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Background: Establishing the minimum effective volume (MEV90) of liposomal bupivacaine for ultrasound-guided interscalene
brachial plexus block (ISB) is essential to optimize postoperative analgesia and minimize local anesthetic—related side effects in
patients undergoing arthroscopic rotator cuff repair. Determining this optimal volume provides a clinically meaningful reference for
achieving consistent nerve block success while reducing unnecessary drug exposure and the risk of systemic toxicity. Therefore, the
present study aimed to identify the MEV90 of liposomal bupivacaine for ISB in patients undergoing arthroscopic shoulder surgery.
Patients and Methods: This dose-finding study enrolled 51 patients scheduled for arthroscopic rotator cuff repair. Using a biased-
coin up-and-down sequential design, patients received varying volumes of liposomal bupivacaine for ultrasound-guided ISB. The
MEV90 was determined using centered isotonic regression. The occurrence of adverse events was systematically recorded for
72 hours.

Results: The MEV90 of liposomal bupivacaine for ISB was 10.0mL (90% CI, 9.3 to 12.5mL). A moderate positive correlation was
identified between the time to first analgesic request and the volume of liposomal bupivacaine administered (r = 0.6, P < 0.001).
Adverse events within 72 hours following the block included dizziness (7.8%), nausea and vomiting (9.8%), and chest discomfort
(3.9%).

Conclusion: The MEV90 of liposomal bupivacaine for ultrasound-guided interscalene brachial plexus block in patients undergoing
rotator cuff repair surgery was found to be 10.0 mL.
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Introduction

Arthroscopic rotator cuff repair is known to cause substantial postoperative pain, which, if inadequately managed, may
delay early rehabilitation and adversely affect shoulder function recovery.' Currently, multimodal analgesic regimens are
recommended, with ultrasound-guided interscalene brachial plexus block (ISB) being the gold standard for perioperative
analgesia in shoulder surgery due to its high success rate and opioid-sparing effect.” However, conventional local
anesthetics such as bupivacaine often provide limited analgesia duration of approximately 12—18 hours,® necessitating
supplemental analgesics which may increase opioid exposure and related adverse effects.

Liposomal bupivacaine (LB) is a novel long-acting formulation employing multivesicular liposome technology that
allows sustained release of bupivacaine over 72 hours or longer.*> Randomized controlled trials have demonstrated that
LB, when used in brachial plexus block, significantly prolongs analgesia and reduces postoperative opioid consumption
compared to standard bupivacaine.® These pharmacological advantages potentially address the need for extended
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duration analgesia during the peak pain period after rotator cuff repair, while limiting the total dose of local anesthetic
and reducing the risk of local anesthetic systemic toxicity.

Although numerous dose-finding studies of plain local anesthetics for ISB have been published, their MEV estimates
vary considerably due to differences in drug concentration, methodology, endpoints, injection technique, and patient
populations.”® By contrast, well-designed investigations of liposomal bupivacaine in this block are lacking, and its MEV
—particularly MEV90—remains undefined, with current practice relying largely on empirical volumes extrapolated from
conventional bupivacaine.’

Given the variability in existing evidence and the clinical relevance of optimizing LB dosing, we conducted
a prospective, biased-coin up-and-down sequential allocation trial to determine the MEV90 of LB for ultrasound-
guided ISB in patients undergoing arthroscopic rotator cuff repair. This study aims to provide evidence-based guidance
for LB volume selection, with the goal of improving postoperative pain control and reducing opioid use in this patient
population.

Materials and Methods

Participants

This was a prospective, biased-coin up-and-down sequential allocation dose-finding study. The study (2024-KY-0358-
002) was approved by the Scientific Research and Clinical Trial Ethics Committee of the First Affiliated Hospital of
Zhengzhou University in accordance with the Declaration of Helsinki and registered with the Chinese Clinical Trials
Registry (ChiCTR2400085466). After obtaining written informed consent, patients scheduled for unilateral elective
upper limb surgery between June 2024 and September 2024 were prospectively enrolled at the First Affiliated Hospital of
Zhengzhou University, Zhengzhou, China.

Inclusion criteria included: (1) Patients scheduled for arthroscopic rotator cuff repair at the First Affiliated Hospital of
Zhengzhou University; (2) ASA classification I or II; (3) Age 18-65 years, with no gender restrictions; (4) BMI
18-30 kg/m?; (5) Patients receiving nerve block and PCIA after surgery.

Exclusion criteria included: (1) Presence of nerve injury or disorders around the shoulder joint, such as thoracic outlet
syndrome, multiple sclerosis, or cervical intervertebral disc disease with ipsilateral radiculopathy; (2) Abnormal sensory
or motor function in the upper limbs; (3) Active infection at the puncture site or coagulation dysfunction (eg, hemophilia,
von Willebrand disease, or INR > 2); (4) Severe respiratory disease or a history of significant cardiovascular or
cerebrovascular disease; (5) Diabetes or nervous system dysfunction; (6) Inability to understand or cooperate with
VAS raters; (7) History of shoulder surgery; (8) Failed nerve block; (9) History of local anesthetic allergy; (10) Long-
term opioid use (> 3 months or > 1 month with a daily dose of > 5 mg morphine equivalent); (11) Operation time <
1 hour or > 3 hours.

Study Design

The doses were adjusted according to the biased-coin design.'® A successful block was defined as a resting NRS score of < 4,
24 hours after the block, without the need for rescue analgesia. The initial dose of 10 mL (133 mg) was determined following
the manufacturer’s recommendation and literature on low-volume interscalene blocks,” corroborated by our prior institu-
tional experience of its stable analgesic effect.Subsequently, if a patient experienced an inadequate block, the volume was
increased by 1 mL for the next participant. If a patient achieved a successful block, the next participant was randomized to
receive either a reduced volume (with a decrement of 1 mL) with a probability of b = 0.11, or the same volume with
a probability of 1-b = 0.89. A schematic representation of this dose-adjustment algorithm is provided in Figure 1.

Ultrasound-Guided Interscalene Brachial Plexus Block

The interscalene brachial plexus blockade was performed in the anesthesia procedure room approximately 1 to 1.5 hours prior to
the scheduled surgery. The brachial plexus was visualized using a 13-6 MHz linear transducer (SonoSite Edge, SonoSite,
Bothell, Washington, USA) placed over the external jugular vein approximately 3 cm cranial to the clavicle, until the C5 and C6
nerve roots were distinctly visualized. A blunt-tip block needle (22 gauge cannula, 80 mm, Stimuplex D, B.Braun, Melsungen,
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Figure |1 The CONSORT flow diagram.

Germany) was advanced using an “in-plane” approach from posterior to anterior towards the superior portion of the brachial
plexus (C5-C6) at the standard level for the interscalene block, and 10 mL of liposomal bupivacaine was administered. If the
spread was deemed inadequate, the needle tip was repositioned. Patients and personnel conducting the assessments were blinded
to the volume of liposomal bupivacaine.

Block Evaluation

After 30 minutes of the nerve block, an examiner blinded to the volume of injectate assessed the presence of sensory
blockade in the C5 and C6 territory. For the sensory function assessment, the subject’s sensitivity to cold in the deltoid
area was assessed with their eyes closed during screening. The deltoid area was selected for testing the sensory block
because the axillary nerve territory was deemed most relevant to the surgical model employed.'' Sensory function was
recorded as either present or absent. If the cold sensation on the lateral side of the deltoid muscle was absent, the study
proceeded to the next observation step. Otherwise, the subject was classified as withdrawn from the study.

Intraoperative Management
After 10 minutes of evaluation, standard vital sign monitors were applied, and oxygen was administered through
a facemask. General anesthesia was induced using 2-2.5 mg/kg propofol, 0.2-0.3 mg/kg sufentanil, and 0.15 mg/kg
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cisatracurium. The airway was secured via tracheal intubation, and ventilation was maintained with 40% oxygen and
a tidal volume of 6 mL/kg of ideal body weight. General anesthesia was maintained with 1-1.5% sevoflurane and 0.2—
0.3 pg/kg/min remifentanil. After the surgical procedure, patients were transferred to the recovery room.

Outcome Measure
Patients were informed about the numeric rating scale for pain (0 to 10, where 0 indicates no pain and 10 indicates the
worst imaginable pain) at rest and during movement, as well as the use of a 72-hour patient-controlled intravenous (i.v.)
oxycodone infusion (0.5 mg/mL; 3 mg bolus as needed, no background infusion, and a lockout time of 5 minutes). Pain
intensity scores were assessed by a research nurse, blinded to the volume of liposomal bupivacaine injected, at 6, 12, 24,
36, 48, and 72 hours following the liposomal bupivacaine injection. The date, time, and amount of rescue medication
used were recorded over 72 hours.

The research nurse also recorded occurrences of vascular puncture, paraesthesia, hoarseness, local anesthetic systemic
toxicity, Horner’s syndrome, dizziness, nausea and vomiting, and other complications within 72 hours following the

nerve block.

Statistical Analysis

To estimate MEV90, a minimum of 45 successful blocks was required.'* The MEV90 with a 90% confidence interval
(CI) was calculated using centered isotonic regression (CIR) for point and interval dose-response studies. CIR was
chosen for the statistical calculation because it provides a substantial reduction in estimation error compared to isotonic
regression when monotonicity violations occur.'® The CIR was performed using the R Statistical Software Package (R
Foundation for Statistical Computing, Vienna, Austria; ISBN; http://www.Rproject.org). For continuous variables, the

normality of the data was assessed using the Kolmogorov—Smirnov test. Data are presented as mean (SD or 95% CI)
when normally distributed, and as median [IQR] when not normally distributed. Categorical variables are described as
frequency, n (%). Pearson’s correlation coefficient (r) was also calculated to assess the association between the time to

first analgesic request and the administered volume of liposomal bupivacaine.

Results
The study included 51 participants (Figure 1) with a mean age of 56.94 years. Patient characteristics and clinical
parameters are summarized in Table 1. The mean NRS pain score during movement was 5.73, whereas the median NRS

Table | Characteristics of 51 Patients. Values are
Mean (SD) or Number (Proportion)

Variables Total (n = 51)
Age, Mean = SD 56.94 + 9.61
Height, Mean * SD 162.04 + 8.00
Weight, Mean * SD 64.25 + 9.28
BMI, Mean * SD 24.42 + 2.58
NRS during movement, Mean + SD 5.73 + 1.80
NRS at rest, M (Q,, Q3) 2.00 (0.00, 2.50)
Gender, n (%)

Female 33 (64.71)

Male 18 (35.29)
Asa Physical Status, n (%)

| 30 (58.82)

2 21 (41.18)

Abbreviations: ASA, American Society of Anesthesiologists; BMI,
body mass index; SD, standard deviation; M, Median, Q, Ist
Quartile; Qj3, 3st Quartile; NRS, numerical rating scale.
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score at rest was 2. Regarding gender distribution, 64.71% of the participants were female (33 individuals), whereas
35.29% were male (18 individuals).

The biased-coin design up-and-down sequence is illustrated in Figure 2a. Based on our criteria for successful
blockade, six patients experienced block failure, whereas the remaining participants achieved successful blockade. The
observed response rates for each volume of liposomal bupivacaine are shown in Table 2 and Figure 2b. The response
rates adjusted by the pooled adjacent violators algorithm to generate monotonically non-decreasing response rates for the
isotonic regression method are also shown. The MEV90 was found to be 10.0 mL (90% CI, 9.3 to 12.5 mL).

A moderate positive correlation was identified between the time to first analgesic request and the volume of liposomal
bupivacaine administered, with a Pearson correlation coefficient (r) of 0.6 (Figure 2¢). This correlation was statistically
significant (P < 0.001). In this study, seven patients received a 10 mL dose for brachial plexus blockade, with the time to
first rescue analgesia averaging 46.71 £ 3.35 hours.

Within 72 hours following the interscalene brachial plexus blockade, adverse events were recorded, including
dizziness in four patients, nausea and vomiting in five patients, and chest discomfort in two patients. No other significant
adverse events were identified. Block-related complication data are reported in Table 3.
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Figure 2 Volume-Dependent Efficacy of Liposomal Bupivacaine: Block Success Rates, MEV90 Determination, and Analgesia Duration.

Notes: (a) Successful blocks (black solid dots) and failed blocks (red hollow circles) at different volumes of liposomal bupivacaine. (b) The observed response rates and the
adjusted response rates calculated using the pooled adjacent violators algorithm at different volumes of liposomal bupivacaine. The vertical line is the calculated minimum
effective volume of liposomal bupivacaine providing successful block in 90% of patients (MEV90) as estimated by centered isotonic regression (CIR). (c) Relationship between
different doses of liposomal bupivacaine and the time to first rescue analgesia. Successful (black solid dots) and failed blocks (red hollow circles) with different liposomal
bupivacaine volumes.
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Table 2 The Observed and PAVA-Adjusted Response Rates at Different Volumes of Liposomal Bupivacaine

Assigned Successful Blocks Trials Observe Response PAVA Response Lower 90% Upper 90%
Volume mL (n=45) (n=51) Rates Rates Cl mL ClmL

7 11 I5 0.733 0.2156863 6.5 7.3

8 21 23 0.956 0.6470588 7.6 9.3

9 6 6 1.000 0.7647059 7.6 10.9

10 7 7 1.000 0.9019608 9.3 12.5

Abbreviation: PAVA, pooled-adjacent-violators algorithm.

Table 3 Summary of
Treatment-Emergent  Adverse
Events (TEAEs)

Adverse Events No. (%)

Dizziness 4 (7.8%)
Nausea and vomiting | 5 (9.8%)
Chest discomfort 2 (4%)
LAST 0
Paraesthesia
Horner’s syndrome

Hoarseness

© © © o

Vascular puncture

Abbreviation: LAST, local anesthetic
systemic toxicity.

Discussion
This study aimed to determine the MEV90 of liposomal bupivacaine for ISB in patients undergoing shoulder arthroscopy.
We found the MEV90 for producing an effectives ISB using liposomal bupivacaine to be 10.0 mL (90% CI, 9.3 to
12.5mL). Traditionally, dose-finding studies in regional anesthesia have commonly relied on the Dixon and Massey up-
and-down method to determine the 50% effective dose (ED50) or minimum effective volume (MEV50) of local
anesthetics.!! Statistical tools, including maximum likelihood estimation and probit regression, were subsequently
utilized to estimate higher, clinically relevant doses, such as ED90 or MEV90.'* However, these extrapolation methods
have been criticized for their limited precision.'® The BCD method we utilized is relatively new in regional anesthesia,
but several recent studies have employed it to determine the minimum effective volume (MEV90) of local anesthetics
used in ultrasound-guided brachial plexus block techniques.'>™'” In contrast to the Dixon and Massey approach, the BCD
method’s simplified statistical framework enhances both transparency and accuracy, offering a more robust alternative for
estimating the minimum effective volume (MEV90) in regional anesthesia.'® Furthermore, we adopted the CIR statistical
method, a straightforward and theoretically grounded modification of isotonic regression. It offers significant improve-
ments in estimation accuracy, even with small sample sizes, especially in cases of monotonicity violations.'®

The minimum effective volume (MEV) for interscalene brachial plexus block varies widely due to differences in local
anesthetic pharmacology, concentration, and study endpoints. Reported values range from 0.95 mL for 0.5% bupivacaine
with epinephrine to 5 mL for 0.75% ropivacaine and 8.64 mL for 0.5% ropivacaine (MEV90)."* " These discrepancies
reflect enhanced potency at higher concentrations, adjuvant-induced prolongation of effect, and the higher volumes
needed to achieve MEV90 or surgical anesthesia endpoints. Liposomal bupivacaine requires greater initial spread to form
a sustained-release depot,* which likely accounts for its MEV90 aligning with the upper range of conventional agents.
Clinically, a 10 mL dose balances efficacy and safety—offering consistent block success, extended analgesia, and
reduced opioid use while minimizing phrenic nerve involvement™ and systemic toxicity risk”>—supporting its adoption
as a standardized, evidence-based volume in contemporary ultrasound-guided regional anesthesia practice.
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Our definition of a successful block is defined as a resting NRS score of < 4, 24 hours after the block, with no need
for rescue analgesia. The definition of successful blockade is inherently subjective, and the success rate may vary
depending on how researchers define success. Therefore, caution is warranted when applying these research findings to
clinical practice.

24726 suggesting that

A notable observation was the predominance of female patients, aligning with prior studies,
women, particularly those over 50 years old, are more susceptible to rotator cuff tears. This heightened vulnerability may
result from hormonal changes, variations in muscle mass, and anatomical factors such as smaller humeral heads and
narrower acromial spaces, which collectively contribute to tendon damage, especially in the context of repetitive
overhead activities or trauma.?’

Our study further demonstrated that patients with rotator cuff injuries exhibited elevated preoperative NRS pain
scores during movement (5.73 + 1.80). Shoulder pain can lead to and exacerbate upper limb dysfunction, a primary
indication for rotator cuff surgery. Postoperative pain after rotator cuff repair is marked by its prolonged duration.
Effective long-term analgesia is essential for promoting rapid recovery in patients after rotator cuff repair.?®
Consequently, we conducted a correlation analysis to explore the relationship between different doses of bupivacaine
liposomes and the time to the first analgesia requirement. A positive correlation was identified between the administered
doses and the time to the first analgesia requirement (Pearson r = 0.6, p < 0.001). The ability of higher doses of
bupivacaine liposomes to extend the time to first rescue analgesia was not the primary objective of this dose-ranging trial.
Prospective clinical trials utilizing higher doses are necessary to confirm this.

Our study reported a postoperative incidence of dizziness at 3.9% and nausea and vomiting at 7.8%, consistent with
the findings of Manish A. Patel et al,® who reported a dizziness incidence of 2.9% and nausea and vomiting incidence of
5.8% in the 133 mg liposomal bupivacaine interscalene brachial plexus group. Their study also demonstrated that
compared with the placebo group (dizziness 12.7%, nausea and vomiting 9.9%), the incidences of dizziness and nausea
and vomiting were significantly lower, suggesting that liposomal bupivacaine is not the primary cause of these side
effects. Two patients experienced chest discomfort; however, no respiratory distress or oxygen saturation decline was
observed. In patients without underlying pulmonary conditions, this symptom is generally well-tolerated.*® Both patients’
symptoms resolved within 48 hours postoperatively.

Under the conditions of this study, there are several inherent limitations. First, all nerve blocks were performed by
a single experienced anesthesiologist, which ensured consistency and effectiveness but may limit generalizability to
broader clinical practice. Second, we utilized a fixed concentration of liposomal bupivacaine (133 mg/10 mL), varying
only the volume. While this approach is standard in volume-finding studies, it precludes conclusions regarding potential
interactions between volume and concentration. Third, we did not use NRS pain scores during movement as transition
criteria because all patients were required to use joint braces postoperatively, which may influence pain assessments in
motion. Fourth, published literature indicates that the onset time of liposomal bupivacaine is approximately 30 minutes;
in our study, the interscalene brachial plexus block was typically performed one hour prior to surgery, which may limit
the applicability of our MEV90 data in clinical scenarios requiring faster operating room turnover. Finally, as
a single-centre study conducted in a relatively homogeneous elective shoulder surgery population using a standardized
ultrasound-guided interscalene technique, the findings may not be directly generalizable to other settings, patient groups,
techniques, or endpoint definitions. Future multicentre trials involving multiple operators, varying anaesthetic concentra-
tions, and broader patient inclusion criteria are warranted to enhance external validity and refine MEV estimates for LB.

Conclusion
In our study, the MEV90 of liposomal bupivacaine for ultrasound-guided interscalene brachial plexus blockade in
patients undergoing rotator cuff repair surgery was determined to be 10.0mL (90% CI, 9.3 to 12.5mL).

Data Sharing Statement

The data that support the findings of this study are available from the corresponding author upon reasonable request.
Individual de-identified participant data—including baseline characteristics, surgical and anesthetic information, inter-
vention details, postoperative pain scores, opioid consumption, adverse events, and protocol deviations—will be shared.
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The study protocol, statistical analysis plan, informed consent form, data dictionary, case report forms, and analysis code
will also be accessible.

Researchers requesting access to the data are required to submit a methodologically sound proposal and to sign a data
use agreement prior to obtaining the materials. Upon approval, the data will be provided through a secure, password-
protected link.

Data will be available beginning at the time of publication and will remain accessible for five years thereafter.
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