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Purpose: The aim of this study was to investigate whether transauricular vagus nerve stimulation (taVNS) could reduce the incidence
of rebound pain in patients undergoing anterior cruciate ligament reconstruction (ACLR) under general anesthesia combined with
preoperative femoral nerve block.
Methods: In total, 78 patients were enrolled in this prospective, randomized, double-blind, and sham-controlled study. Patients were
randomly assigned to 2 groups (n=39): Group taVNS received taVNS (1h /1time, 6times) within the first 12 h after surgery; Group SS
received sham stimulation (SS) in the same manner. Pain scores at 0, 4, 8, 12, 24, 48 h after surgery were assessed with Numeric Pain
Rating Scale (NRS). The incidence, duration and onset of rebound pain were recorded. In addition, additional analgesic requirements
and side effects in the first 48 h postoperatively, as well as sleep disturbance on the night of surgery, were examined.
Results: The incidence and duration of rebound pain were lower in the taVNS group than in the SS group (P=0.025 and P=0.015,
respectively). Pain scores at 8 h and 12 h postoperatively were significantly lower in the taVNS group compared with the SS group
(P<0.05). The number of times to press the patient-controlled analgesia (PCA) pump and the number of patients requiring additional
analgesic were significantly lower in the taVNS group than in the SS group until 12 h after surgery (P=0.021 and P=0.004,
respectively). The number of patients with sleep disturbance in the taVNS group was lower than that in the SS group (P=0.030).
Conclusion: The taVNS exerts beneficial effect on rebound pain after femoral nerve block in patients undergoing ACLR, which
reduces the incidence and duration of rebound pain, the need for postoperative additional analgesic, and the number of complications.
Keywords: rebound pain, transauricular vagus nerve stimulation, femoral nerve block, anterior cruciate ligament reconstruction

Introduction
Peripheral nerve blocks (PNBs) are widely used in orthopedic surgery to reduce perioperative pain and opioid
consumption.1 Recently, however, an increasing number of anesthesiologists and surgeons are concerned about the
rebound pain associated with PNB.2 Rebound pain is defined as “quantifiable difference in pain scores when the block is
working versus the increase in acute pain encountered during the first few hours after the effects of PNB resolve”,
characterized by persistent burning pain.2–4 The incidence of rebound pain is approximately 50% in patient received
PNB.5 Risk factors for rebound pain include younger age, female gender, higher preoperative pain score, and bone
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surgery.5,6 In addition, rebound pain is associated with adverse consequences, including impaired quality of recovery,
increased opioid consumption, side effects of opioid overdose, and sleep disturbance.7

The pathophysiology of rebound pain has not been fully understood and no effective precautions and treatments are
available currently.8 Continuous PNB and perineural dexamethasone in single injection PNB have been suggested to
prevent rebound pain.3,9,10 However, there are many concerns with these strategies because persistent PNB hinders
rehabilitation and the perineural use of dexamethasone is off-label. Therefore, it is necessary to understand the
pathogenesis of rebound pain and provide new insights for prevention and treatment. The rebound pain may be caused
by multiple pathogenic mechanisms, such as surgical mechanical injury, proinflammation and neurotoxicity of local
anesthetics retention and amplification of nociceptive signal memory when PNB wear off, or a combination of these.8,11

Animal studies demonstrated that the proinflammation and neurotoxicity of ropivacaine induced transient thermal
hyperalgesia response in rats with sciatic nerve blockade, which might be one of the potential pathophysiologic
mechanisms in rebound pain.12,13 This thermal hyperalgesia may be cause by abnormal spontaneous C-fiber hyperactiv-
ity and nociceptor hyperexcitability.14 The pain signals from C-fiber and nociceptor affect neuronal cell bodies or
postganglionic axon of nociceptive neurons that output to neural circuits in the dorsal horn of the spinal cord, which in
turn transmit the inputs to the brain through ascending neuronal pathways.15,16

As a novel neurostimulation modality, vagus nerve stimulation (VNS) has been successfully used in various diseases,
including epilepsy and migraine.17,18 Several evidences suggest that VNS may relieve acute or inflammatory pain.19

Animal studies have shown that VNS reduces thermal stimulation-induced excitability of peripheral C fibers, resulting in
analgesia in capsaicin-treated rats.20,21 In humans, researchers found that 1h of VNS raised pain thresholds for
mechanical and heat pain.22,23 The transauricular VNS (taVNS), which stimulates the auricular branch of the VN in
a completely non-invasive manner, can achieve the same effect as VNS.24 Based on the results of previous studies,
transauricular vagus nerve stimulation (taVNS) may suppress peripheral mechanical pain from surgical injury and
thermal hyperalgesia from local anesthetics. Currently, taVNS has not been studied in the prevention of rebound pain
after femoral nerve block. To obtain more information on this topic, we conduct this study to investigate the effect of
taVNS on rebound pain in patients undergoing anterior cruciate ligament reconstruction (ACLR) under general anesthe-
sia combined with preoperative femoral nerve block.

Methods
This randomized double-blind clinical study was conducted in the Third Hospital of Hebei Medical University, approved
by our Institutional Ethical Board (NO.2021-004-1), and registered in Chinese Clinical Trial Registry
(ChiCTR2100044905). This study was conducted in accordance with the Declaration of Helsinki (October 2013) and
clinical practice guidelines. Informed consent was obtained from all subjects involved in the study.

Participants
This study consecutively recruited patients who underwent ACLR from January 2022 to March 2022. The main inclusion
criteria were age 18–65 years, American Society of Anesthesiologists (ASA) physical status I–III. The exclusion criteria
were obesity (BMI>35kg/m2), allergy to local anesthetics, severe cardiopulmonary disease, any chronic pain, systemic
steroid and chronic opioid use, psychiatric disorders, communication issues, an inability to use patient-controlled
analgesia (PCA) pump, and a failed femoral nerve block (no sensory block or NRS score >3 in postanesthesia care
unit [PACU]).

Randomization and Blinding
The recruited patients were divided into two groups by using a random number table: the taVNS group or the sham
stimulation (SS) group. In the taVNS group, the custom-developed stimulating electrode and electrode clip were
placed on the cymba concha and the earlobe of the left ear. In the SS group, electrode clips were placed on the ear lobe
and the tail of the helix of the left ear (Figure 1). The cymba conchae of the ear contains auricular vagal projections,
whereas the earlobe and the tail of the helix of the ear do not have vagal innervation. Stimulation pulses (30 Hz
frequency, 300 μs pulse width) were generated by a commercial transcutaneous electrical nerve stimulation unit
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(TENS 7000, Roscoe Medical, Ohio, USA), and the amplitude was increased to the maximum amount that the subject
could tolerate without pain. The stimulation phase continued for 1h followed by 1h pause. The stimulation started
immediately after surgery and continued until the 12th h after surgery (1h/1time, 6times). The stimulation was
administrated by a nurse not involved in the study. The electrodes were placed by the nurse and covered with opaque
earmuffs. A blinded observer recorded study data. Patients, anesthesiologists, and investigators were blinded to study
group assignment.

Anesthesia and Perioperative Management
All patients received a standardized single injection femoral nerve block (20 mL of 0.5% ropivacaine) under ultrasound
guidance by an experienced anesthesiologist prior to induction of anesthesia. Invasive blood pressure, pulse oxygen
saturation, electrocardiogram, bispectral index, and end-tidal CO2 (ETCO2) were continuously monitored in the two
groups during the surgery. Anaesthesia was induced intravenously with sufentanil (Yichang Renfu Pharmaceutical Co.,
Ltd., Hubei China), midazolam (Jiangsu Enhua Pharmaceutical Group Co., Ltd., China), propofol (Guangdong Jiabo
Pharmaceutical Co., Ltd., Guangdong, China), and rocuronium (Fuan Pharmaceutical Group Qingyutang Pharmaceutical
Co., Ltd., Chongqing, China), followed by placement of a laryngeal mask airway. Anesthesia was maintained with
intravenous infusion of propofol (50 to 150 μg kg–1·min–1) and remifentanil (0.1 to 0.5 μg kg–1 min–1; Yichang Renfu
Pharmaceutical Co., Ltd., Hubei, China). The ACLR was performed by one experienced surgeon. Palonosetron
Hydrochloride (Nanjing Simcere TECO Pharmaceutical Co., Ltd., Jiangsu, China) 0.25 mg was administrated at 30
min before the end of surgery to prevent postoperative nausea and vomiting (PONV). All patients were transferred to
PACU and escorted back to the ward by anesthesia nurses after recovery.

Intravenous PCA, including 1.5μg/kg sufentanil and 8mg ondansetron hydrochloride (Jiangsu Aosaikang
Pharmaceutical Co., Ltd., Jiangsu, China), was started at the end of surgery. The pump was set to 2mL/h basal flow,
0.5mL bolus dose and 15 min lock-out time. Patients were instructed to press PCA pump when experiencing pain. In the
event of insufficient analgesia, the patient received intramuscular ketorolac 30 mg (up to 90 mg/day) and tramadol
100 mg (up to 200 mg/day).

Outcome Measures
The primary outcomes were the incidence, duration and onset time of rebound pain. Pain score was assessed using
a numerical rating scale score (NRS, 0–10). Rebound pain was defined as a change from mild pain (NRS pain score < 3)
before block resolution to severe pain (NRS pain score ≥7) within 24 hours of femoral nerve block performance. The
onset of rebound pain was measured from the time of performing femoral nerve block.

Figure 1 Stimulation sites in the taVNS group (A) and the SS group (B).
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Our secondary outcomes included NRS scores at 0, 4, 8, 12, 24, and 48 h after ACLR, opioid-related and taVNS-
related side effects (PONV, pruritus, lightheadedness, ear irritation, and tinnitus), the number of times to press the PCA,
the number of patients requiring additional analgesic, and sleep disturbance on the night of surgery. Sleep disturbance
was diagnosed in patients with decreased total sleep time, increased number of awakenings, and difficulty sleeping
compared with usual. The follow-up period was 48h.

Statistical Analysis
In previous studies, the incidence of rebound pain after peripheral nerve block was 49.6%-82.9%.5,10 Thus, we assumed
a 66% incidence of rebound pain in this study. We planned to detect 50% reduction in the incidence of rebound pain in
the taVNS group compared with the SS group. 35 subjects per group would provide 90% power to detect this difference
with a significance of 0.05 (two-tailed) (PASS 15.0, CNSS, UT, USA). Considering a 10% of loss to follow up, the
sample size was determined to be 78 in this clinical study.

Categorical variables were analyzed by χ2 test or Fisher’s exact test and presented as numbers and percentages.
Shapiro–Wilk test was used to test the normality of the distribution of continuous variable. Continuous variables were
tested with Student’s t-test for normal distribution or Mann–Whitney U-test for skewed distribution and reported as mean
± standard deviation or median and interquartile ranges (IQR). NRS scores at different times in the two groups were
analyzed by mixed model longitudinal data analysis followed by Bonferroni multiple comparison correction. A P value <
0.05 was considered statistically significant. We used SPSS software version 22.0 for all analyses (IBM, NY, USA). The
box-plot of NRS scores was drawn using GraphPad Prism 8.3.0 (GraphPad, CA, USA).

Results
In total, 83 patients were screened from January 2022 to March 2022 in this study. Among them, 2 patients did not meet
the inclusion criteria, 3 patients refused to participate this study. Finally, 78 patients were randomly assigned to the
taVNS group (n=39) and the SS group (n=39) (Figure 2). Demographic, intraoperative characteristics, and preoperative
pain score were similar between the two groups (Table 1).

As shown in Figure 3, the NRS scores in the taVNS group at 8 h and 12 h after surgery were significantly lower than
those in the SS group. However, at other time points, no significant differences were observed between the two groups.
The incidence of rebound pain was significantly lower in the taVNS group (7 of 39 patients [17.9%]) than in the SS
group (16 of 39 patients [41%]) (P=0.025). The duration of rebound pain was 1.7±0.6 h in the taVNS group and 2.4±0.5
h in the SS group (P=0.015). Rebound pain occurred at 11 h (IQR: 10.8–11.9 h) after femoral nerve block in the taVNS
group and 11.9 h (IQR: 11–12.1 h) in the SS group (P=0.189). The number of times to press PCA and the number of
patients requiring additional analgesic within 12 h after surgery in taVNS group were significantly lower than those in the
SS group (P=0.021 and P=0.004, respectively). However, there were no significant differences in the above indicators
between the two groups at other time intervals (Table 2).

The incidence of PONV (25.6% vs 33.3%) and pruritus (0% vs 2.6%) were similar between the taVNS and the SS
group. During the night of the surgery, 12 patients (30.8%) in the taVNS group experienced sleep disturbance compared
with 21 patients (53.8%) in the SS group (P=0.030). taVNS was well tolerated and did not cause adverse reactions such
as lightheadedness, ear irritation, and tinnitus (Table 3).

Discussion
In the present study, postoperative taVNS significantly reduced the incidence and duration of rebound pain, the number
of patients requiring additional analgesic, and the number of times to press PCAwithin 12 h postoperatively. In addition,
taVNS significantly improved sleep disturbance due to postoperative pain on the night of surgery.

Recently, several studies have reported the incidence of rebound pain after peripheral nerve block in patients
undergoing orthopedic surgery.5,9,10 Although there are no accepted diagnostic criteria for rebound pain, a number of
studies reported that rebound pain is an acute postoperative pain (NRS≥7) following resolution of nerve blocks.25,26

Patients with significant pain (NRS≥3) in PACU were excluded from this study because these patients might experience
failed block. Based on this, our study demonstrated that the incidence of rebound pain was 41% after single-injection
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femoral nerve block in control patients undergoing ACLR. Barry et al showed that 49.6% of patients experienced
rebound pain within 24 h of block performance, which was consistent with our study.5 Rebound pain ensues following
resolution of a nerve block. The resolution time for single-injection femoral nerve block with ropivacaine is approxi-
mately 12 h.27 In this study, the median time to onset of rebound pain was 11 h postoperatively, which was in accordance

Figure 2 Study flowchart.

Table 1 Baseline Characteristics

taVNS (N=39) SS (N=39) P-value

Age, yr 32±8.9 33.7±10.5 0.460
Sex, female 17(43.6%) 20(51.3%) 0.496

BMI, kg/m2 24.9±3.8 25.2±3.2 0.740

ASA 0.568
I 30 (76.9%) 32(82.1%)

II 8(20.5%) 7(17.9%)

III 1(2.5%) 0(0%)
Preoperative pain score, NRS 0(0–2) 0(0–2) 0.799

Duration of anaesthesia, min 95.2±18.8 98.2±15.9 0.457

Duration of tourniquet, min 78.7±14.5 81.2±12.5 0.420

Note: Data are presented as mean ± SD, median (interquartile range), or number of patients (%).
Abbreviations: BMI, body mass index; ASA, American Society of Anesthesiologists; NRS, numerical rating scale.
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with the time of resolution of the nerve block. Rebound pain is a transient phenomenon, lasting about 2.4 h in the SS
group. Henningsen et al showed that patients would experience excruciating rebound pain about 2h that did not respond
to intravenous opioids administration.26

Figure 3 Box-plot of NRS scores at different time points between the taVNS and SS groups. At 8 h and 12 h, *P<0.05 between the two groups. Box plot with median (solid
line), interquartile range (box) are shown. Dots represent outliers.

Table 2 Rebound Pain and Postoperative Data

taVNS (N=39) SS (N=39) P-value

Incidence of rebound pain 7(17.9%) 16(41%) 0.025

Duration of rebound pain* 1.7±0.6 2.4±0.5 0.015

Onset of rebound pain, min* 11(10.8–11.9) 11.9(11–12.1) 0.189
Number of times to press the PCA pump

0–12 2(0–2) 3(0.5–4) 0.021

12–24 2(0–3) 2(1–3) 0.954
24–48 2(1.25–3) 2(2–3) 0.725

Number of patients requiring additional analgesics

0–12 10(25.6%) 20(51.3%) 0.004
12–24 9(23.1%) 8(20.5%) 0.762

24–48 5(12.8%) 4(10.3%) 0.410

Notes: Data are presented as mean ± SD, median (interquartile range), or number of patients (%). *Among patients experiencing
rebound pain.
Abbreviation: PCA, patient-controlled analgesia.

Table 3 Postoperative Adverse Events Up to 48h After Surgery

taVNS (N=39) SS (N=39) P-value

PONV 10(25.6%) 13(33.3%) 0.456

Pruritus 0(0%) 1(2.6%) 1.000

Sleep disturbance* 12(30.8%) 21(53.8%) 0.030
Lightheadedness 0(0%) 0(0%)

Ear irritation 0(0%) 0(0%)

Tinnitus 0(0%) 0(0%)

Notes: Data are presented as number of patients (%). *At the night of surgery.
Abbreviation: PONV, postoperative nausea and vomiting.
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There are currently no effective preventive measures and treatments for rebound pain. Although the use of opioids
can relieve pain, there is no evidence that it is effective for rebound pain. In addition, there is growing evidence of
opioid-induced side effects, such as PONV, respiratory depression, and hyperalgesia.28 Woo et al and An et al
suggested that perineural dexamethasone to nerve block reduced the incidence of rebound pain after block resolution,
which might be related to the prolongation of nerve block duration and anti-inflammatory effect.10,13 However, the
use of dexamethasone as an adjunctive anesthetic for peripheral nerve blocks is off-label, and its long-term safety has
not been evaluated. Higher perineural dexamethasone doses may cause risks of wound infections and
neurotoxicity.6,29 In addition, Williams et al reported that an additional 33 hours of nerve block duration reduced
the rebound pain score by 1 unit (NRS), which might be associated with the reduction in nociceptive input and central
sensitization.3,30 Administering of continuous PNB on discharged patients is more technically challenging that creates
sizable workload disadvantages, and hinders rehabilitation. Therefore, it is important to take other steps to prevent
rebound pain.

Recent studies indicated that taVNS alleviated hand osteoarthritis pain, oesophageal pain and musculoskeletal pain in
humans.31–33 In the present study, our results showed that taVNS alleviated postoperative pain at 8 and 12 h after ACLR and
reduced the incidence of rebound pain in patients receiving femoral nerve block compared with SS. There was no difference
in NRS scores between the two groups at 4 h postoperatively, probably because most patients (87.2%) did not experience
severe pain (NRS<3) under the effect of femoral nerve at this time. taVNS might have little effect on suppressing mild pain.
Patients in the taVNS group received taVNS treatment (1h/1 time; 6 times) within the first 12 hours after surgery. Based on
the duration of treatment, it was not surprising that there was no difference in NRS scores between 24 h and 48
h postoperatively. In addition, taVNS reduced the patient’s need for analgesic within 12 hours postoperatively.

The favorable effects on rebound pain may be related to the biological effects of taVNS. First, animal studies have shown
that VNS could suppress neuronal discharge in spinal segments and spinothalamic tract that transmit nociceptive information
form somatic to brain.34,35 Human studies reported that taVNS increased the mechanical, pressure, and thermal pain
threshold.22,36 Furthermore, Aranow et al reported that a total of 20 min-taVNS reduced the plasma levels of substance P,
which regulates pain perception by altering cellular signaling pathways, in patients with systemic lupus erythematosus.32,37

taVNS may influence central and peripheral perception of rebound pain. Second, it is well known that acute pain is a cardinal
feature of inflammation.38 Both ACLR and local anesthetic ropivacaine could induce inflammatory response.39 taVNS
activates the solitary nucleus tract and locus coeruleus to release acetylcholine and norepinephrine, thereby suppressing
inflammatory responses.40 A recent study reported that the stimulation of locus coeruleus by VNS activated sympathetic
nerve in knee joint that ultimately released norepinephrine to suppress joint inflammation.41 Another clinical study proved
that taVNS inhibited postoperative acute inflammation response.42 Therefore, taVNS may reduce local and systemic
inflammation induced by ACLR and local anesthetic. Huang et al suggested that lower plasma inflammatory cytokines
might be associated with delayed onset of rebound pain.43 However, in this study, rebound pain was observed at approxi-
mately 11 h in both the taVNS and SS groups. taVNS reduced the incidence of rebound pain, but failed to delay the onset of
rebound pain. Therefore, the relationship between taVNS, rebound pain, and inflammatory responses remains to be studied.

Rebound pain occurs around 12 h after surgery, which affects the need for additional analgesia within 24 h after
surgery and the quality of sleep at the night of surgery.10 Therefore, we observed these side effects within 24 hours after
surgery. Our results proved that taVNS significantly reduced the consumption of additional analgesics within 12
h postoperatively and improved sleep disturbance on the night of surgery. Notably, taVNS increases the proportion of
the delta frequency bands in the EEG during sleep, thereby enhancing deep sleep.44 This effect may be attributed to long-
term taVNS (four week).45 All patients who experienced rebound pain reported sleep disturbance. Among patients
without rebound pain, 15.6% (5/32) patients in the taVNS group and 19.2% (5/23) patients in the SS group reported sleep
disturbance (P=0.562). Thus, the improvement in sleep disturbance may be attributed to the inhibition of pain by taVNS.

This study had several limitations. First, we observed the incidence, duration and onset of rebound pain, but failed to
measure the rebound pain score. To date, there is no widely accepted method to quantify rebound pain. Williams et al
calculated the rebound pain score by subtracting lowest pain score in 12 h before nerve block resolution from the highest
pain score during the first 12 h after the nerve block resolution.6 However, many investigators believe that it is difficult to
pinpoint the exact point of nerve block resolution.25 Second, pain scores were assessed every 4 h for the first 12 h after
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surgery, which might obscure the trend of rebound pain. Nevertheless, patients were asked to record the duration and the
time of onset of rebound pain. Third, the optimal stimulation parameters and duration of taVNS for pain relief have not
been determined. We set parameters based on previous studies and the characteristics of rebound pain.32 Finally, long-
term observations may be important to assess the relationship between taVNS and rebound pain. Further studies may
focus on the conversion of acute rebound pain to chronic pain.

Conclusions
In conclusion, our study showed that taVNS reduced the incidence and duration of rebound pain and improved
postoperative pain-related complications such as analgesic consumption and sleep disturbance. Further studies need to
observe the long-term effect of taVNS on rebound pain and to explore the mechanism of this intervention.
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