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Background: Effective postoperative pain management remains a clinical challenge, with a substantial proportion of patients
experiencing moderate to severe pain after surgery. Intravenous patient-controlled analgesia (PCA) is widely used; however, conven-
tional fixed-rate basal infusion does not account for the dynamic temporal pattern of postoperative pain, potentially leading to
suboptimal analgesia and unnecessary opioid exposure. Time-programmed decremental infusion has been proposed as an alternative
strategy to better align opioid delivery with postoperative pain trajectories, but high-quality evidence in mixed surgical populations is
limited.

Methods and Analysis: This study is a prospective, multicenter, randomized, double-blind controlled trial conducted across three tertiary
hospitals. A total of 1444 adult patients undergoing elective thoracic, abdominal, spinal, and orthopaedic procedures performed using either
minimally invasive or open approaches will be randomized in a 1:1 ratio to receive either time-programmed decremental infusion or fixed-
rate basal infusion PCA. All patients will receive a standardized PCA solution containing sufentanil 200 pg and ondansetron 32 mg diluted
to 200 mL. The control group will receive a constant background infusion of 2 mL/h, whereas the intervention group will receive
a predefined decremental infusion schedule (4.0, 3.0, 2.0, and 1.0 mL/h across successive postoperative time intervals). The primary
outcome is cumulative opioid consumption at 48 hours postoperatively. Secondary outcomes include pain intensity, cumulative PCA
volume, bolus demand frequency, rescue analgesic use, quality of recovery, sleep quality, sedation level, incidence of nausea and vomiting,
and patient satisfaction. Analyses will be performed on the intention-to-treat and per-protocol populations.

Ethics and Dissemination: The study protocol has been approved by the institutional review boards of all participating centers. The
trial will be conducted in accordance with the Declaration of Helsinki, and written informed consent will be obtained from all
participants. The findings will be disseminated through peer-reviewed journals and academic conferences.

Trial Registration: Clinical Trials.gov identifier: NCT07375121. Registered on January, 2026. (https:/clinicaltrials.gov/study/
NCT07375121?2term=NCT07375121&viewType=Card&rank=1).
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Introduction

Effective postoperative pain management remains a fundamental component of perioperative care, yet a substantial proportion
of patients continue to experience moderate to severe pain following surgery, with reported incidences as high as 70%-75%.
Inadequately controlled pain is associated with delayed mobilization, impaired respiratory function, increased risk of
cardiovascular and pulmonary complications, and prolonged hospitalization. Furthermore, poorly managed acute postopera-
tive pain may contribute to the development of chronic postsurgical pain, thereby increasing long-term healthcare burden.'
Therefore, optimizing analgesic strategies is essential to improve both short-term recovery and long-term outcomes.

Intravenous patient-controlled analgesia (PCA) has become a cornerstone in postoperative pain management, allow-
ing patients to self-administer opioids according to their individual needs. Compared with conventional clinician-
administered analgesia, PCA provides superior patient autonomy and often improves analgesic satisfaction. With
advances in device technology, PCA systems have evolved from elastomeric pumps to programmable electronic
pumps and, more recently, to network-integrated intelligent infusion systems capable of precise drug delivery and real-
time data recording.” Despite these technological developments, the optimization of infusion modes, particularly the
background infusion strategy, remains an area of ongoing investigation.

While morphine is traditionally considered the standard opioid for intravenous PCA, its clinical application is frequently
hindered by active metabolites (eg, morphine-6-glucuronide) that can accumulate and provoke delayed respiratory depression
and postoperative nausea and vomiting® In recent years, sufentanil has become the predominant opioid for intravenous PCA in
Chinese clinical practice due to its widespread clinical use and favorable pharmacological profile* As a highly lipophilic
synthetic piperidine derivative, sufentanil exhibits a profound affinity for p-opioid receptors, providing enhanced analgesic
potency. Crucially, unlike morphine, sufentanil produces no active metabolites, with a lower risk of respiratory depression than
morphine.? Its rapid onset effectively blunts breakthrough pain during PCA demand boluses, while its higher therapeutic index
and lower frequency of respiratory suppression offer an optimized safety profile for postoperative use.>

Nevertheless, maximizing the safety and efficacy of sufentanil-based intravenous PCA also requires an optimal
delivery mode. In clinical practice, PCA regimens commonly combine demand boluses with a continuous basal infusion
to maintain stable analgesia throughout the postoperative period. Compared with demand-only PCA, basal infusion may
help reduce fluctuations in analgesic effect and provide more consistent pain control during sleep or periods of limited
patient activation, particularly in the early postoperative phase. However, the conventional fixed-rate basal infusion mode
also has notable limitations. Postoperative pain typically follows a dynamic trajectory, characterized by higher intensity
in the immediate postoperative period followed by a gradual decline over time.”* A constant infusion rate fails to
accommodate this temporal variability, potentially leading to insufficient analgesia in the early phase and unnecessary
opioid exposure during later recovery. This mismatch may increase the risk of opioid-related adverse effects, including
respiratory depression, sedation, nausea, and vomiting, and may hinder enhanced recovery pathways.’

To address these limitations, alternative PCA infusion strategies have been explored. One approach involves feedback-
regulated infusion systems, in which the background rate is adjusted according to patient demand. Previous randomized
controlled trials have demonstrated that such variable-rate feedback infusion modes can reduce opioid consumption and bolus
requirements compared with fixed-rate infusion, without compromising analgesic efficacy.'®"'? However, these systems rely on
real-time patient interaction and may be influenced by patient behavior, cognitive status, or delayed activation, particularly during
sleep or early recovery.

Another strategy is the use of time-programmed decremental infusion, in which the background infusion rate is reduced
according to a predefined schedule to reflect the predictable temporal pattern of postoperative nociception. This approach aims
to provide higher opioid delivery during the early postoperative period while minimizing exposure during later stages.
Compared with feedback-regulated PCA strategies, time-programmed decremental infusion enables automatic adjustment of
opioid delivery without requiring additional patient interaction or manual intervention, which may be advantageous during
nighttime recovery and early postoperative care. A prospective randomized double-blind study in patients undergoing
laparoscopic radical surgery for cervical cancer found that time-scheduled decremental infusion of oxycodone reduced
cumulative opioid consumption while maintaining analgesia comparable to that of continuous infusion, without increasing

sedation, nausea and vomiting, or lowering patient satisfaction.'® In addition, a randomized study of postoperative fentanyl
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PCA in patients undergoing laparoscopic-assisted hysterectomy under total intravenous anesthesia reported that decremental
background infusion regimens were associated with lower pain scores, fewer episodes of inadequate analgesia, and fewer PCA
interventions than fixed-rate infusion, particularly during the early postoperative period, without increasing ventilatory
depression or postoperative nausea and vomiting.'* Collectively, these findings suggest that aligning opioid delivery with
the temporal evolution of postoperative pain may improve analgesic efficiency while maintaining an acceptable safety profile.
Despite these encouraging findings, existing evidence remains limited in several aspects. Most studies have been
conducted in single-center settings with relatively small sample sizes and focused on specific surgical populations, thereby
limiting external validity and generalizability. In addition, previous decremental infusion studies mainly evaluated opioids
such as oxycodone or fentanyl, whereas evidence specifically regarding sufentanil-based intravenous PCA remains limited.
Therefore, we propose a prospective, multicenter, randomized, double-blind controlled trial to compare time-programmed
decremental infusion with conventional fixed-rate basal infusion in patients undergoing mixed surgery. We hypothesize that
the time-programmed decremental infusion mode will reduce cumulative opioid consumption without compromising
analgesic efficacy, thereby offering a practical and effective strategy for optimizing postoperative pain management.

Materials and Methods
Study Design and Setting

This study is a prospective, multicenter, randomized, double-blind, controlled trial that will be conducted at Beijing Tiantan
Hospital, China Rehabilitation Research Center, and the Second Affiliated Hospital of Hainan Medical University. The trial is
designed to compare the efficacy and opioid-sparing effects of a time-programmed decremental infusion mode with
a conventional fixed-rate basal infusion mode in patients receiving intravenous PCA following mixed surgery.

The study protocol has been approved by the Institutional Review Board of Beijing Tiantan Hospital (K'Y2025-387-02)
and other participating centers. The trial will be conducted in accordance with the Declaration of Helsinki and Good
Clinical Practice guidelines. Written informed consent will be obtained from all participants prior to enrollment. The trial
was prospectively registered at ClinicalTrials.gov (NCT07375121) in January 2026 prior to patient enrollment. All trial
procedures are summarized in Table 1, and the flowchart is briefly illustrated in Figure 1.

Participants
Inclusion Criteria
1. Age 1865 years;
2. American Society of Anesthesiologists (ASA) physical status I-I1I;
3. Scheduled for elective mixed surgery under general anesthesia, including thoracic, abdominal, spinal, and
orthopaedic procedures performed using either minimally invasive or open approaches;
4. Ability to understand and operate the PCA device;
5. Provision of written informed consent.

Table I The Schedule of Enroliment, Interventions, and Assessments

—1 Day | 0 Day | | Hour | 6 Hours | 12 Hours | 24 Hours | 48 Hours

Enrollment

Eligibility screening v
Informed consent v
Allocation v

Intervention

Fixed-rate basal infusion group v

Time-programmed decremental infusion group v

(Continued)
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Table | (Continued).

—1 Day | 0 Day | | Hour | 6 Hours | 12 Hours | 24 Hours | 48 Hours

Assessment

Baseline data v

Cumulative opioid consumption* v
Pain intensity at rest and movement v v v v v
Cumulative PCA volume consumption v v v v v
Number and dosage of rescue analgesics v v v v v
Bolus demand frequency v v v v v
Postoperative quality of recovery v v
Sleep quality v v
Sedation level v v v v v
Postoperative nausea and vomiting v v v v v
Patient’s satisfaction with analgesia v

Notes: v indicates the scheduled performance of the procedure or assessment at the corresponding visit; blank cells indicate that the procedure or

assessment is not scheduled. *Primary outcome.
Abbreviation: PCA, patient-controlled analgesia.

Exclusion Criteria

Nk W=

Pregnancy or lactation.

Pre-existing chronic pain requiring long-term opioid therapy;

Psychiatric or cognitive disorders interfering with PCA use;

Known allergy or contraindication to opioids or study medications;

Severe hepatic, renal, cardiovascular, or cerebrovascular dysfunction;

=
7] o
£ Assessed for eligibility (n=?) Excluded:  n="
E’ Drug allergy or contraindication (n = ?)
;f] Chronic opioid use (n=7?)
Severe organ dysfunction (n = ?)
g Cognitive/psychiatric impairment (n = ?)
g Randomized (n:1444) Pregnancy or lactation (n = ?)
Q
o
<
; | |
‘:;) Fixed-rate basal infusion Time-programmed decremental
% mode group (n=722) infusion mode group (n=722)
£
Assessment time: 1, 6, 12, 24, and 48h after surgery
= Outcome
= . . . . .
g * Primary outcome: the cumulative opioid consumption at 48 hours postoperatively.
5 * Secondary outcomes: pain intensity at rest and movement, cumulative PCA volume consumption,
2 number and dosage of rescue analgesics, bolus demand frequency, postoperative quality of
< recovery, sleep quality, sedation level, incidence and severity of postoperative nausea and
vomiting, patient satisfaction with analgesia

Analysis

Figure | Flowchart of enrollment, allocation, intervention, and assessment.
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Randomization and Blinding
Eligible participants will be randomly assigned in a 1:1 ratio to either the time-programmed decremental infusion group,
or the fixed-rate basal infusion group. Randomization will be stratified by study center and type of surgery (including
thoracic, abdominal, spinal, and orthopaedic procedures), and surgical approach (minimally invasive or open approaches)
using a computer-generated block randomization sequence (block size = 4 or 6) generated via SAS software.
Allocation concealment will be ensured using sequentially numbered, opaque, sealed envelopes. Participants, out-
come assessors, clinicians responsible for postoperative evaluation, and statisticians will remain blinded to group
allocation. PCA devices will be pre-programmed by an independent investigator not involved in outcome assessment.

Standard Anesthesia Protocol

In the preanesthetic area, all enrolled patients will receive standardized instructions on pain assessment using the
numerical rating scale (NRS), where 0 indicates no pain, and 10 indicates the worst imaginable pain, as well as the
use of the PCA device (Intelligent Network Pump, TUOREN Medical, Henan, China). All patients will undergo
a standardized general anesthesia protocol. No preoperative sedatives will be administered before transfer to the
operating room. Upon arrival in the operating room, standard monitoring will be applied, including blood pressure,
pulse oximetry, electrocardiography, bispectral index, end-tidal carbon dioxide, minimum alveolar concentration of the
inhaled anesthetic, and urine output.

Anesthesia will be induced with sufentanil (0.3-0.4 pg/kg), propofol (1.5-2.5 mg/kg) or ciprofol (0.3—0.4 mg/kg), and
mivacurium (0.15-0.25 mg/kg) or cisatracurium (0.1-0.15 mg/kg), followed by endotracheal intubation or double-lumen
endobronchial intubation for thoracic procedures. Mechanical ventilation will be maintained with a tidal volume of 68 mL/
kg, a respiratory rate of 12—15 breaths/min, an inspiratory-to-expiratory ratio of 1:2, and an inspired oxygen fraction of 40—
60% at a flow rate of 1-2 L/min, with end-tidal carbon dioxide maintained between 35 and 45 mmHg. Anesthesia will be
maintained with remifentanil (0.05-0.2 pg/kg/min) in combination with sevoflurane or desflurane at 0.7—1.2 minimum
alveolar concentration to maintain a bispectral index of 40-50 and hemodynamic variables within £20% of baseline.
Supplemental sufentanil (0.1-0.2 ug/kg) will be administered in response to noxious stimulation. Intraoperative analgesia
will be titrated based on patient responses and surgical stimuli. Triggers include autonomic signs (eg, lacrimation,
sweating), hemodynamic shifts (heart rate or mean arterial pressure >20% above baseline), and intense nociceptive events
(eg, skin incision, deep tissue dissection, and wound closure) The remifentanil infusion rate will be titrated within
predefined ranges according to intraoperative nociceptive intensity. Supplemental sufentanil will be administered if
nociceptive responses persist despite optimal remifentanil titration, or when otherwise clinically indicated.'?
Intraoperative fluid therapy will consist of crystalloid infusion at 5-10 mL/kg/h. All patients will additionally receive
intravenous flurbiprofen axetil 50 mg every 12 hours postoperatively as part of standardized multimodal analgesia unless
contraindicated. Regional anesthesia and local anesthetic infiltration will not be used. All drug doses and fluid volumes will
be calculated on the basis of ideal body weight.

Intervention

All patients will receive a standardized intravenous PCA solution containing 200 pg of sufentanil and 32 mg of
ondansetron, diluted with normal saline to a total volume of 200 mL. Similar PCA regimens have been reported in
previous postoperative analgesia studies,”'> and prior in vitro studies have demonstrated the physicochemical stability of
sufentanil and ondansetron mixtures in PCA delivery systems.'®'” The PCA device used will be a network-integrated
intelligent infusion pump capable of automated data recording.

In the fixed-rate basal infusion group, which served as the control group, the PCA device will be programmed to
deliver a bolus dose of 2 mL with a lockout interval of 15 minutes and a constant background infusion rate of 2 mL/h
throughout the postoperative period. This setting was based on prior sufentanil-based PCA studies.>'® In the time-
programmed decremental infusion group, which served as the intervention group, the bolus dose and lockout interval will
remain the same, whereas the background infusion rate will be reduced according to a predefined postoperative schedule
intended to reflect the general temporal decline in postoperative pain intensity and opioid requirements.® Specifically, the
background infusion rate will be set at 4.0 mL/h during the first 6 postoperative hours, reduced to 3 mL/h from 6 to
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12 hours, decreased to 2.0 mL/h from 12 to 24 hours, and further reduced to 1.0 mL/h from 24 to 48 hours after surgery.
Because there is currently no established time-programmed decremental infusion formula specifically for sufentanil in
postoperative PCA, the dosing schedule in the present study was developed with reference to previously published
decremental infusion regimens of other opioids, including fentanyl, oxycodone, and alfentanil, as well as their relative
potency relationships.'>'*1?

At the end of surgery, patients will be transferred to the post-anesthesia care unit, where PCA instructions will be
reinforced. Postoperative pain intensity will be assessed using the NRS. When postoperative pain remains inadequately
controlled despite PCA use, particularly when the NRS pain score exceeds 4 during the lockout interval, rescue analgesia
may be administered at the discretion of the attending physician using an oral combination tablet containing oxycodone
hydrochloride 5 mg and acetaminophen 325 mg. Rescue analgesics may be administered at intervals of no less than

6 hours, with a maximum daily dose of four tablets.

Data Management and Quality Control

Study data will be collected by trained investigators using protocol-specific standardized case report forms. To ensure
data integrity and accuracy, all study information will be entered into a centralized electronic data management system
(EpiData Manager, version 4.6.0.6; EpiData Association, Denmark). Independent double data entry will be performed for
data verification, and any discrepancies between the two datasets will be checked against the original source documents
and resolved accordingly.

An independent Data and Safety Monitoring Committee will be established to oversee trial conduct and safety. The
committee will meet twice yearly to review cumulative safety data, trial progress, and overall protocol adherence. Based
on these evaluations, the committee will provide formal recommendations to the Steering Committee regarding trial
continuation, protocol modification, or early termination, if necessary.

Patient and Public Involvement
Patients and members of the public were not involved in formulating the research question, designing the study protocol,
or selecting the outcome measures. Participants will be recruited through physician referral at the participating multi-
center sites.

After study completion, the findings will be disseminated through presentations at scientific conferences and
publication in peer-reviewed journals. In addition, a plain-language summary of the study results will be made available
to participants upon request after completion of the final data analysis.

Outcomes
Primary Outcome
The primary outcome is the cumulative opioid consumption at 48 hours postoperatively.

Secondary outcomes
Secondary outcomes are assessed at 1, 6, 12, 24, and 48 hours postoperatively.

1. Pain intensity at rest and movement will be assessed using the NRS. Movement-evoked pain will be evaluated
during activities including coughing, deep breathing, limb movement, sitting up, or turning in bed.?

Cumulative PCA volume consumption.

Number and dosage of rescue analgesics.

Bolus demand frequency.

noh W

Postoperative quality of recovery will be assessed using the validated Chinese version of the 15-item Quality of
Recovery questionnaire, a validated patient-reported outcome measure that evaluates recovery across multiple
dimensions, including physical comfort, emotional state, physical independence, psychological support, and pain.
Higher scores indicate better postoperative recovery.”!
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6. Sleep quality will be assessed using the Medical Outcomes Study Sleep Scale, which evaluates several domains of
sleep, including sleep disturbance, sleep adequacy, somnolence, and overall sleep problems. This instrument will
be used to assess postoperative sleep quality during the study period.*?

7. Sedation level will be evaluated using the Richmond Agitation-Sedation Scale.> This scale ranges from +4,
indicating combative behavior, to —5, indicating an unarousable state, with 0 representing an alert and calm patient.
It will be used to monitor the level of postoperative sedation and agitation.

8. Incidence and severity of postoperative nausea and vomiting (PONV) will be defined as the occurrence of any
nausea, retching, or vomiting within 48 hours after surgery. PONV severity will be assessed using an 11-point NRS
ranging from 0 to 10, with higher scores indicating greater intensity. Clinically important PONV will be defined as
any vomiting episode or nausea rated >4 on the NRS.**

9. Patient satisfaction with analgesia.

Data Collection and Management

All data will be collected prospectively by a research assistant who is blinded to group allocation. After written informed
consent is obtained, baseline data will be collected 1 day before surgery, including sex, age, height, weight, medical
history, medication history, ASA physical status, and education level. Perioperative variables will include surgical type,
surgical approach, surgical incision size, type of intubation, duration of anesthesia and surgery, intraoperative fluid
administration, blood loss, urine output, and total intraoperative doses of sufentanil and remifentanil.

Secondary outcomes will be assessed at 1, 6, 12, 24, and 48 hours after surgery. PCA-related data, including cumulative
opioid consumption, cumulative PCA volume, postoperative pain scores, bolus demand counts, and background infusion
rates, will be directly downloaded from the device through its built-in mobile network system. The number of patients
requiring additional rescue analgesia will be recorded at 1, 6, 24, and 48 hours after surgery. Postoperative quality of recovery,
sleep quality, functional activity, and overall satisfaction with PCA will also be assessed. Safety outcomes will include the
incidence and severity of opioid-related adverse events, particularly sedation, nausea, and vomiting.

Sample Size Calculation

The sample size was estimated based on the primary outcome of cumulative sufentanil consumption at 48 hours after surgery
using PASS 11.0 software (NCSS, LLC, USA). Because no established reference values are available for sufentanil
consumption using time-programmed decremental infusion, the estimation was informed by previously published studies
of opioid consumption in intravenous PCA. In a randomized study investigating optimized background infusion strategies
reported cumulative sufentanil consumption of 169.1 £ 35.9 ug and 181.8 = 34.8 pg at 48 hours.'® Considering the variability
in surgical procedures and analgesic requirements, and to provide a conservative and clinically realistic estimate for a mixed
surgical population, the expected cumulative sufentanil consumption in the present study was assumed to be 151.0 = 50.0 pg in
the fixed-rate basal infusion group and 142.0 £+ 50.0 pg in the time-programmed decremental infusion group. Based on these
assumptions, a total of 649 patients per group would be required to achieve 90% power at a two-sided significance level of
0.05. Allowing for a 10% dropout rate, the final sample size was set at 722 patients per group, resulting in a total of 1444
patients to be enrolled in the study. A 9 pg reduction in cumulative sufentanil consumption approximately corresponds to
a 9 mg reduction in morphine consumption based on commonly accepted opioid conversion ratios, which is within the range
of clinically meaningful postoperative opioid reduction reported in previous anchor-based studies.”> However, because no
universally accepted minimal clinically important difference has been established for postoperative opioid consumption, the
clinical relevance of opioid reduction in the present study will be interpreted together with analgesic efficacy, rescue analgesic
requirements, and opioid-related adverse events.

Statistical Analysis

All statistical analyses will be performed using IBM SPSS Statistics version 27.0 (IBM Corp., Armonk, NY, USA).
Statistical analysis will be conducted primarily according to the intention-to-treat principle, including all randomized
patients. A per-protocol analysis may also be performed as a sensitivity analysis to assess the robustness of the primary
findings.
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Continuous variables will first be assessed for normality using the Shapiro—Wilk test. Normally distributed continuous
variables will be presented as mean + standard deviation and compared using Student’s t-test, whereas non-normally
distributed variables will be expressed as median and interquartile range and compared using the Mann—Whitney U-test.
Categorical variables will be summarized as frequencies and percentages and analyzed using the chi-square test or
Fisher’s exact test, as appropriate.

The primary outcome, cumulative opioid consumption at 48 hours after surgery, will be analyzed using an adjusted
linear regression model with treatment group as the primary independent variable. Predefined covariates will include
study center, surgical type, surgical approach, age, gender, ASA physical status. Treatment effect will be presented as
adjusted mean difference with corresponding 95% confidence intervals. Unadjusted between-group comparisons using
Student’s ¢-test or the Mann—Whitney U-test will additionally be performed as sensitivity analyses where appropriate.
Subgroup analyses will be performed according to age, sex, ASA physical status, study center, surgery duration, type of
surgery, and surgical approach to explore the consistency of the treatment effect across clinically relevant subgroups.
These subgroup analyses will be considered exploratory. Missing data for the primary outcome will initially be assessed
using complete-case analysis. If the extent of missing data is substantial, sensitivity analyses using multiple imputation
under the missing-at-random assumption will be performed. The imputation model will include treatment group, baseline
characteristics, and available postoperative outcome measurements. Worst-case scenario analyses may additionally be
conducted as robustness analyses.

Repeated continuous secondary outcomes, including pain scores, cumulative PCA volume, and other postoperative
measures, will be analyzed using linear mixed-effects models including treatment group, time, and treatment-by-time
interaction as fixed effects, with participant-level random effects where appropriate.

All tests will be two-sided, and a P value < 0.05 will be considered statistically significant.

Discussion

This multicenter randomized controlled trial is designed to determine whether a time-programmed decremental infusion mode
can reduce cumulative opioid consumption while maintaining adequate analgesia compared with a conventional fixed-rate
basal infusion mode in patients undergoing mixed surgery. Because postoperative pain management requires a balance
between effective analgesia and opioid minimization, optimizing PCA infusion strategies remains clinically important.

A major strength of this study is its multicenter design and inclusion of a mixed surgical population. Previous studies
of decremental infusion have largely been conducted in single-center settings and within relatively specific surgical
populations, such as gynecologic or laparoscopic procedures.'*'* Although those studies have provided important
preliminary evidence, their generalizability is limited. By enrolling patients undergoing mixed surgery across multiple
centers, the present trial may provide more externally valid evidence for the effectiveness of time-programmed decre-
mental infusion in routine clinical practice.

Several limitations should be considered. Although stratified randomization will be used according to surgical type,
the inclusion of a mixed surgical population may still introduce heterogeneity in postoperative pain intensity and
analgesic requirements, which should be considered when interpreting the study findings. In addition, although cumu-
lative opioid consumption is an objective and clinically meaningful primary endpoint, subjective outcomes such as pain
scores and patient satisfaction may be influenced by individual factors. Finally, the decremental infusion schedule in this
study is based on general postoperative pain patterns rather than individual analgesic demand, and future studies may be
needed to evaluate more personalized infusion strategies.

In summary, this trial will provide evidence on the efficacy of time-programmed decremental infusion for intravenous PCA
after mixed surgery. By aligning opioid delivery with the temporal course of postoperative pain, this approach may reduce
cumulative opioid consumption without compromising analgesic efficacy and may help refine postoperative PCA strategies.

Abbreviations
PCA, patient-controlled analgesia; ASA, American Society of Anesthesiologists; NRS, numerical rating scale; PONV,
postoperative nausea and vomiting.
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