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Purpose: This study aimed to determine the median effective dose (ED50) and 95% effective dose (ED95) of mivacurium for
maintaining elicitable motor evoked potentials (MEP) under total intravenous anesthesia (TIVA) during adolescent scoliosis surgery,
while fulfilling both muscle relaxation and intraoperative neurophysiological monitoring (IONM) requirements.

Patients and Methods: 26 adolescents scheduled for primary elective scoliosis surgery with MEP monitoring were enrolled.
Anesthesia was maintained with TCI propofol to achieve BIS of 40-60. Infusing mivacurium to maintain train-of-four count 1-3 until
surgical exposure was completed. After train-of-four ratio recovered to 75% and MEP waveforms were elicitable, modified Dixon up-
and-down sequential method was employed, with an initial mivacurium infusion dose of 10 pg-kg 'min ', adjusted by 0.5
pg-kg '‘min~! based on the presence or absence of reproducible MEP at predefined stimulation settings. Positive was defined as
reproducible MEP waveform elicitable at a stimulus intensity of 100 V. Dose-finding proceeded until seven crossover pairs were
obtained. Excluding cases prior to the first crossover, 21 patients contributed to ED estimation. Hemodynamic parameters, adverse
reactions, vasoactive agents use, and L-SRS scores were recorded.

Results: The ED50 was 7.24 pg-kg '“min"' (95% CI: 6.87-7.54). The probability of MEP waveform presence demonstrated
a negative correlation with mivacurium infusion dose, with an ED95 of 6.70 pgkg '-min' (95% CI: 4.79-6.99). No patients
experienced unintended body movements, spontaneous respiration recovery, or bronchospasm. No significant hemodynamic changes
were observed after mivacurium administration. Transient skin flushing occurred in 6 patients, and low-dose ephedrine was required in
7 patients. L-SRS scores were higher during mivacurium infusion compared to post-discontinuation.

Conclusion: Under this TIVA/IONM protocol, the ED50 and ED95 for continuous mivacurium infusion that preserves MEP are 7.24
pgkg 'min~" and 6.70 pg-kg ''min', respectively. These doses effectively achieve muscle relaxation while maintaining MEP
signals without serious adverse events observed.

Plain Language Summary: While adolescent scoliosis surgery requires adequate muscle relaxation for surgical conditions,
excessive neuromuscular blockade may compromise intraoperative neurophysiological monitoring (IONM), particularly motor evoked
potentials (MEP). This study investigated the appropriate infusion dose of mivacurium that maintains both sufficient muscle relaxation
and elicitable MEP signals in adolescent patients undergoing scoliosis surgery. Using the modified Dixon up-and-down sequential
method and Probit analysis, researchers estimated the median effective dose (ED50) and 95% effective dose (ED95) of continuous
mivacurium infusion. The results demonstrate that an ED50 of 7.24 pug-kg '-min ' effectively balances surgical requirements with
MEP monitoring, with 95% of patients achieving maintainable MEP waveforms at 6.70 pg-kg '-min ', No serious adverse events

were observed, and hemodynamic parameters remained stable throughout the procedure.
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Introduction

Scoliosis is characterized by an abnormal three-dimensional configuration and/or developmental irregularity of the spine.
Compared with conventional spinal surgical procedures, scoliosis surgeries, which involve techniques such as pedicle
screw placement, osteotomy, and spinal correction, present a higher risk of perioperative nerve injury. Such injuries
significantly affect patient prognosis and are considered among the most critical perioperative complications.'
Intraoperative neurophysiological monitoring (IONM) is essential for safeguarding nerve function during scoliosis
surgery.” Motor evoked potentials (MEP) waveforms are highly sensitive to nerve injury. Even minor nerve injury can
cause a sharp decline in amplitude, typically manifested as disappearance of MEP waveforms at the same stimulation
intensity (setting range: 100-500 V), which serves as the primary indicator.® Therefore, the disappearance of MEP
waveforms due to surgical manipulation can provide timely warning of functional impairment in the spinal motor
pathways, facilitating the identification and mitigation of factors contributing to nerve injury, and reducing the risk of
postoperative motor dysfunction.”

Neuromuscular blocking agents (NMBAs) selectively inhibit neuromuscular transmission to induce muscle relaxa-
tion, however, they may also reduce MEP amplitude. Excessive neuromuscular blockade can result in disappearance of
the MEP waveform, despite the absence of any nerve function abnormalities, thereby compromising neuromonitoring.’
Consequently, neurophysiological monitoring physicians often prefer to avoid the administration of additional NMBAs
during surgery.® Nonetheless, limiting the use of NMBAs can increase the risk of adverse events, such as muscle tremors,
restricted surgical field visibility, increased blood loss, and potential injury to important neural or vascular structures due
to unexpected patient movement, which contradicts the original purpose of neuroprotection through IONM.” Previous
studies have demonstrated that the continuous infusion of specific NMBA doses can facilitate the normal implementation
of IONM, mitigate adverse reactions associated with muscle tension, and stabilize monitoring signals during IONM-
assisted surgeries.8 However, the optimal depth of neuromuscular blockade and the appropriate dosage of NMBAs
remain controversial. Existing findings vary across studies, including maintenance of train-of-four ratio (TOFr) at
26-50%, T,/Tc at 10-15%, T,/Tc at 50%, rocuronium infusion at 5 pg'kg_1~min_1, and rocuronium infusion at 9
pg-kg ' -min~".”"3 These discrepancies may be related to differences in MEP criteria, surgical types, anesthesia manage-
ment, and patient populations. Currently, there is insufficient research on the optimal NMBA dosage for adolescent
scoliosis patients undergoing routine IONM-assisted surgery.

Mivacurium is the sole short-acting non-depolarizing NMBA currently utilized in clinical practice, while rocuronium
has a specific antagonist (sugammadex). Both agents can restore muscle strength in a short time when needed during
surgery.'*!> The probability of MEP waveform presence is negatively correlated with NMBA infusion dose and
positively correlated with stimulation intensity. Therefore, in previous studies, we determined that under total intravenous
anesthesia (TIVA) with 100 V stimulation intensity, the median effective dose (ED50) and 95% effective dose (ED95) of
rocuronium for maintaining MEP waveforms were 8.69 pg-kg 'min' and 7.51 ug-kg '-min"', respectively, which is
also applicable to higher stimulation intensities.'® The second part of the trial also employed the modified Dixon up-and-
down sequential method to precisely determine the appropriate infusion dose of mivacurium for IONM and to evaluate
its intraoperative application. The determination of appropriate infusion doses for both rocuronium and mivacurium
offers expanded therapeutic options for neuromuscular blockade management in adolescent scoliosis surgery, thereby
optimizing perioperative care.

Materials and Methods

Ethics and Registration
This trial was approved by the Ethics Committee of the Second Affiliated Hospital of Naval Medical University with the
ethics approval number 2023SL048. It was registered in the Chinese Clinical Trial Registry under the registration number
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ChiCTR2400082163. Conducted between January 2025 and August 2025, the study included a total of 26 adolescent
patients, aged 12 to 18 years, scheduled for elective scoliosis surgery. Informed consent was obtained from both the
subjects and their guardians. The research team affirms that the study adhered strictly to ethical standards and the
principles outlined in the Declaration of Helsinki.

Protocol Deviations/Amendments

This trial was progressively implemented after successful registration with the Chinese Clinical Trial Registry on
March 22, 2024. The study was delayed due to several factors: adolescent scoliosis surgery in China is predominantly
performed during school vacation periods (December to February and June to August annually), and there was
a temporary shortage of mivacurium in China due to the international trade environment. During this period, we took
the opportunity to optimize the trial, including modifying the predefined execution and recruitment period ending from
March 2025 to August 2025, as well as revising the broadly described primary outcome to a more precise statement: “the
dosage of rocuronium or mivacurium and the corresponding changes in MEP waveforms”. These modifications did not
affect the final research results. After obtaining Ethics Committee approval for the trial update on May 2, 2024, the
appropriate infusion dose of rocuronium for this type of surgery was determined from May to December 2024 (with the
results published in the Chinese top-tier anesthesiology journal, Journal of Clinical Anesthesiology), and the appropriate
infusion dose of mivacurium was determined from January to August 2025. Following trial completion, the trial status
and related content have been updated in the Chinese Clinical Trial Registry.

Participants and Inclusion Criteria

Inclusion criteria for the study are as follows: (1) Participants aged between 12 and 18 years; (2) Individuals classified as
American Society of Anesthesiologists (ASA) status I-II; (3) Participants scheduled to undergo elective surgery for
scoliosis with IONM; (4) Participants and their legal guardians have provided informed consent.

Exclusion criteria include: (1) Presence of severe cardiovascular and cerebrovascular diseases; (2) Severe pulmonary
diseases or a history of asthma; (3) Severe hepatic or renal dysfunction; (4) Neuromuscular disorders; (5) Limb muscle
strength graded at 2 or below; (6) Allergy to mivacurium; (7) Abnormal butyrylcholinesterase (BChE) levels; (8) Skin
breakage at the neuromuscular monitoring or IONM site within 3 months; (9) Body Mass Index (BMI) greater than
28 kg/m? or less than 18.5 kg/m?; (10) Contraindications for MEP monitoring, including conditions such as epilepsy,
presence of pacemakers, cochlear implants, etc.

Cases may be eliminated if: (1) The mivacurium dosage is not administered according to the intraoperative sequential
method; (2) Participants or their legal guardians request withdrawal from the study.

Study Procedure

Upon admission to the operating room, monitoring of the electrocardiogram (ECG), oxygen saturation (SpO,), and
bispectral index (BIS) was initiated. Neuromuscular monitoring was facilitated using the Mindray plug-in neuromuscular
monitoring module. Two intravenous lines were established: one dedicated to the administration of lactated Ringer’s
solution and mivacurium, and the other allocated for additional fluids and anesthetic agents. Radial artery catheterization
was performed under local anesthesia to enable the monitoring of invasive blood pressure (IBP).

Induction period: All patients received pure oxygen via mask. Subsequently, an intravenous injection of dexametha-
sone (5 mg) and lidocaine (40 mg) was administered, followed by a target-controlled infusion (TCI) of propofol at
a concentration of 4 pg/mL. Train-of-four (TOF) stimulation monitoring was initiated once the BIS was below 60, with
parameters set at a frequency of 2 Hz, a pulse width of 200 ps, a current intensity of 50 mA, and an interval of 1 minute.
Sufentanil was administered intravenously at a dose of 0.5 pg/kg, and mivacurium was injected slowly at a dose of
0.2 mg/kg over approximately 30 seconds. Endotracheal intubation and controlled ventilation were performed when TOF
reached 0. Following patient positioning, the neurophysiological monitoring physician commenced combined somato-
sensory evoked potentials (SEP) and MEP monitoring. MEP stimulation electrodes were positioned at the standard
electrode sites C3 and Cy4, as per the 10-20 system of electroencephalography. Stimulation parameters included five trains
of square wave pulses, with a stimulation duration of 0.5 ms, a pulse interval of 2 ms, and an initial voltage of 100 V. It
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was necessary to determine whether the voltage could be appropriately increased in the event of nerve injury, with
a maximum stimulation voltage of 500 V. Recording electrodes were placed on the adductor hallucis of the lower limbs
to capture the peripheral compound muscle action potentials.

Maintenance period: The TCI of propofol was maintained at a concentration of 2 to 6 pg/mL to achieve a BIS of 40 to
60. If the BIS exceeded 60 or fell below 40 for more than one minute, the infusion rate was adjusted by increasing or
decreasing the dose by 0.5 pg/mL, respectively. TCI remifentanil was administered at a concentration of 2 to 4 ng/mL,
with dosages of remifentanil and sufentanil adjusted based on changes in mean arterial pressure (MAP) and heart rate
(HR) to ensure adequate analgesia. Following intubation, mivacurium was infused to sustain moderate neuromuscular
blockade, indicated by a train-of-four count (TOFc) of 1 to 3, until the surgical exposure was completed. Once TOFr
recovered to 75% and MEP waveform could be elicited, mivacurium was administered according to the sequential
method, and MEP monitoring was conducted every 20 minutes until the incision closure began. During MEP monitoring,
if surgery renders monitoring unsuitable, the monitoring interval may be appropriately postponed. If nerve injury was
suspected, the monitoring frequency may be increased as needed. Throughout the operation, MAP and HR were
maintained within a 20% range of baseline values, and body temperature was kept between 36.0 and 36.9 °C. The
infusion of mivacurium and propofol continued until the subcutaneous superficial fascia was sutured. Ropivacaine
infiltration at the incision site was performed for postoperative analgesia.

Awakening period: The endotracheal tube may be removed once patients meet the following criteria: a BIS greater
than 90, a TOFr exceeding 90%, recovery of consciousness and muscle strength, ability to follow commands, restoration
of pharyngeal, cough, and swallowing reflexes, stable respiratory function characterized by normal tidal volume, minute
ventilation, and regular rhythm, as well as stable circulatory status.

In other circumstances, if patient movement occurred due to an insufficient dose of mivacurium, an immediate rescue
was performed by administering an additional mivacurium dose of 0.07 mg/kg, and the infusion rate was increased by 0.5
pg-kg '-min"! for subsequent patients. In cases where the HR fell below 50 beats per minute, an intravenous injection of
atropine 0.5 mg was administered. If the MAP decreased by more than 20% from baseline or if the systolic blood
pressure (SBP) dropped below 90 mmHg, the following interventions were applied: for HR < 80 beats/min, 6 mg of
ephedrine was administered intravenously, whereas for HR > 80 beats/min, 10 pg of phenylephrine was injected
intravenously. In instances where SBP exceeded 180 mmHg, and inadequate anesthetic depth was ruled out, an
intravenous injection of urapidil 5 mg was administered.

Modified Dixon Up-and-Down Sequential Method

The initial mivacurium infusion dose was set at 10 pg-kg '*min "', with subsequent dose adjustments made in increments
of 0.5 pg-kg 'min'. At a stimulation voltage of 100 V, the absence of the MEP waveform after excluding nerve injury
was classified as a negative outcome. In such cases, the mivacurium dose was decreased by 0.5 pg-kg ' -min~" for the
subsequent patient to maintain muscle relaxation. Conversely, if the MEP waveform was consistently elicited throughout
the surgical procedure, the outcome was deemed positive, and the mivacurium dose was increased by 0.5 pg-kg ' min~"'
for the next patient. Dose-finding proceeded until seven crossover pairs were obtained. To ensure blinding implementa-
tion, the neurophysiological monitoring physician assessed the MEP waveform without knowledge of the mivacurium

infusion rate.

Outcomes

The primary outcome is the mivacurium infusion dose and corresponding changes in MEP waveforms, based on which
the ED50, ED95, and the 95% confidence interval (95% CI) of mivacurium that does not interfere with IONM in
adolescent scoliosis surgery were determined.

The secondary outcomes encompass: (1) the preoperative baseline characteristics of the patients; (2) intraoperative
conditions, including the surgery time (defined as the time from the initial skin incision to the closure of the incision), the
awakening time (defined as the interval from the conclusion of surgery to when the patient regains consciousness), and
the extubation time (defined as the interval from the conclusion of surgery to the removal of the endotracheal tube); (3)
the incidence of complications, such as unexpected body movements and anaphylactoid reactions, characterized by
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symptoms including erythema of the chest and facial skin, asthma, or hemodynamic instability; (4) measurement of MBP
and HR at three time points both prior to and following the administration of mivacurium: immediately (T,) and five
minutes (T,) after intravenous injection of mivacurium during induction; immediately (T5) and five minutes (T,) after
infusion of mivacurium post-intubation; and immediately (Ts) and five minutes (Ts) after infusion of mivacurium
following the induction of MEP waveforms; (5) The application of vasoactive agents; (6) the surgeon’s evaluation of
surgical conditions using the Leiden-Surgical Rating Scale (L-SRS), which is based on the surgical field, muscle
contraction, and the progress of the surgery at four time points: the start of incision exposure (Ty;), the end of incision
exposure (T,), immediately after infusion of mivacurium following the induction of MEP waveforms (T 3), and upon
discontinuation of mivacurium infusion (Ty4).

Statistical Analysis

Statistical analyses were conducted using SPSS version 27.0, with a significance threshold set at p < 0.05. Employing the
modified Dixon up-and-down sequential methodology, the study identified seven pairs demonstrating negative-to-
positive transitions, with a cohort size exceeding 20 patients to ensure statistical robustness.'” The ED50, ED95, and
95% CI for mivacurium during continuous infusion, which did not interfere with IONM in adolescent scoliosis surgery,
were calculated using Probit regression analysis. Data following a normal distribution were reported as mean + standard
deviation (x * s). Intergroup comparisons were conducted using the independent samples #-test, while comparisons across
multiple groups were performed using repeated measures ANOVA. Data not following a normal distribution were
presented as median and interquartile range [M (25™ percentile, 75™ percentile)], with intergroup comparisons conducted
using the Mann—Whitney U-test, and comparisons across multiple groups were performed using non-parametric tests.
Categorical variables were expressed as frequency (percentage), and intergroup comparisons were conducted using the
chi-square (¢°) test.

Results

The initial infusion dose of mivacurium was 10 pg-kg '-min~'

, with adjacent dose increments of 0.5 pg-kg '-min .

To ensure adequate statistical power, patients were recruited until 7 crossover points were reached and the sample
exceeded 20 participants.'*!” A total of 26 patients participated in the study (the individual sequential dosing data is
provided in the Supplementary Figure). All of them maintained BIS between 40—-60 throughout the surgical procedure,

with no instances of BIS exceeding 60 or falling below 40 for more than one minute. Neuromuscular monitoring
confirmed that all patients received mivacurium infusion to maintain TOFc1-3 until surgical exposure was completed,
avoiding significant surgical impairment due to myoclonus. After TOFr recovered to 75% and MEP waveforms could
be evoked, mivacurium infusion was resumed according to the sequential dose-setting method. According to the
requirements of the modified Dixon up-and-down sequential method, cases before the first crossover (ie., the first
through fifth patients) were excluded.'® Consequently, 21 patients were included in the final statistical analysis
(Figure 1), comprising 3 males and 18 females.

Comparisons Between the Positive and Negative Cases

Statistical analysis was ultimately performed on 21 patients, including 10 positive cases and 11 negative cases. There
were no statistically significant differences between the two groups (p > 0.05) concerning demographic variables (gender,
age, height, weight, ASA status), preoperative baseline conditions (Cobb angle, preoperative liver and kidney function
indicators, electrolytes, BChE activity), and surgical parameters (surgery time, awakening time, extubation time).
Detailed information is provided in Tables 1-3.

ED50 and ED95 of Mivacurium

The sequence diagram illustrating the continuous infusion dosing of mivacurium for monitoring MEP during adolescent
scoliosis surgery is presented in Figure 2. The initial dose formally incorporated into the statistical analysis was 7.5
ngkg ''min"". A total of 21 cases were enrolled by the conclusion of seven crossover events, comprising 10 cases with
positive reactions and 11 cases with negative reactions. Utilizing SPSS Probit analysis, the model equation was determined
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Patients who meet the inclusion criteria
and agree to participate (n=30)

y

[ Mivacurium 10 pg-kg-"-min-1 ]

Positive Negative
reproducible MEP waveform elicitable at /_\ MEP wa_veform fail to be induced at
a stimulus intensity of 100V a stimulus intensity of 100V

[ Increase by 0.5 pg-kg-'-min-! J\_/L Decrease by 0.5 ug-kg-'-min-1 J

[ 7 positive-negative crossovers(n=26) ]

before the first positive result

y

[ Final analysis(n=21) ]

[ Included officially starting from the case ]

Figure | Flowchart of this trial.
Notes: According to the requirements of the modified Dixon up-and-down sequential method, cases before the first crossover (i.e., the first through fifth patients) were
excluded. 2| patients were included in the final statistical analysis.

to be: Probit (p) = 22.008-3.041x. The Pearson’s chi-squared goodness-of-fit test yielded a result of ¥°=0.061, p=0.97,
indicating a satisfactory model fit. In adolescent scoliosis surgery, under TIVA maintenance with BIS 40—60, the estimated
EDS50 of continuously infused mivacurium that does not interfere with MEP waveform induction at a low stimulation
voltage of 100 V was 7.24 pg-kg "min"' (95% CI: 6.87 pg-kg '*min" to 7.54 pg-kg '*min~"), while the ED95 was 6.70
pgkg ''min!' (95% CI: 4.79 pg-kg '*min"' to 6.99 pg-kg '-min""). The dose-response curve is depicted in Figure 3.

Safety and Effectiveness

Incidence of adverse reactions: None of the patients exhibited intraoperative unexpected body movement, asthma, or
spontaneous recovery of breathing. Six patients (28.57%) developed transient chest skin erythema during induction,
however, no significant alterations in MAP or HR were observed. Re-administration of mivacurium during surgery did
not result in skin erythema or hemodynamic changes.

Table | Demographic Data of Patients

Variables Positive (n=10) Negative (n=11) p
Sex, n (%) 0.59
Male 2 (20.00%) 1 (9.09%)
Female 8 (80.00%) 10 (90.91%)
Age (y) 14.40+2.32 15.27+1.90 0.36
Height (cm) 157.50 (150.75, 164.00) 157.00 (155.00, 166.00) 0.89
Weight (kg) 49.3048.17 48.3619.38 0.8l
BMI (kg/m?) 18.63 (18.58, 21.05) 18.99 (18.63, 21.50) 0.29
ASA, n (%) 1.00
1 4 (40.00%) 4 (36.36%)
I 6 (60.00%) 7 (63.64%)

Abbreviations: BMI, body mass index; ASA, American Society of Anesthesiologists.

6 https: Drug Design, Development and Therapy 2026:20



Table 2 Preoperative Basic Conditions of Patients

Variables Positive (n=10) Negative (n=11) p

Cobb angle (°) 55.00 (46.75, 65.75) 46.00 (44.00, 67.00) 0.31
ALT (U/L) 7.50 (6.00, 12.75) 8.00 (7.00, 10.00) 0.97
ALB (g/L) 41.90+4.05 43.26+3.40 0.41
Scr (pmol/L) 49.50+13.95 48.45+10.98 0.85
BUN (mmol/L) 4.64+1.53 4.05+1.20 0.34
K* (mmol/L) 4.16+0.20 4.16£0.29 0.99
Na* (mmol/L) 139.10+1.67 139.73+2.20 0.47
BChE (U/L) 7257.70+1277.27 6518.82+788.17 0.12

Abbreviations: ALT, alanine aminotransferase; ALB, albumin; Scr; serum creatinine; BUN, blood urea

nitrogen; BChE, butyrylcholinesterase.

Table 3 Intraoperative Information

Variables Positive (n=10) Negative (n=11) | p

Surgery time (min) 234.20+63.92 193.824+54.81 0.14
Awakening time (min) | 36.90+13.21 34.18+9.42 0.59
Extubation time (min) | 37.90£14.10 34.64+9.70 0.54

Hemodynamic changes before and after drug administration: There was no statistically significant difference in MAP
before and after the three administrations of mivacurium (T; vs T,, Tz vs T4, Ts vs Tg) (p > 0.05), as illustrated in
Table 4. Similarly, no statistically significant difference was observed in HR (p > 0.05), as shown in Table 5.

@ Positive

< Negative

Dose of mivacurium(ug-kg™'-min™")
10.5

10

6.5

6 T T T T T T T 1

T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Patients’ number

1 1 T T T T 1
123 4561789

Figure 2 Sequential infusion dose diagram of mivacurium for continuous infusion during MEP monitoring in adolescent scoliosis surgery. The black dot represents “positive”,
referring to MEP waveforms induced reproducibly at the current dose. The white square represents “negative”, referring to MEP waveforms disappeared at the current dose.
Notes: A total of 26 patients participated in the study. According to the requirements of the modified Dixon up-and-down sequential method, cases before the first
crossover (i.e., the first through fifth patients) were excluded. Consequently, 2| patients contributed to ED estimation.
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Figure 3 Dose-response curve of continuous infusion of mivacurium for MEP monitoring in adolescent scoliosis surgery according to the Probit analysis.
Notes: ED95 estimated from small sequential samples exhibits relatively low precision and is primarily intended to serve as a reference dose.

Application of vasoactive agents: Seven patients (33.33%) received small doses of ephedrine intraoperatively, with

a dosage of 6 mg. None of the patients received atropine, phenylephrine, or urapidil.

Surgical conditions: There were no statistically significant differences in L-SRS scores at time points Ty, Ty ,, and
Tr4 (p > 0.05). The L-SRS scores at time points Ty 1, T1», and Ty 4 were all higher than the L-SRS score at time point Ty 3

(p < 0.05), as demonstrated in Table 6.

Table 4 Changes in MAP of Patients Before and After the Application of Mivacurium

Mivacurium Application Time T, T, T; T4 Ts Te
MAP (mmHg) 76 (70, 81) | 78 (69, 82) | 79 (72, 85) | 79 (70, 84) | 68 (64, 72) | 66 (63,71)
p 1.00 1.00 1.00

Notes: T,: Immediately intravenous injection of mivacurium during induction; T: 5 minutes after intravenous injection of mivacurium during
induction; T3: Immediately infusion of mivacurium following intubation; T4: 5 minutes after infusion of mivacurium following intubation; Ts:
Immediately infusion of mivacurium following the induction of MEP waveforms; T¢: 5 minutes after infusion of mivacurium following the

induction of MEP waveforms.

Abbreviation: MAP, mean arterial pressure.

Table 5 Changes in HR of Patients Before and After the Application of Mivacurium

Mivacurium Application Time

T

T,

T;

T,

Ts

Te

HR (beats/min)

78.19£14.09

76.43%£12.07

70.19+£8.90

68.86+9.29

77.05%9.59

77.00+10.24

P

1.00

1.00

1.00

Notes: T,: Immediately intravenous injection of mivacurium during induction; T,: 5 minutes after intravenous injection of mivacurium during
induction; T3: Immediately infusion of mivacurium following intubation; T4 5 minutes after infusion of mivacurium following intubation; Ts:
Immediately infusion of mivacurium following the induction of MEP waveforms; T¢: 5 minutes after infusion of mivacurium following the induction

of MEP waveforms.
Abbreviation: HR, heart rate.
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Table 6 L-SRS Scores at Different Times

Time T T2 T Tra

L-SRS score | 5 (4, 5)° 5 (5, 5)° 3(3,3) 5 (5, 5)°

Notes: T ;: Start of incision exposure; T ,: End of incision exposure; T\ 3: Immediately
after infusion of mivacurium following the induction of MEP waveforms; T\ 4: Discontinuing
mivacurium infusion. *: Significantly different from T3 (p < 0.05).

Discussion
The study employed the modified Dixon up-and-down sequential method to determine the infusion dose of mivacurium
that maintains MEP waveform presence in adolescents aged 12—18 years undergoing scoliosis surgery without pre-
operative neurological impairment under TIVA and a stimulation voltage of 100 V. The ED50 was 7.24 pg-kg '-min"'
(95% CI: 6.87 pgkg 'min' to 7.54 pgkg ''min'), and the ED95 was 6.70 pgkg ''min"' (95% CI: 4.79
pg-kg 'min”! to 6.99 pg-kg ''min”"). Additionally, hemodynamic changes, adverse events, and surgical conditions
were evaluated, demonstrating that mivacurium could be effectively administered without serious adverse events.

NMBAs selectively inhibit excitation transmission at the neuromuscular junction, thereby facilitating appropriate
muscle relaxation for surgical procedures. This mechanism reduces the risk of adverse reactions, such as muscle
twitching that may compromise the surgical field, accidental body movement that may damage significant nerves or
blood vessels, excessive use of sedatives or analgesics, and blood loss.'*** Additionally, the stabilization of monitoring
signals is enhanced. The L-SRS scores, as evaluated by the surgeon, indicated improved surgical conditions during the
medication period compared to the off-medication period, underscoring the importance of utilizing NMBAs.
Nonetheless, excessively high doses of NMBAs can lead to the disappearance of MEP waveforms, thereby hindering
the application of this critical monitoring technique for safeguarding neural function during scoliosis surgery. Previous
research has demonstrated that an appropriate dose of NMBAs can concurrently fulfill the requirements for surgical
muscle relaxation and MEP monitoring. This may be attributed to factors such as the distribution of neuromuscular
junctions, the frequency of excitation transmission, the receptor density on the postsynaptic membrane, and the
concentration of NMBASs in various regions.?!*? The relaxation of paravertebral muscles precedes that of limb muscles,
allowing for a balance point within this contradiction. The central challenge lies in determining an appropriate NMBA
dosage, yet there is a paucity of research regarding medication dosages in adolescent scoliosis surgery.

Mivacurium is currently the sole short-acting non-depolarizing NMBAs used in clinical practice. Administered at an
intubation dosage of 0.2-0.25 mg/kg, it induces a neuromuscular blocking effect lasting approximately 19.7 to
21 minutes. Mivacurium is rapidly metabolized by BChE, which prevents accumulation during prolonged infusion and

results in a low incidence of residual neuromuscular blockade postoperatively.”*** Its

favorable controllability enables
the provision of necessary neuromuscular blockade for surgical procedures, while allowing for the rapid restoration of
muscle strength following the cessation of infusion. This characteristic facilitates prompt IONM when required during
surgery. Consequently, mivacurium is particularly suitable for adolescent scoliosis surgeries that necessitate [ONM. In

1’25,26

two studies by Chen et a the sequential method was employed to ascertain that the maximum infusion doses of

mivacurium, which do not interfere with recurrent laryngeal nerve monitoring during thyroid surgery under propofol total

"and 8.94 pg-kg ''min”', respec-

intravenous anesthesia and sevoflurane inhalation anesthesia, are 18.9 pug-kg '*min~
tively. These findings confirm the feasibility of utilizing appropriate doses of mivacurium to concurrently achieve muscle
relaxation and facilitate [ONM. Considering the inhibitory effect of inhaled anesthetic agents on IONM and the fact that
patients with scoliosis are a high-risk group for malignant hyperthermia,?’ this trial measured the infusion dose of
mivacurium for IONM under TIVA in scoliosis surgery.

Based on infusion doses of mivacurium established in previous studies, and considering the infusion dose necessary
to maintain 90-99% twitch depression under TIVA is 5-15 pg-kg '-min~', the initial dose in this trial was set at 10
ng-kg '-min"". To ensure precise drug concentration and infusion rate, adjacent doses were adjusted using an arithmetic
gradient of 0.5 ug-kg '-min"'. Given that the disappearance of MEP waveforms serves as the primary warning indicator,

suprathreshold stimulation can generate waveforms in the absence of nerve injury.”® This study employed a low
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stimulation voltage of 100 V as the standard, and the final measured continuous infusion ED50 of mivacurium, which
simultaneously satisfies surgical muscle relaxation and MEP monitoring requirements, was determined to be 7.24
pg-kg ''min~', with an ED95 of 6.70 pg-kg '-min'. This precise dosing is convenient for clinical application and is
also applicable to MEP monitoring with higher stimulation voltages. Although this finding significantly differs from the
18.9 pg-kg '-min" reported by Chen et al,* Liu et al*’ showed that an infusion dose of 8 pg-kg '*min”" is sufficient to
maintain the depth of muscle relaxation required for laryngeal microsurgery The difference in doses may be related to the
type of neural monitoring and the response of the target monitored nerves to NMBAs.

Determining the ED50 (7.24 pg-kg '-min™") and ED95 (6.70 pg-kg '*min~") for continuous mivacurium infusion
provides important reference for clinical management in TIVA-based IONM-assisted adolescent scoliosis surgery. ED50
can serve as a reference for the initial infusion dose during the anesthesia maintenance phase, using this dose or slightly
lower to balance surgical muscle relaxation and MEP monitoring needs. The range of 6.70-7.24 ug-kg '-min~" serves as
a practical titration window, within which clinicians can adjust the infusion rate based on individual patient responses,
surgical requirements, and MEP waveforms. However, it should be noted that ED95 is derived from small sequential
samples, resulting in relatively low precision. Additionally, the narrow adjustment range indicates that small changes can
affect MEP waveforms, necessitating careful titration. Our preliminary study also determined ED50 and ED95 for
rocuronium, providing a titration window (7.51-8.69 pg-kg '-min"") for clinical application. The determination of doses
for both agents facilitates evidence-based alternative selection when one agent is contraindicated.

Mivacurium is among the NMBAs characterized by relatively low allergenicity. Nonetheless, its potential to induce
histamine release can lead to abnormal dermatological, respiratory, and circulatory manifestations, with the severity of
these symptoms correlating with plasma histamine levels.*® In this trial, dexamethasone was preemptively administered
during induction, and mivacurium was injected slowly over a period exceeding 30 seconds, which effectively mitigated
the incidence and severity of adverse reactions.’'** Consequently, only six patients experienced transient chest skin
erythema during induction. Furthermore, all patients were assessed at three distinct time points: during anesthesia
induction, during the maintenance of muscle relaxation following induction, and at the initiation of muscle relaxation
maintenance with sequentially set doses. No statistically significant differences were observed in MAP and HR
immediately following mivacurium infusion and five minutes thereafter at these intervals, which may be related to
rapid desensitization to histamine release.’® These findings indicate that no serious adverse reactions occurred with the
application of mivacurium.

Mivacurium is predominantly metabolized by BChE, with 95-99% undergoing this process. Various factors, includ-
ing monoamine oxidase inhibitors, impaired hepatic synthetic function, renal failure, and burns, can lead to a slight
reduction in BChE activity, thereby modestly extending the duration of mivacurium’s action.*** Patients possessing
homozygous atypical BChE genes exhibit significantly reduced BChE activity, and demonstrate extremely high sensi-
tivity to mivacurium, with metabolism times potentially exceeding eight hours, which substantially impacts patient
recovery and safety.’®>” In this study, all participants demonstrated BChE activity within the normal range. Individuals
with abnormal BChE activity were excluded from participation. The final results indicated no statistically significant
difference in BChE activity between the groups with positive and negative outcomes. This approach ensured patient
safety during the perioperative period and minimized the influence of atypical patients on the trial results.

This study has certain limitations. Firstly, the infusion dose of mivacurium determined in this trial is specifically
applicable to adolescent patients aged 12—18 years undergoing primary scoliosis surgery under TIVA without preopera-
tive neurological impairment. Variations in factors such as age, preoperative neurological impairment, and inhalation
anesthesia may affect IONM and metabolism of NMBAs,?® necessitating further research to determine the appropriate
infusion dose. Secondly, the warning indicators for MEP monitoring include waveform disappearance, amplitude
reduction, and increased stimulation threshold. This trial used only the presence of MEP waveforms throughout at
a stimulation voltage of 100 V as the indicator to preliminarily explore the critical range of mivacurium applicable to
such surgeries. Further research is needed to determine the NMBAs dose suitable for more detailed MEP monitoring and
evaluation. Finally, this trial employed the sequential method to maximize the utilization of clinical data in a preliminary
investigation of the appropriate mivacurium infusion dose in IONM for scoliosis surgery, thereby providing a practical
dose range. However, the ED95 estimated from small sequential samples exhibits relatively low precision and is
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primarily intended to serve as a reference dose. Currently, there is a lack of comparative analysis between this infusion
dose range and conventional perioperative management approaches. Therefore, future studies should continue to explore
the advantages of this dosing regimen for adolescent scoliosis surgery and its impact on postoperative outcomes.

Conclusion

In conclusion, this study evaluated the feasibility of using mivacurium for IONM during adolescent scoliosis surgery.
Under TIVA, the ED50 and ED95 for continuous infusion of mivacurium to maintain MEP waveform presence at
a stimulation voltage of 100 V in adolescents aged 12 to 18 years undergoing scoliosis surgery without preoperative
neurological impairment were 7.24 pg-kg '*min"' and 6.70 pg-kg '-min', respectively. However, the ED95 estimated
from the small sequential sample exhibited relatively low precision and primarily serves as a reference for clinical
application. Future research will further explore the impact of the mivacurium infusion dose determined in this study on
postoperative outcomes in adolescent scoliosis surgery. Additionally, using this infusion dose as a reference, we aim to
investigate the potential applications of mivacurium in other surgeries requiring IONM, such as conventional spinal or
cranial surgery, with the goal of continuously optimizing perioperative muscle relaxation management.
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