≥3 of 
5 additional measures—HAQ-DI score (scale 0 = mild disability to 
3 = severe disability), patient global assessment of disease (0 = inac-
tive to 10 = very active, patient pain (0 = no pain to 10 = worst), evalua-
tor’s global assessment of disease (0 = inactive to 10 = very active) and 
high-sensitivity C-reactive protein concentration (mg ml−1)17. Additional 
prespecified end points included DAS28-CRP good/moderate response 
according to the EULAR criteria, achievement of low disease activity 
(LDA) or remission by DAS28-CRP criteria (DAS28-CRP, score < 3.2 for 
LDA or remission) and LDA or remission by the CDAI (score <10 for  
LDA or remission). Additional outcomes were collected that were  
not the focus of this study and may be the topic of subsequent pub-
lications. Detailed descriptions of end points can be found in the  
Supplementary Note—Description of efficacy end points.

To objectively evaluate treatment effect on joint inflammation and 
erosions, a standardized, validated imaging method, using gadolinium 
contrast-enhanced MRI of the hand and wrist, was used. Images were 
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obtained at the following timepoints: before the implant procedure, 
3 months, and 6 months. The OMERACT RAMRIS was used to evaluate 
progression of bone erosions18. All images were assessed centrally by 
two independent radiologists blinded to treatment allocation, clinical 
information and the order in which the images were acquired to ensure 
objective and unbiased scoring. Prespecified analyses included the per-
centage of patients exhibiting progression in bone erosions (increase 
in score > 0.5 at 3 months compared to first MRI) among patients with 
a highly erosive phenotype (defined as synovitis score of 2 or more on 
any individual joint, at least four joints with a score of 1 or any joint with 
osteitis at baseline)25,44.

To evaluate reported satisfaction with the therapy, a participant 
satisfaction questionnaire, administered at 6 months, was comprised 
of five-point Likert rating scale and question on whether the participant 
would recommend the SetPoint System. An optional section was avail-
able for the participant to provide comments. This was an exploratory 
end point and there were no prespecified analyses.

Safety assessments
Adverse events and serious adverse events were tabulated and coded 
using the Medical Dictionary for Regulatory Activities (version 23.1) 
and the incidence of events was tabulated based on system organ class 
and preferred term. All enrolled patients were analyzed for safety. 
Adverse events were evaluated by investigators for relatedness to the 
implant device, implantation procedure, charger, stimulation therapy 
or explantation procedure (if completed). Safety was also monitored 
by clinical laboratory tests, including complete blood count, measure-
ment of vital signs, electrocardiogram and other safety assessments 
performed at baseline and scheduled visits.

Trial oversight
An investigational device exemption was approved by the FDA, and the 
trial was conducted in accordance with national and local regulations, 
the ethical principles of the Declaration of Helsinki and Good Clinical 
Practice guidelines. The protocol was approved by an institutional 
review board at each participating site. All patients provided written  
informed consent before undergoing study-related activities. An inde-
pendent data safety and monitoring committee oversaw the study 
conduct. The sponsor (SetPoint Medical) and a subset of authors 
designed the study. The data were collected by the investigators and 
their study teams. Data was analyzed by the sponsor’s biostatistician 
and interpreted by the sponsor and authors. All the authors reviewed 
and approved the paper and had access to the data. The authors vouch 
for the completeness and accuracy of the data and for the fidelity of 
the trial to the protocol. Advarra served as the central IRB, with three 
sites using local IRBs.

Statistical analysis
Power calculations were performed solely for the primary end point.  
A sample size of 120 per study group would provide 91.6% power to 
detect a 25% difference in ACR20 response at 3 months, with one-sided 
α of 0.025, assuming response rates of 45% and 20% in the stimulation 
and sham groups, respectively. Patients who were enrolled and rando
mized were analyzed as ITT for the primary outcome.

Data analyses were performed as open-label populations at  
6 months, 9 months and 12 months, with all patients receiving stimu-
lation. These analyses were performed as an all-completers analysis  
(all patients who completed the specified follow-up visit) and a non-
augmented analysis (all patients who completed the visit without use 
of augmented therapy).

Binary responses, including the ACR20 response at 3 months, 
were analyzed with the Cochran–Mantel–Haenszel test using stratifi-
cation factors based on prespecified criteria (prior inadequate or lost 
response to a tsDMARD, prior inadequate or lost response to ≥4 bio-
logical DMARDs with ≥2 mechanisms of action and RA disease severity 

defined as either <4 TJC28 or <4 SJC28 at day 0). The secondary efficacy 
end points that were continuous variables (change from baseline) 
were analyzed using mixed-effect model repeated measure statistics. 
Among the key secondary end points, multiplicity adjustment using 
Hochberg’s step-up procedure was performed to control the family-
wise type 1 error rate at a one-sided significance level of 0.025 (ref. 45).

Assessment of LDA or remission were evaluated by DAS28-CRP 
(score < 3.2) and CDAI (score < 10) as prespecified exploratory end 
points. The Bang’s blinding index and its associated 95% CIs were calcu-
lated for patients, investigators and joint evaluators (scale range = −1 to 
1 with │scores│ < 0.3 considered as satisfactory blinding)41. All analyses 
were conducted with SAS software (version 9.4, SAS Institute).

Missing data
Given that the primary efficacy end point of ACR20 response was com-
posed of seven components, missing data were handled as follows: if 
either tender-joint count or swollen-joint count were missing, or if ≥3 
of 5 remaining ACR measures were missing, the participant was consid-
ered as a nonresponder. For binary secondary end points, participants 
with missing efficacy data, early withdrawals (before 3 months) or par-
ticipants who received rescue treatment before 3 months were imputed 
as nonresponders. Rescue treatment was defined as any change in RA 
treatment made before 3 months for the reason of addressing worsen-
ing of RA symptoms by adding a b/tsDMARD, increasing the dose or 
adding a csDMARD, increasing the dose or adding a corticosteroid or a 
corticosteroid injection within 30 days of a study visit. For continuous 
end points, the change from baseline was set to missing at visits with 
missing postbaseline values, where data were imputed to missing, or 
for patients who received rescue treatment before 3 months.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Access to the clinical trial data in this paper can be requested from the 
corresponding author after one year from publication by any qualified 
researchers who engage in rigorous, independent scientific research. 
Data will be provided following review and approval of a research 
proposal and Statistical Analysis Plan (SAP) and execution of a Data 
Sharing Agreement (DSA).

Code availability
The use of custom code was not applicable in this paper.
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Extended Data Fig. 1 | Schematic of study design. Adapted from ref. 15, licensed under a Creative Commons Attribution 4.0 International License.

http://www.nature.com/naturemedicine









	Vagus nerve-mediated neuroimmune modulation for rheumatoid arthritis: a pivotal randomized controlled trial

	Results

	Patient disposition

	Treatment

	Primary outcome

	Secondary outcomes

	Exploratory outcomes

	Clinically relevant composite measures
	Outcome Measures in Rheumatology RA MRI score

	Sensitivity analyses

	Safety


	Discussion

	Online content

	Fig. 1 CONSORT diagram.
	Fig. 2 Integrated neuromodulation system.
	Fig. 3 Clinical composite outcomes and disease activity.
	Fig. 4 Treatment impact on the joints.
	Extended Data Fig. 1 Schematic of study design.
	Table 1 Demographics and clinical characteristics of the patients at baselinea.
	Table 2 Summary of safety by adverse event reporting.




