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Abstract 33 

Objective: Transcutaneous auricular vagus nerve stimulation (tVNS) may be an innovative treatment 34 

for symptoms of knee osteoarthritis (OA) due to possible shared pathological mechanisms between 35 

diminished parasympathetic function, central pain mechanisms, and knee pain. Thus, we sought to 36 

test the safety and preliminary efficacy of tVNS in people with knee OA. 37 

Design: A pilot trial in which participants received a 60-minute tVNS was conducted. At baseline, 38 

immediately after, and 15 minutes after tVNS, we assessed knee pain, pressure pain threshold (PPT), 39 

temporal summation (TS), conditioned pain modulation (CPM), and high-frequency power of heart 40 

rate variability (HF). We examined the extent to which these outcome measures changed after tVNS 41 

using linear mixed models.  42 

Results: 30 participants with knee OA were included, and all completed the intervention without any 43 

major side effects. Compared to baseline, knee pain was reduced by 1.27 (95% CI, -1.74, -0.80) 44 

immediately after and by 1.87 (-2.33, -1.40) 15 minutes after tVNS; CPM improved by 0.11 (0.04, 45 

0.19) and 0.07 (-0.01, 0.15); and HF improved by 213.29 (-0.38, 426.96) and 234.17 (20.49, 447.84). 46 

PPT and TS were not changed after tVNS.  47 

Conclusions: Our preliminary data demonstrated that tVNS may be a safe pain-relieving treatment 48 

for people with knee OA. Our findings suggest that improvement of knee pain might be derived from 49 

improvement of parasympathetic function and central pain mechanisms as no local therapy was 50 

applied. A large study is needed to confirm that tVNS is a novel intervention to ameliorate knee pain 51 

in people with knee OA. 52 

Keywords: vagus nerve stimulation, knee osteoarthritis, knee pain, central pain mechanisms, heart 53 

rate variability   54 

Clinical Trial #: ClinicalTrials.gov (NCT05625178) 55 
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Introduction 1 

 2 

Osteoarthritis (OA) is the most common joint disease, affecting 654 million adults worldwide, and 3 

contributes substantially to global disability [1]. The knee is the most commonly affected site of OA, 4 

and pain is the primary symptom, yet treatment approaches are only modestly effective, and often 5 

have side effects or contraindications [2]. More treatment options are urgently needed. The pain 6 

experience in knee OA has been recognized to be multifactorial [3], [4], [5], and central pain 7 

mechanisms, such as central sensitization and inefficient descending pain inhibition, are major 8 

contributors to pain in knee OA [5]. However, current pain management strategies do not fully 9 

address this issue. Importantly, although non-pharmacological treatments are recommended for 10 

symptoms of knee OA [3], [6], [7]. there are no established treatments specifically targeting central 11 

pain mechanisms to date. 12 

 13 

One potential means of impacting central pain mechanisms and thereby ameliorating knee pain is 14 

through modulation of parasympathetic function [4], [8], [9]. Attenuated parasympathetic function has 15 

been reported in some chronic pain conditions, including knee OA [4], [10], [11], [12]. Diminished 16 

parasympathetic function leads to suppression of analgesic molecules (e.g., norepinephrine, 17 

serotonin, endogenous opioids) in the midbrain, which play essential roles in descending pain 18 

inhibition, and thereby causes enhanced pain perception as a major central pain mechanism [4], [13], 19 

[14]. Further, vagus nerve activity, the main component of the parasympathetic nervous system, has a 20 

major role in systemic anti-inflammatory effects [4], [8], and systemic inflammation has been 21 

associated with central pain mechanisms [15], [16]. Thus, diminished parasympathetic function 22 

contributes to both systemic inflammation and central pain mechanisms. Thus, it is reasonable that 23 

addressing the vagus nerve may improve central pain mechanisms and, thus, knee pain through 24 

modulating parasympathetic function. 25 
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 26 

Transcutaneous auricular vagus nerve stimulation (tVNS) is a safe and non-invasive intervention that 27 

entails stimulation of the auricular (i.e., the ear) branch of the vagus nerve and has effects on 28 

improving parasympathetic function as reliably and validly assessed with heart rate variability [4], [9], 29 

[17], [18]. tVNS has been shown to improve clinical symptoms in various conditions [9], [19]. For 30 

example, tVNS is an FDA-approved treatment for depression and epilepsy and can produce clinically 31 

meaningful treatment effects [20], [21]. Further, tVNS has been expanding its use to other conditions, 32 

such as traumatic brain injury, Alzheimer's disease and migraine, to ameliorate symptoms [19], [21].  33 

Notably, tVNS has also been safely demonstrated to reduce pain severity and pain sensitivity as 34 

assessed with quantitative sensory testing (QST) in the hand [22], back [23], face [24], and the 35 

gastrocnemius muscle [25] among people with hand OA, chronic back pain, episodic migraine, and 36 

chronic pelvic pain, respectively. However, tVNS has not yet been used in knee OA and the efficacy of 37 

tVNS on central pain mechanisms and pain in knee OA is unstudied to date. Therefore, we sought to 38 

test the safety and preliminary efficacy of tVNS on knee pain, central pain mechanisms and 39 

parasympathetic function in people with knee OA. We hypothesized that a tVNS intervention would 40 

be safe for people with knee OA and demonstrate improvements in knee pain, central pain 41 

mechanisms, and parasympathetic function.  42 

 43 

Materials  44 

 45 

Study Participants 46 

Participants included people with knee OA, using the National Institute for Health and Care 47 

Excellence’s clinical diagnostic criteria, which does not require radiographic knee OA severity [3], 48 

[26], [27], [28]. The clinical diagnostic criteria include: age ≥45, activity-related knee pain, and either 49 

no morning joint-related stiffness or stiffness that lasts ≤ 30 minutes. The other inclusion criteria 50 
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included the average knee pain ≥ 4/10 on a 0-10 numeric rating scale in the last seven days, the 51 

presence of knee pain during walking, and understanding English. Those with the following conditions 52 

were excluded from the study: 1) current skin disease of the ear interfering with the application of the 53 

auricular electrode for stimulation, 2) recurrent vagal syncope or history of vagotomy, 3) use of other 54 

electrically active medical devices (e.g., pacemaker), 4) auditory canal not adapted to the application 55 

of the ear electrode, 5) known history of cardiac rhythm disturbances, atrioventricular block > 1st 56 

degree, conduction disturbances, 6) peripheral neuropathy or other sensation loss on the body sites 57 

for pain measurements (i.e., the wrist, knee, the forearm), 7) chronic use of opioids, 8) pregnant 58 

women, 9) serious and uncontrolled concomitant disease, including cardiovascular, nervous system, 59 

pulmonary, renal, hepatic, endocrine, gastrointestinal or epileptic disease, and 10) any intervention 60 

procedures for knee pain in the last 3 months. Further, we required participants not to take analgesics 61 

and beta-blockers 24 hours prior to the study visit, as they may potentially affect pain sensitivity and 62 

HRV [23]. 63 

 64 

Study Design 65 

This was a pilot clinical trial with a single study visit at which participants received a 60-minute tVNS 66 

intervention, allowing for assessment of safety and preliminary efficacy for tVNS in people with knee 67 

OA. The study protocol was approved by The University of Texas at El Paso Internal Review Board 68 

and was registered on ClinicalTrials.gov (NCT05625178). We screened participants via emails, text 69 

messages, and phone calls and scheduled them for the study visit once eligibility was confirmed. All 70 

participants visited the University of Texas at El Paso for the study and provided informed consent. At 71 

the study visit, all participants completed demographic questionnaires, outcome measures (i.e., heart 72 

rate variability: HRV, quantitative sensory testing: QST, and knee pain) and the 60-minute tVNS 73 

intervention. The outcome measures were assessed immediately before (baseline), immediately after, 74 
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and 15 minutes after the tVNS intervention (Figure 1). We repeated the post-tVNS assessments 75 

twice to increase the precision to evaluate the immediate efficacy of tVNS in knee OA.  76 

 77 

tVNS Protocol 78 

tVNS was performed by applying an auricular electrode placed at the cymba concha of the ear, which 79 

is exclusively innervated by the auricular branch of the vagus nerve [9], [19], [22], [25]. Once the 80 

electrode was fitted to the cymba concha, the participant was seated or took a comfortable position. 81 

Once in position, we initiated tVNS for 60 minutes with a ‘strong but comfortable’ intensity (up to 15 82 

mA) with 25 Hz, pulse width 250 uS, and 30 secs on/off cycle [9], [25]. We used a commonly used 83 

tVNS device (tVNS® R, GmbH, Germany) and followed the recommended stimulus parameters to 84 

ensure safety and target engagement of the vagus nerve [9], [25]. 85 

 86 

Outcomes 87 

Knee Pain. Knee pain was assessed on a 0-10 numeric rating pain scale during a 20-meter walk [29] 88 

to evaluate the extent to which the pain rating changed immediately and/or 15-minutes after the tVNS 89 

intervention. We also assessed the minimal clinically important improvement defined as ≥ 1.5/10 to 90 

reflect the participants’ perception of their pain after the intervention [30]. 91 

Quantitative Sensory Testing (QST). Central pain mechanisms were assessed with the following 92 

QST measures:  93 

1) Pressure Pain Threshold (PPT). We assessed PPT at the right distal radioulnar joint (wrist) 94 

using a pressure algometer (Wagner FDIX25) as a measurement of central sensitization [31], 95 

[32]. The algometer was applied at a constant rate of 0.5 kg/second [31], [32]. PPT was 96 

defined as the point at which the participant verbally indicated that the pressure first changed 97 

to slight pain. The PPT at the wrist was calculated by averaging 3 trials for analysis. PPT at a 98 
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remote body site is thought to assess central pain sensitivity, with a lower PPT value indicating 99 

greater sensitivity [31], [32]. 100 

2) Mechanical Temporal Summation (TS). TS is a sensitive and valid measure of central 101 

sensitization [31], [32]. We assessed TS using a standard set of weighted probes (MRC 102 

Systems, Germany). Participants rated the pain experienced by each weighted probe being 103 

touched on the skin of the wrist until a pain rating of ≥ 4/10 was achieved; otherwise, the 104 

highest weighted probe was used [32], [33]. The selected probe was then applied at a 105 

frequency of 1 Hz for 10 seconds. Participants provided a pain rating before and after the train 106 

of 10 stimulations. A post-stimulation pain greater than the initial pain (i.e., post-stimulus pain 107 

rating – pre-stimulus pain rating > 0) was considered to be reflective of facilitated TS (i.e., 108 

central sensitization) [32], [33]. 109 

3) Conditioned Pain Modulation (CPM). CPM evaluates the efficiency of the descending pain 110 

inhibitory pathways [34]. We used PPT at the wrist (mean of 3 trials) as the test stimulus, 111 

before and after forearm ischemia using a blood pressure cuff as the conditioning stimulus 112 

[32], [33]. Specifically, we inflated a blood pressure cuff to 10 mm Hg above systolic on the 113 

upper arm contralateral to the wrist and had the participant perform hand exercises until pain in 114 

the forearm reached ≥4/10, or 2 minutes had passed. At that point, PPT was reassessed at the 115 

wrist (mean of 3 trials) immediately after deflating the cuff [32], [33]. CPM was computed as the 116 

ratio of the post-conditioning stimulus PPT to the pre-conditioning stimulus PPT (i.e., 117 

PPT2/PPT1), with a ratio ≤ 1 indicating inefficient CPM [35], [36]. 118 

 119 

The same-day test-retest reliability for the wrist PPT, TS, and CPM in our QST protocols were 120 

intraclass coefficients (ICC) of 0.89, 0.75, and 0.76, respectively, suggesting good reliability.  121 

 122 
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Parasympathetic Function. Parasympathetic function was assessed with the high frequency (HF) 123 

power of HRV data. We used high-frequency band (0.15-0.40 Hz) to calculate milliseconds squared 124 

divided by cycles per second as HF power (ms2 or ms2/Hz) [10], [11], [37]. HF power, which generally 125 

ranges from 80-4000 ms2 and assesses parasympathetic function, is most recommended for short-126 

term recordings (e.g., five minutes of HRV monitoring) and has been correlated with other domains of 127 

HRV that also assess parasympathetic function [9], [37], [38]. We used a Bluetooth heart rate monitor 128 

(Polar H10, Bethpage, NY) paired with a smartphone application (Elite HRV™, Ashville, NC) to obtain 129 

HRV data [39], [40], [41]. Participants were supine for 5 minutes with the heart rate monitor while 130 

research personnel monitored the heart rate data [39], [40], [41]. At the end of the five minutes, the 131 

smartphone application provided the HRV data. Elite HRV application has a built-in proprietary 132 

algorithm to correct ectopic beats and other artifacts [42] and HRV data obtained from these devices 133 

have excellent agreements (ICC ≥ 0.95) with the gold standard HRV measure (i.e., 134 

electrocardiogram) and other common HRV software (e.g., Kubios) [39], [40]. The same-day test-135 

retest reliability for HF power in our QST protocols was an ICC of 0.83, suggesting good reliability.  136 

 137 

 138 

Feasibility, Acceptability, and Safety  139 

We assessed the intervention completion rate as the number of participants who successfully 140 

completed the 60-minute tVNS intervention divided by the total sample size. To demonstrate the 141 

feasibility of the 60-minute tVNS intervention in people with knee OA, > 80% of participants needed to 142 

complete the full intervention [43], [44]. Further, we asked participants about whether they would 143 

return if there were more tVNS sessions. We also closely monitored any intervention-related side 144 

effects during the study visit and recorded them accordingly. tVNS has been used as a treatment for 145 

other medical conditions with few adverse events reported [9], [19], so we adopted a safety target of 146 

fewer than 5% of knee OA subjects reporting side effects. 147 
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 148 

Sample Size Justification 149 

Based on the Napadow et al. 2012 study of tVNS for chronic pelvic pain [25], we expected a pain 150 

improvement of ≥ 2/10 on the 0-10 numeric rating scale after the tVNS intervention. Using the SD of 151 

11.6 from the Napadow et al. study, an enrollment of 25 participants was computed to provide a 152 

95%CI of width 1.0 around the estimate, for example, extending from 1.5-2.5 if the pain improvement 153 

estimate is 2. We increased the target sample size from 25 to 30 in case some participants do not 154 

complete the entire study visit. This sample size of 30 participants should provide adequate precision 155 

to determine whether the effectiveness of tVNS should be tested in a subsequent large-scale clinical 156 

trial. 157 

 158 

Statistical Analysis  159 

Descriptive statistics were computed to characterize the participants and summarize the feasibility, 160 

acceptability, and safety of the tVNS intervention. For the main analyses, we examined the extent to 161 

which the outcome measures (knee pain, QST measures, and HF) changed immediately and 15 162 

minutes after the tVNS intervention using separate linear mixed models with each participant as a 163 

random effect, adjusting for age, sex, and body mass index (BMI). The statistical significance level 164 

was set at a 2-sided α level of .05 for all analyses. All analyses were conducted using R version 165 

3.6.3.  166 

 167 

Results 168 

 169 

We screened 105 people and included 30 participants with knee OA between December 2022 and 170 

June 2023 (Figure 2). 171 

 172 
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The mean age of the participants was 55 years, the mean body mass index was 33, and the majority 173 

were female (67%) and people of Hispanic background (83%) (Table 1). The baseline mean knee 174 

pain during the 20-meter walk was 3.1 on a 0-10 pain scale. The mean PPT, TS, and CPM values 175 

were 3.73 kgf/cm2,1.2, and 0.97, respectively. The mean HF value was 331 ms2.   176 

 177 

Feasibility, acceptability, and safety of a 60-minute tVNS intervention for people with knee OA 178 

All 30 participants fully completed the 60-minute tVNS intervention without any breaks during the 179 

intervention. 28 out of 30 (93%) participants had no side effects or adverse events and completed the 180 

intervention without difficulty. One experienced momentary slight nausea while another participant 181 

experienced momentary dizziness. Both participants presented with these symptoms right after the 182 

60-minute tVNS intervention, but those symptoms were relieved after a few minutes. These side 183 

effects from tVNS have been commonly reported and are considered to be minimal side effects in 184 

other conditions [9], [19]. Additionally, 28 out of 30 (93%) participants expressed the willingness to 185 

return if there were more tVNS sessions. 186 

 187 

Efficacy of tVNS for people with knee OA 188 

Changes in the outcome measures after the tVNS intervention are presented in Figure 3.  189 

 190 

 191 

Knee Pain 192 

11 out of 30  participants (37%) exceeded the minimal clinically important improvement after tVNS. 193 

Compared to baseline, knee pain was reduced by 1.27 (95% CI: -1.74, -0.80, p<0.001) immediately 194 

after and by 1.87 (95% CI: -2.33, -1.40, p<0.001) 15 minutes after the tVNS intervention (Figure 3A). 195 

Furthermore, 11 out of 30 participants (37%) exceeded the minimal clinically important improvement.  196 

 197 
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Quantitative Sensory Testing 198 

PPT and TS were not changed after the tVNS intervention (Figure 3B and C): changes in PPT 199 

immediately and 15 minutes after the tVNS intervention were -0.16 (95% CI: -0.47, 0.15, p=0.32) and 200 

-0.06 (95% CI: -0.38, 0.25, p=0.68), and changes in TS immediately after and 15 minutes after the 201 

tVNS intervention were -0.25 (95% CI: -0.70, 0.20, p=0.28) and -0.29 (95% CI: -0.73, 0.16, p=0.22). 202 

In contrast, CPM was improved by 0.11 (95% CI: 0.04, 0.19, p=0.01) and 0.07 (95% CI: -0.01, 0.15, 203 

p=0.07), respectively, though it was of borderline statistical significance 15-minutes after the 204 

intervention (Figure 3D).  205 

 206 

Parasympathetic Function 207 

HF power increased by 213.29 (-0.38, 426.96, p=0.06) and 234.17 (95% CI: 20.49, 447.84, p=0.04) 208 

immediately after and 15 minutes after the intervention, respectively, though it was of borderline 209 

statistical significance immediately after the intervention (Figure 3E). 210 

 211 

Discussion 212 

 213 

This is the first study to evaluate the safety and efficacy of tVNS for people with knee OA. Our data 214 

demonstrated the safety, feasibility, and acceptability of a tVNS intervention as a pain-relieving 215 

treatment for people with knee OA. In addition, we found improvements in knee pain, descending 216 

pain inhibition, and parasympathetic function while measures of central sensitization were not 217 

changed. Our preliminary findings provide important insights into developing novel non-218 

pharmacological treatments in a large clinical trial targeting parasympathetic function and central pain 219 

mechanisms to ameliorate pain in people with knee OA. 220 

 221 
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All of our participants completed the full 60-minute tVNS protocol without any major side effects and 222 

>one-third exceeded the minimally clinically important threshold for knee pain improvement [30], [45]. 223 

This suggests that improvement of their symptoms might be derived from improvement of 224 

parasympathetic function and/or central pain mechanisms because no local intervention to the knee 225 

was applied. This finding is aligned with prior studies in hand OA [22], chronic pelvic pain [25] and 226 

chronic low back pain [23], where tVNS improved pain at a body site that was also distal to the tVNS 227 

application site.  228 

 229 

We also found that parasympathetic function as assessed with HF power increased after tVNS. HF 230 

power of heart rate variability has reliably and validly assessed what may be the target engagement 231 

of tVNS (i.e., the efferent vagus nerve) for many disorders [4], [46], and our results suggest that tVNS 232 

adequately engaged the cardiovagal pathway and altered parasympathetic function in our sample 233 

with knee OA. This finding is aligned with prior findings on changes in parasympathetic function after 234 

tVNS[47], [48]. These studies reported an increase in HF power of approximately 100 ms² to 500 ms² 235 

following the intervention, while the improvement in our sample of individuals with knee OA also falls 236 

within this range. Improvement of parasympathetic function potentially has various biological effects, 237 

including anti-inflammatory effects and enhancing the release or activity of endogenous analgesic 238 

molecules (e.g., norepinephrine, serotonin, endogenous opioids) in the descending pain modulatory 239 

pathways in the central nervous system.[4] Since systemic inflammation and diminished analgesic 240 

molecules contribute to central pain mechanisms [13], [14], our tVNS intervention might improve knee 241 

pain and central pain mechanisms by adjusting parasympathetic function. In support of this, our data 242 

demonstrated the efficacy of the tVNS in improving the efficiency of descending pain inhibition as 243 

assessed with CPM, potentially indicating an increase in the release or activity of those analgesic 244 

molecules after the tVNS. These findings are consistent with prior data on exercise-induced 245 

hypoalgesia, where pain-relieving effects from exercise (i.e., a non-pharmacological treatment for 246 
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pain) are associated with improvement of anti-inflammatory mechanisms and/or activation of the 247 

descending pain modulatory pathways involved in CPM [49], [50]. 248 

 249 

In contrast, PPT and TS did not improve after the tVNS intervention. This preliminary finding may 250 

indicate that tVNS might not have effects on central sensitization, i.e., alterations in ascending pain 251 

pathways, but rather effects may be primarily through descending pain modulatory pathways. To our 252 

knowledge, only two prior studies have examined PPT and/or TS after tVNS interventions in chronic 253 

pain conditions and have conflicting results [23], [25].  These studies used a tVNS intervention with 254 

small sample sizes, similar to our study. Thus, current understanding of tVNS efficacy on central 255 

sensitization is likely inconclusive due to low precision and/or a single tVNS session, which warrants 256 

future studies with larger samples and multiple sessions to confirm our results.  257 

 258 

We have several limitations to acknowledge. First, we did not have a control group and therefore the 259 

efficacy of tVNS might be due to placebo or other non-specific effects. Secondly, a single tVNS 260 

intervention may not be clinically applicable or only have limited temporal effects on chronic pain. 261 

Third, because of the nature of the pilot study, our findings might be confounded. For example, 262 

negative affect has been reported as an effect modifier to tVNS interventions [25]. Fourth, we did not 263 

control for HRV-affecting substances (e.g., nicotine, caffeine) and the assessment time, which might 264 

influence HRV. However, our pilot study assessed the change in HRV pre- and post-tVNS on the 265 

same day within the same individuals, assessed within a one-hour period. Thus the use of these 266 

substances, as well as circadian effects, are broadly controlled for within subjects; as such, variations 267 

in substance consumption and assessment time within the sample are unlikely to have confounded 268 

our results. Fifth, our HRV HF data may not fully account for ectopic beats and other artifacts due to 269 

the use of a proprietary algorithm. We also acknowledge that lying down or sitting quietly for 60 270 

minutes may, in itself, increase HRV HF power. A future trial with a control group is needed to address 271 
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these limitations. Sixth, we did not perform mediation analyses due to the exploratory nature to 272 

determine whether the improvement of knee pain was mediated by the improvement of 273 

parasympathetic function and/or central pain mechanisms after tVNS. Finally, most of our sample was 274 

people with Hispanic background and thus our findings may not be applicable to other demographic 275 

groups. However, despite these limitations, our novel preliminary data have shown promising signals 276 

of the safety, feasibility, acceptability, and efficacy of tVNS for symptoms of knee OA and support the 277 

promise of a larger study with multiple tVNS sessions, the addition of a control group, and controlling 278 

of potential confounders in diverse samples to develop tVNS as an effective and safe pain-relieving 279 

treatment for people with knee OA. 280 

 281 

In conclusion, we have demonstrated the safety, feasibility, and acceptability of a 60-minute tVNS as 282 

a pain-relieving treatment for people with knee OA. We found that the tVNS intervention improved 283 

knee pain, central pain inhibition, and parasympathetic function, suggesting that improvement of knee 284 

pain might be derived from improvement of parasympathetic function and/or central pain mechanisms 285 

as no local therapy was applied. Our pilot study has provided important preliminary insights into 286 

developing novel non-pharmacological interventions with innovative targets to ameliorate knee pain in 287 

people with knee OA. Larger clinical trials are needed to evaluate the effects of tVNS compared with 288 

a control group with more robust methodologies. 289 

 290 

Author contributions 291 

KA, RE, JL, VN, TN were involved in conception and design of the study. KA, ER, RS were involved 292 

in acquisition of data. KA, ML, TN were involved in data analyses. All authors were fully involved in 293 

interpretation of the data. KA drafted the article. All authors were fully involved in critical revision of 294 

the article for important intellectual content and final approval of the article.   295 

 296 

Jo
urn

al 
Pre-

pro
of



13 
 

Conflict of interest 297 

Vitaly Napadow is a paid consultant for Cala Health, a bioelectronic medicine company developing 298 

wearable neuromodulation therapies.  Dr. Napadow’s interests were reviewed and are managed by 299 

Spaulding Rehabilitation Hospital and Mass General Brigham in accordance with their conflict of 300 

interest policies. All other authors have no known conflicts of interest associated with this publication. 301 

 302 

Role of the funding sources 303 

KA was funded by the College of Health Sciences award at The University of Texas at El Paso. The 304 

funding sources had no role in study design, data collection and analysis, data interpretation, or the 305 

decision to submit the manuscript for publication. 306 

 307 

Acknowledgments 308 

The authors thank Natalia Aviles, Alicia Gomez, Gage Manriquez, Carlos Martinez, Eric Perez, and 309 

Alexa Solis for their assistance with data collection, administrative staff at the Department of Physical 310 

Therapy and Movement Sciences at The University of Texas at El Paso, and all study participants.  311 

 312 

References: 313 

[1] S. Safiri, A Kolahi, E Smith, C Hill, D Bettampadi, M Mansourina et al., “Global, regional and 314 

national burden of osteoarthritis 1990-2017: a systematic analysis of the Global Burden of 315 

Disease Study 2017,” Ann Rheum Dis, vol. 79, no. 6, pp. 819–828, Jun. 2020, doi: 316 

10.1136/annrheumdis-2019-216515. 317 

[2] T. Neogi and Y. Zhang, “Epidemiology of osteoarthritis,” Rheum. Dis. Clin., vol. 39, no. 1, pp. 1–318 

19, 2013. 319 

Jo
urn

al 
Pre-

pro
of



14 
 

[3] V. Duong, W. M. Oo, C. Ding, A. G. Culvenor, and D. J. Hunter, “Evaluation and Treatment of 320 

Knee Pain: A Review,” JAMA, vol. 330, no. 16, pp. 1568–1580, Oct. 2023, doi: 321 

10.1001/jama.2023.19675. 322 

[4] T. D. Yeater, C. J. Cruz, Y. Cruz-Almeida, and K. D. Allen, “Autonomic Nervous System 323 

Dysregulation and Osteoarthritis Pain: Mechanisms, Measurement, and Future Outlook,” Curr 324 

Rheumatol Rep, Apr. 2022, doi: 10.1007/s11926-022-01071-9. 325 

[5] T. Neogi, “The epidemiology and impact of pain in osteoarthritis,” Osteoarthritis Cartilage, vol. 21, 326 

no. 9, pp. 1145–1153, 2013. 327 

[6] S. S. Khoja, G. J. Almeida, and J. K. Freburger, “Recommendation Rates for Physical Therapy, 328 

Lifestyle Counseling, and Pain Medications for Managing Knee Osteoarthritis in Ambulatory Care 329 

Settings: A Cross-Sectional Analysis of the National Ambulatory Care Survey (2007-2015),” 330 

Arthritis Care Res Hoboken, vol. 72, no. 2, pp. 184–192, Feb. 2020, doi: 10.1002/acr.24064. 331 

[7] A. J. Gibbs, B Gray, J.A. Wallis, N.F. Taylor, J.L. Kemp, D. J. Hunter et al., “Recommendations 332 

for the management of hip and knee osteoarthritis: A systematic review of clinical practice 333 

guidelines,” Osteoarthritis Cartilage, vol. 31, no. 10, pp. 1280–1292, Oct. 2023, doi: 334 

10.1016/j.joca.2023.05.015. 335 

[8] M. De Couck, J. Nijs, and Y. Gidron, “You may need a nerve to treat pain: the neurobiological 336 

rationale for vagal nerve activation in pain management,” Clin J Pain, vol. 30, no. 12, pp. 1099–337 

1105, 2014. 338 

[9] A. D. Farmer, A. Strzelczyk, A. Finisguerra, A Gourine, A. Gharabaghi, A. Hasan, et al., 339 

“International Consensus Based Review and Recommendations for Minimum Reporting 340 

Standards in Research on Transcutaneous Vagus Nerve Stimulation (Version 2020),” Front Hum 341 

Neurosci, vol. 14, p. 568051, 2020, doi: 10.3389/fnhum.2020.568051. 342 

Jo
urn

al 
Pre-

pro
of



15 
 

[10] A. M. Adlan, J. Veldhuijzen van Zanten, G. Y. H. Lip, J. F. R. Paton, G. D. Kitas, and J. P. Fisher, 343 

“Cardiovascular autonomic regulation, inflammation and pain in rheumatoid arthritis,” Auton 344 

Neurosci, vol. 208, pp. 137–145, Dec. 2017, doi: 10.1016/j.autneu.2017.09.003. 345 

[11] M. E. Jarrett, C. J. Han, K. C. Cain, R. L. Burr, R. J. Shulman, P.G. Barney et al., “Relationships 346 

of abdominal pain, reports to visceral and temperature pain sensitivity, conditioned pain 347 

modulation, and heart rate variability in irritable bowel syndrome,” Neurogastroenterol Motil, vol. 348 

28, no. 7, pp. 1094–103, Jul. 2016, doi: 10.1111/nmo.12812. 349 

[12] N. R. Bossenger, G. N. Lewis, D. A. Rice, and D. Shepherd, “The autonomic and nociceptive 350 

response to acute experimental stress is impaired in people with knee osteoarthritis: A 351 

preliminary study,” Neurobiol. Pain, vol. 14, p. 100144, Aug. 2023, doi: 352 

10.1016/j.ynpai.2023.100144. 353 

[13] C. J. Woolf, “Central sensitization: uncovering the relation between pain and plasticity,” 354 

Anesthesiology, vol. 106, no. 4, pp. 864–7, Apr. 2007, doi: 355 

10.1097/01.anes.0000264769.87038.55. 356 

[14] D. J. Clauw, “Fibromyalgia and related conditions,” Mayo Clin. Proc., vol. 90, no. 5, pp. 680–692, 357 

2015, doi: 10.1016/j.mayocp.2015.03.014. 358 

[15] A. Latremoliere and C. J. Woolf, “Central sensitization: a generator of pain hypersensitivity by 359 

central neural plasticity,” J. Pain, vol. 10, no. 9, pp. 895–926, 2009. 360 

[16] R. R. Ji, A. Nackley, Y. Huh, N. Terrando, and W. Maixner, “Neuroinflammation and Central 361 

Sensitization in Chronic and Widespread Pain,” Anesthesiology, vol. 129, no. 2, pp. 343–366, 362 

Aug. 2018, doi: 10.1097/aln.0000000000002130. 363 

[17] R. Sclocco, R. G. Garcia, N. W. Kettner, K. Isenburg, H. P. Fisher, C. S. Hubbard et al., “The 364 

influence of respiration on brainstem and cardiovagal response to auricular vagus nerve 365 

stimulation: A multimodal ultrahigh-field (7T) fMRI study,” Brain Stimul, vol. 12, no. 4, pp. 911–366 

921, Aug. 2019, doi: 10.1016/j.brs.2019.02.003. 367 

Jo
urn

al 
Pre-

pro
of



16 
 

[18] B. Bretherton, L. Atkinson, A. Murray, J. Clancy, S. Deuchars, and J. Deuchars, “Effects of 368 

transcutaneous vagus nerve stimulation in individuals aged 55 years or above: potential benefits 369 

of daily stimulation,” Aging, vol. 11, no. 14, p. 4836, 2019. 370 

[19] J. Y. Y. Yap, C. Keatch, E. Lambert, W. Woods, P. R. Stoddart, and T. Kameneva, “Critical 371 

Review of Transcutaneous Vagus Nerve Stimulation: Challenges for Translation to Clinical 372 

Practice,” Front Neurosci, vol. 14, p. 284, 2020, doi: 10.3389/fnins.2020.00284. 373 

[20] C. B. Nemeroff, M. S. Helen, K. E. Scott, M. James, F. Alan, H. R. Thomas et al., “VNS therapy in 374 

treatment-resistant depression: clinical evidence and putative neurobiological mechanisms,” 375 

Neuropsychopharmacology, vol. 31, no. 7, pp. 1345–1355, 2006. 376 

[21] R. L. Johnson and C. G. Wilson, “A review of vagus nerve stimulation as a therapeutic 377 

intervention,” J. Inflamm. Res., pp. 203–213, 2018. 378 

[22] A. Courties, C. Deprouw, E. Maheu, E. Gibert, J. Gottenberg, J. Champey et al., “Effect of 379 

Transcutaneous Vagus Nerve Stimulation in Erosive Hand Osteoarthritis: Results from a Pilot 380 

Trial,” J Clin Med, vol. 11, no. 4, Feb. 2022, doi: 10.3390/jcm11041087. 381 

[23] S. M. Meints, R. G. Garcia, Z. Schuman-Olivier, M. Datko, G. Desbordes, M. Cornelius et al., 382 

“The Effects of Combined Respiratory-Gated Auricular Vagal Afferent Nerve Stimulation and 383 

Mindfulness Meditation for Chronic Low Back Pain: A Pilot Study,” Pain Med, vol. 23, no. 9, pp. 384 

1570–1581, Aug. 2022, doi: 10.1093/pm/pnac025. 385 

[24] R. G. Garcia, R. L. Lin, J. Lee, J. Kim, R. Barbieri, R. Sclocco et al., “Modulation of brainstem 386 

activity and connectivity by respiratory-gated auricular vagal afferent nerve stimulation in 387 

migraine patients,” Pain, vol. 158, no. 8, pp. 1461–1472, Aug. 2017, doi: 388 

10.1097/j.pain.0000000000000930. 389 

[25] V. Napadow, R. R. Edwards, C. M. Cahalan, G. Mensing, S. Greenbaum, A. Valovska et al., 390 

“Evoked pain analgesia in chronic pelvic pain patients using respiratory-gated auricular vagal 391 

Jo
urn

al 
Pre-

pro
of



17 
 

afferent nerve stimulation,” Pain Med, vol. 13, no. 6, pp. 777–89, Jun. 2012, doi: 10.1111/j.1526-392 

4637.2012.01385.x. 393 

[26] K. L. Bennell, B. J. Lawford, C. Keating, C. Brown, J. Kasza, D. Mackenzie et al., “Comparing 394 

video-based, telehealth-delivered exercise and weight loss programs with online education on 395 

outcomes of knee osteoarthritis: a randomized trial,” Ann. Intern. Med., vol. 175, no. 2, pp. 198–396 

209, 2022. 397 

[27] R. K. Nelligan, R. S. Hinman, J. Kasza, S. J. Crofts, and K. L. Bennell, “Effects of a self-directed 398 

web-based strengthening exercise and physical activity program supported by automated text 399 

messages for people with knee osteoarthritis: a randomized clinical trial,” JAMA Intern. Med., vol. 400 

181, no. 6, pp. 776–785, 2021. 401 

[28] N. C. G. C. UK, “Osteoarthritis: care and management in adults,” 2014. 402 

[29] P. Corrigan, T. Neogi, L. Frey-Law, S. R. Jafarzadeh, N. Segal, M. C. Nevitt et al., “Relation of 403 

pain sensitization to self-reported and performance-based measures of physical functioning: the 404 

Multicenter Osteoarthritis (MOST) study,” Osteoarthritis Cartilage, vol. 31, no. 7, pp. 966–975, 405 

Jul. 2023, doi: 10.1016/j.joca.2023.03.011. 406 

[30] F. Tubach, G. Baron, B. Falissard, I. Logeart, N. Bellamy, C. Bombardier et al., “Minimum 407 

clinically important improvement and patient acceptable symptom state in pain and function in 408 

rheumatoid arthritis, ankylosing spondylitis, chronic back pain, hand osteoarthritis, and hip and 409 

knee osteoarthritis: Results from a prospective multinational study,” Arthritis Care Res Hoboken, 410 

vol. 64, no. 11, pp. 1699–707, Nov. 2012, doi: 10.1002/acr.21747. 411 

[31] T. Neogi. L. Frey-Law, J. Scholz, J. Niu, L. Arendt-Nielsen, C. Woolf et al., “Sensitivity and 412 

sensitisation in relation to pain severity in knee osteoarthritis: trait or state?,” Ann Rheum Dis, 413 

vol. 74, no. 4, pp. 682–8, Apr. 2015, doi: 10.1136/annrheumdis-2013-204191. 414 

Jo
urn

al 
Pre-

pro
of



18 
 

[32] K. Aoyagi, L. Frey-Law, L. Carlesso, M. Nevitt, C. E. Lewis, N. Wang et al., “Post-surgical 415 

contributors to persistent knee pain following knee replacement: The Multicenter Osteoarthritis 416 

Study (MOST),” Osteoarthr. Cartil. Open, p. 100335, 2023. 417 

[33] K. Aoyagi. J. W. Liew, J. T. Farrar, N. Wang, L. Carlesso, D. Kumar et al., “Does weight-bearing 418 

versus non-weight-bearing pain reflect different pain mechanisms in knee osteoarthritis?: the 419 

Multicenter Osteoarthritis Study (MOST),” Osteoarthritis Cartilage, 2021. 420 

[34] E. Kosek and G. Ordeberg, “Lack of pressure pain modulation by heterotopic noxious 421 

conditioning stimulation in patients with painful osteoarthritis before, but not following, surgical 422 

pain relief,” Pain, vol. 88, no. 1, pp. 69–78, Oct. 2000, doi: 10.1016/s0304-3959(00)00310-9. 423 

[35] D. Yarnitsky, “Conditioned pain modulation (the diffuse noxious inhibitory control-like effect): its 424 

relevance for acute and chronic pain states,” Curr Opin Anaesthesiol, vol. 23, no. 5, pp. 611–5, 425 

Oct. 2010, doi: 10.1097/ACO.0b013e32833c348b. 426 

[36] R. R. Edwards, A. J. Dolman, M. O. Martel, P. H. Finan, A. Lazaridou, M. Cornelius et al., 427 

“Variability in conditioned pain modulation predicts response to NSAID treatment in patients with 428 

knee osteoarthritis,” BMC Musculoskelet Disord, vol. 17, no. 1, pp. 1–9, 2016. 429 

[37] F. Shaffer and J. P. Ginsberg, “An Overview of Heart Rate Variability Metrics and Norms,” Front. 430 

Public Health, vol. 5, p. 258, Sep. 2017, doi: 10.3389/fpubh.2017.00258. 431 

[38] K. Hinde, G. White, and N. Armstrong, “Wearable Devices Suitable for Monitoring Twenty Four 432 

Hour Heart Rate Variability in Military Populations,” Sens. Basel, vol. 21, no. 4, Feb. 2021, doi: 433 

10.3390/s21041061. 434 

[39] M. Moya-Ramon, M. Mateo-March, I. Peña-González, M. Zabala, and A. Javaloyes, “Validity and 435 

reliability of different smartphones applications to measure HRV during short and ultra-short 436 

measurements in elite athletes,” Comput. Methods Programs Biomed., vol. 217, p. 106696, 437 

2022. 438 

Jo
urn

al 
Pre-

pro
of



19 
 

[40] A. S. Perrotta, A. T. Jeklin, B. A. Hives, L. E. Meanwell, and D. E. Warburton, “Validity of the elite 439 

HRV smartphone application for examining heart rate variability in a field-based setting,” J. 440 

Strength Cond. Res., vol. 31, no. 8, pp. 2296–2302, 2017. 441 

[41] M. Rabbani, H. Agha-Alinejad, R. Gharakhanlou, A. Rabbani, and A. A. Flatt, “Monitoring training 442 

in women’s volleyball: Supine or seated heart rate variability?,” Physiol. Behav., vol. 240, p. 443 

113537, 2021. 444 

[42] J. D. Vondrasek, B. L. Riemann, G. J. Grosicki, and A. A. Flatt, “Validity and Efficacy of the Elite 445 

HRV Smartphone Application during Slow-Paced Breathing,” Sensors, vol. 23, no. 23, p. 9496, 446 

Nov. 2023, doi: 10.3390/s23239496. 447 

[43] T. R. Stanton, E. L. Karran, D. S. Bulter, M. J. Hull, S. N. Schwetlik, F. A. Braithwaite et al., “A 448 

pain science education and walking program to increase physical activity in people with 449 

symptomatic knee osteoarthritis: a feasibility study,” Pain Rep., vol. 5, no. 5, p. e830, Sep. 2020, 450 

doi: 10.1097/PR9.0000000000000830. 451 

[44] J. A. C. van Tunen. M. van der Leeden, W. H. Bos, J. Cheung, M. van der Esch, M. Gerritsen et 452 

al., “Optimization of Analgesics for Greater Exercise Therapy Participation Among Patients With 453 

Knee Osteoarthritis and Severe Pain: A Feasibility Study,” Arthritis Care Res., vol. 68, no. 3, pp. 454 

332–340, Mar. 2016, doi: 10.1002/acr.22682. 455 

[45] F. Angst, A. Aeschlimann, and G. Stucki, “Smallest detectable and minimal clinically important 456 

differences of rehabilitation intervention with their implications for required sample sizes using 457 

WOMAC and SF-36 quality of life measurement instruments in patients with osteoarthritis of the 458 

lower extremities,” Arthritis Rheum, vol. 45, no. 4, pp. 384–91, Aug. 2001, doi: 10.1002/1529-459 

0131(200108)45:4<384::Aid-art352>3.0.Co;2-0. 460 

[46] A. Courties, J. Sellam, and F. Berenbaum, “Role of the autonomic nervous system in 461 

osteoarthritis,” Best Pr. Res Clin Rheumatol, vol. 31, no. 5, pp. 661–675, Oct. 2017, doi: 462 

10.1016/j.berh.2018.04.001. 463 

Jo
urn

al 
Pre-

pro
of



20 
 

[47] M. De Couck, R. Cserjesi, R. Caers, W. P. Zijlstra, D. Widjaja, N. Wolf et al., “Effects of short and 464 

prolonged transcutaneous vagus nerve stimulation on heart rate variability in healthy subjects,” 465 

Auton Neurosci, vol. 203, pp. 88–96, Mar. 2017, doi: 10.1016/j.autneu.2016.11.003. 466 

[48] T. L. de Moraes, F. O. Costa, D. G. Cabral, D. M. Fernandes, C. T. Sangeleti, M. A. Dalboni et al., 467 

“Brief periods of transcutaneous auricular vagus nerve stimulation improve autonomic balance 468 

and alter circulating monocytes and endothelial cells in patients with metabolic syndrome: a pilot 469 

study,” Bioelectron. Med., vol. 9, no. 1, p. 7, Mar. 2023, doi: 10.1186/s42234-023-00109-2. 470 

[49] D. Rice, J. Nijs, E. Kosek, T. Wideman, M. I. Hasenbring, K. Koltyn et al., “Exercise-Induced 471 

Hypoalgesia in Pain-Free and Chronic Pain Populations: State of the Art and Future Directions,” 472 

J Pain, Mar. 2019, doi: 10.1016/j.jpain.2019.03.005. 473 

[50] K. A. Sluka, L. Frey-Law, and M. Hoeger Bement, “Exercise-induced pain and analgesia? 474 

Underlying mechanisms and clinical translation,” Pain, vol. 159 Suppl 1, no. Suppl 1, pp. S91-475 

s97, Sep. 2018, doi: 10.1097/j.pain.0000000000001235. 476 

 477 

  478 

Jo
urn

al 
Pre-

pro
of



21 
 

Table and Figure Legends: 479 

Table 1: Baseline Participant Characteristics 480 

Figure 1: Overall Study Flow 481 

Figure 2: CONSORT Diagram 482 

Figure 3: Changes in Outcomes post-tVNS Intervention 483 

Supplementary Table 1: Numeric Values for Changes in Outcomes Post-tVNS Intervention 484 

Jo
urn

al 
Pre-

pro
of



Table 1: Baseline Participant Characteristics 

Baseline Participant Characteristics N=30 

Age (years), mean (SD) 55.0 (7.8) 

Women, n (%) 20 (66.66%) 

Body mass index (kg/m
2
), mean (SD) 33.1 (6.2) 

Ethnicity, Hispanic, n (%) 25 (83.3%) 

Knee Pain with a 20-meter walk, 0-10 pain scales, 

mean (SD) 
3.1 (2.1) 

PPT, kgf/cm2, mean (SD) 3.73 (1.53) 

TS, continuous, mean (SD) 1.2 (1.4) 

CPM, continuous, mean (SD) 0.97 (0.22) 

HF, milliseconds squared (ms2), mean (SD) 330.9 (519.3) 

PPT: pressure pain thresholds, lower values reflect greater central pain 

sensitivity, TS: temporal summation, computed as post-stimulation 0-10 

pain rating subtracted from pre-stimulation 0-10 pain rating, post-stimulus 

pain rating – pre-stimulus pain rating >0 indicates the presence of 

temporal summation; CPM: conditioned pain modulation computed as a 

ratio of post-conditioning stimulation PPT (PPT2) to pre-conditioning 

stimulation PPT (PPT1), a ratio ≤1 indicates inefficient CPM; HF: High 

frequency power, higher values indicate greater parasympathetic activity 
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Figure 1: Overall Study Flow 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Abbreviations: QST, quantitative sensory testing; HRV, heart rate 

variability; tVNS, transcutaneous vagus nerve stimulation 
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Figure 2: CONSORT Diagram 
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Figure 3: Changes in Outcomes post-tVNS Intervention 

 

 

  

Knee pain: A higher score represents greater knee pain; improvement when the mean change is “-“, negative; Pressure Pain Threshold: A lower value indicates greater 

central pain sensitivity; improvement when the mean change is “+“, positive; Temporal Summation (post pain rating – baseline rating): a higher value indicates greater 

central pain sensitivity; improvement when the mean change is “-“, negative; Conditioned Pain Modulation (post-PPT/pre-PPT): A lower value indicates more inefficient 

conditioned pain modulation; improvement when the mean change is “+“, positive; High Frequency Power: A higher value represents greater parasympathetic function; 

improvement when the mean change is “+“, positive  

Jo
urn

al 
Pre-

pro
of


