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Background: Postoperative nausea and vomiting (PONV) remains a common and distressing side effect of opioid-based patient-controlled
analgesia (PCA). Although continuous background infusion stabilizes analgesia, it often induces excessive opioid exposure and related
adverse events. This study evaluates a novel smart PCA system featuring feedback-regulated background infusion (FRBI) designed to
dynamically adjust opioid delivery based on real-time pain feedback, aiming to reduce PONV without compromising analgesia.
Methods: In this prospective, randomized, controlled, single-center trial, 132 patients undergoing laparoscopic myomectomy were
assigned in a 1:1 parallel-group design to either constant-rate background infusion (CRBI) at 2 mL/h (Group A) or FRBI with
adjustable rates of 1-4 mL/h (Group B). Both groups received a standardized sufentanil-flurbiprofen solution via PCA. The FRBI
algorithm dynamically adjusted the infusion rate: a 20% increase was triggered by >2 bolus demands within 30 minutes, and a 20%
decrease followed 4 consecutive demand-free hours. The primary outcome was the incidence of PONV (defined as nausea and/or
vomiting) within 48 hours postoperatively. Secondary outcomes included pain scores (NRS), total opioid consumption, occurrence of
other adverse events, and patient satisfaction.

Results: The FRBI group demonstrated a significantly lower incidence of PONV (nausea and/or vomiting) compared to the CRBI
group (41.7% vs 62.7%, risk difference: —21.0% [95% CI: —38.1% to —3.9%]; risk ratio: 0.66 [95% CI: 0.46 to 0.96], P = 0.022). Total
sufentanil consumption was reduced by approximately 30% in the FRBI group (P < 0.01). Pain scores were comparable between
groups at all time points. Patient satisfaction was significantly higher in the FRBI group (P < 0.01). No cases of respiratory depression
were observed in either group.

Conclusion: The feedback-regulated background infusion mode significantly reduces the incidence of PONV and total opioid
consumption while maintaining effective analgesia in patients undergoing laparoscopic myomectomy. This strategy suggests
a favorable safety profile in this specific surgical population and may represent a promising strategy for opioid-sparing analgesia.
Further studies are needed to validate these findings in broader patient populations and to assess economic feasibility.

Keywords: patient-controlled analgesia, feedback-regulated infusion, postoperative nausea and vomiting, opioid reduction, smart
pump, laparoscopic myomectomy

Background

Uterine myoma is one of the most prevalent benign tumors in women of reproductive age, with laparoscopic myomectomy (LM)
being a standard minimally invasive surgical treatment.' Effective postoperative pain management is crucial for recovery,” and
intravenous patient-controlled analgesia (IV-PCA) with opioids—particularly sufentanil—remains a cornerstone for moderate to
severe pain.” However, opioid-based analgesia is frequently associated with dose-dependent adverse effects,* among which
postoperative nausea and vomiting (PONV) represents a major clinical challenge, occurring in 30-80% of high-risk patients and
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leading to prolonged hospitalization, increased costs, and reduced patient satisfaction.”’ The 2020 PONV consensus guidelines
emphasize the importance of multimodal prophylaxis and risk stratification using the Apfel score.®

Conventional IV-PCA often employs a constant-rate background infusion (CRBI) to maintain baseline analgesia.
While effective in pain control, this fixed-rate paradigm lacks responsiveness to dynamic pain states and often results in
unnecessary opioid accumulation, thereby exacerbating side effects such as PONV, dizziness, and respiratory
depression.” Current guidelines, including those from the American Pain Society, advise against routine continuous
background infusion due to its association with increased opioid-related complications. '’

Several studies have explored variable-rate or closed-loop PCA systems to optimize opioid delivery. Early investiga-
tions demonstrated that demand-driven algorithms could reduce total opioid consumption compared to fixed-rate
infusions,'""'? but these systems often required complex external monitoring or were not widely adopted. More recently,
smart infusion pumps with embedded feedback algorithms have emerged, allowing automatic adjustment of background
infusion rates based on real-time patient demand patterns. However, clinical evidence validating their efficacy in reducing
opioid-related adverse events, particularly PONV, remains limited."?

Enhanced Recovery After Surgery (ERAS) guidelines strongly advocate for opioid-sparing analgesic strategies to minimize
opioid-related adverse effects and promote early recovery.'* Within this framework, optimizing PCA delivery through dynamic
feedback systems represents a promising approach to align drug administration with individual patient needs.

To date, few clinical studies have evaluated whether such a demand-responsive PCA system can meaningfully reduce
opioid-induced side effects without compromising analgesia. This study therefore investigates the impact of a smart PCA
pump with FRBI capability, compared to conventional CRBI, on the incidence of PONV and other opioid-related adverse
events in patients undergoing laparoscopic myomectomy. We hypothesize that FRBI mode not only provides equivalent
analgesia but also significantly decreases sufentanil consumption and PONV incidence, supporting a drug-delivery

optimization strategy consistent with ERAS principles.

Materials and Methods
Study Design and Ethical Approval

This prospective, randomized, controlled, single-center trial was conducted in accordance with the Declaration of
Helsinki and was approved by the Ethics Committee of The First Affiliated Hospital of Zhejiang Chinese Medical
University (Approval No: 2024-KLS-661-02). The study was prospectively registered at the Chinese Clinical Trial
Registry (Registration number: ChiCTR2500100820). Written informed consent was obtained from all participants prior
to enrollment.

Participants

Female patients aged 18—70 years, classified as American Society of Anesthesiologists (ASA) physical status I or II, and
scheduled for elective laparoscopic myomectomy were eligible for inclusion. Exclusion criteria were: a history of chronic
obstructive pulmonary disease or significant brain injury; known allergy or contraindication to sufentanil or flurbiprofen;
chronic opioid or sedative abuse; renal or hepatic insufficiency; and an inability to understand or operate the PCA device.
Participants could be withdrawn for analgesic pump failure, a Ramsay sedation score >4, or the occurrence of respiratory

depression.

Randomization and Blinding

Eligible patients were randomly assigned in a 1:1 ratio to one of two IV-PCA groups using a computer-generated
randomization sequence. The allocation was concealed in sequentially numbered, opaque, sealed envelopes. An anesthe-
sia nurse, not involved in patient assessment or data collection, opened the envelopes and programmed the PCA pump
according to the assigned group. The pumps were identical in appearance. Patients, surgeons, postoperative assessors,
and data analysts were blinded to group allocation.
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Study Interventions and Anesthesia Protocol

All patients received standardized general anesthesia. Induction was achieved with intravenous propofol (1.5 mg/kg)
(Fresenius Kabi Austria GmbH), cis-atracurium (0.2 mg/kg), and sufentanil (0.3 pg/kg) (Yichang Humanwell
Pharmaceutical Co., Ltd.) Anesthesia was maintained with sevoflurane titrated to maintain a Bispectral Index (BIS)
between 40 and 60, with supplemental doses of sufentanil and cis-atracurium as needed. At the conclusion of surgery, all
patients received tropisetron 5 mg intravenously for PONV prophylaxis. Upon extubation in the post-anesthesia care unit
(PACU), the PCA pump was connected and initiated.

The PCA solution for both groups consisted of sufentanil (2 pg/kg) and flurbiprofen (3 mg/kg) diluted in 150 mL of
normal saline, administered via a smart infusion pump (Henan Tuoren Medical Device Co., Ltd.).

Group A (Constant-Rate Background Infusion, CRBI): A fixed background infusion of 2 mL/h was set, with
a patient-controlled bolus of 1.5 mL and a lockout interval of 10 minutes.

Group B (Feedback-Regulated Background Infusion, FRBI): The initial background infusion was set at 2 mL/h, with
the same bolus parameters as Group A. The FRBI algorithm dynamically adjusted the background rate (range: 1-4 mL/h)
based on patient demand: it increased by 20% following two or more effective bolus demands within 30 minutes, and
decreased by 20% after four consecutive hours without any demand. The 20% adjustment threshold was chosen based on
preliminary simulation studies, which indicated that this magnitude provided a clinically meaningful change in opioid
delivery while avoiding excessive rate oscillations.

Rescue analgesia (intramuscular ketorolac 30 mg) was available for breakthrough pain (NRS > 4). Rescue antiemetics
(intravenous tropisetron 5 mg) were administered when patients reported intolerable nausea/vomiting or when nausea/
vomiting was documented during standardized assessments (at 2, 6, 12, 24, and 48 hours postoperatively).

Outcome Measures

The primary outcome was the incidence of PONV within 48 hours postoperatively. PONV was defined as the occurrence
of nausea and/or vomiting. PONV was assessed by trained, blinded post-anesthesia care unit (PACU) nurses and ward
nurses using a standardized questionnaire at 2, 6, 12, 24, and 48 hours postoperatively.

Secondary Outcomes Included

Pain Intensity

Assessed using the 11-point Numerical Rating Scale (NRS, 0=no pain, 10=worst imaginable pain) at rest at 2, 6, 12, 24,
and 48 hours after surgery.

Opioid Consumption
Total consumption of sufentanil (ug) over 48 hours.

Other Adverse Events
Incidence of dizziness, headache, and respiratory depression (defined as respiratory rate <8 breaths/min or SpO, <90%
on room air).

Rescue Interventions
Number of patients requiring rescue analgesia or antiemetics.

Patient Satisfaction
Evaluated at 48 hours using a 5-point Likert scale (1=very dissatisfied to 5=very satisfied).

Sedation Level
Assessed using the Ramsay sedation scale at the same time points as NRS.
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Statistical Analysis

Based on preliminary data from our institution estimating PONV incidences of 58% (CRBI) and 33% (FRBI), a sample
size of 66 patients per group was calculated to achieve 80% power with a two-sided alpha of 0.05, allowing for a 10%
dropout rate.

Statistical analyses were performed using SPSS version 17.0. Normality of data distribution was assessed with the
Kolmogorov—Smirnov test. Continuous variables are presented as mean =+ standard deviation (SD) or median (inter-
quartile range) and were compared using independent t-tests or Mann—Whitney U-tests, as appropriate. Categorical
variables are presented as counts (percentages) and were compared using the Chi-square or Fisher’s exact test.
A repeated-measures analysis of variance (RM-ANOVA) was used to analyze changes in NRS scores over time.
Binary logistic regression was performed to identify factors associated with PONV, adjusting for Apfel score and
intraoperative opioid use. As multiple secondary endpoints were tested, these results should be interpreted as exploratory.
A two-tailed P-value of less than 0.05 was considered statistically significant. For the primary outcome, we also
calculated the risk difference and risk ratio with 95% confidence intervals. A modified intention-to-treat (ITT) analysis,
which included all randomized patients, was performed for the primary outcome to reduce potential bias. Results were
consistent with the per-protocol analysis.

Results
Of the 151 patients initially assessed for eligibility, 13 declined participation and six did not meet inclusion criteria. The
remaining 132 patients were randomized into either Group A (CRBI, n=66) or Group B (FRBI, n=66). Prior to induction, four
patients in Group A and three in Group B withdrew consent. Intraoperative conversion to open surgery led to the exclusion of
three patients in each group. Consequently, the final analysis included 119 patients (Group A: n=59; Group B: n=60) (Figure 1).
Demographic and intraoperative characteristics were comparable between the two groups (Table 1). There were no
statistically significant differences in age, weight, ASA physical status, Apfel score, or intraoperative sufentanil consumption
(all P> 0.05). Hospital length of stay was comparable between groups (3.2 + 0.8 days vs 3.3 = 0.9 days, P = 0.52).

Enrollment Assessed for eligibility (n=151)

Excluded (n=19)

+ Not meeting inclusion criteria (n=6)
¢ Declined to participate (n=13)

¢ Other reasons (n=0)

‘ Randomized (n=132) ‘

————— | Allocation | ——————

Allocated to Group A (n=66) Allocated to Group B (n=66)

Constant-rate Background Infusion Feedback-regulated Background Infusion

¢ Received allocated intervention (n=62) + Received allocated intervention (n=63)

¢ Did not receive allocated intervention (n=4) + Did not receive allocated intervention (n=3)
l [ Follow-Up ] l

Lost to follow-up (n=0) Lost to follow-up (n=0)

Discontinued intervention (n=3) Discontinued intervention (n=3)

(Intraoperative conversion to open surgery) (Intraoperative conversion to open surgery)
l L Analysis l

Analysed (n=59) Analysed (n=60)

¢ Excluded from analysis (n=0) ¢ Excluded from analysis (n=0)

Figure | CONSORT flow diagram of patient enrollment, randomization, and follow-up.
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Table | Demographic and Intraoperative Variables

Group A Group B p-value
(n=59) (n=60)

Age (years) 40.73 £7.03 41.75 £ 773 0.453
Weight (kg) 59.40 + 8.76 58.52 + 7.43 0.701
ASA I/l 34/25 32/28 > 0.05
Apfel Score 2/3/4 6/42/11 7/143/10 > 0.05
Non-smoking status 52 (88.1%) 53 (88.3%) 0.972
Prior PONV/motion sickness 8 (13.6%) 9 (15.0%) 0.823
Perioperative neostigmine use 0 (0%) 0 (0%) 1.000
Sufentanil use during anaesthesia (ug) 27.7 £ 476 28.0 £ 453 0.736
Hospital length of stay (days) 32+£08 3.3+£09 0.520

Note: Values are mean + SD or number (%).
Abbreviations: ASA, American Society of Anesthesiologists; PONV, postoperative nausea and
vomiting.

Pain control, as assessed by NRS scores at rest at 2, 6, 12, 24, and 48 hours postoperatively, was equivalent between
groups (all P > 0.05, Table 2). The number of effective PCA demands and the requirement for rescue analgesia
(ketorolac) were also similar. However, total postoperative sufentanil consumption over 48 hours was significantly
lower in the FRBI group (88.53 + 20.05 pg) compared to the CRBI group (122.56 + 18.91 pg), representing an
approximate reduction of 28% (P < 0.001).

The FRBI group demonstrated a significantly lower overall incidence of PONV (nausea and/or vomiting) compared to the
CRBI group (41.7% vs 62.7%, risk difference: —21.0% [95% CI: —38.1% to —3.9%]; risk ratio: 0.66 [95% CI: 0.46 to 0.96],
P =0.022). Subgroup analysis revealed that the incidence of nausea (41.7% vs 62.7%, P = 0.022) and the combined outcome
of nausea and vomiting (33.3% vs 52.5%, P = 0.034) were both markedly reduced in the FRBI group (Table 3). The incidence
of dizziness and headache was significantly lower in the FRBI group (5.0% vs 20.3%, P = 0.012). No episodes of respiratory
depression (defined as respiratory rate <8/min or SpO, <90%) were observed in either group. The use of rescue antiemetics
(tropisetron) showed a downward trend in the FRBI group but did not reach statistical significance (16.7% vs 27.1%,
P = 0.167). Patient satisfaction with postoperative analgesia was significantly higher in the FRBI group, with a median
satisfaction score of 4 (IQR 4-5) versus 4 (IQR 3—4) in the CRBI group (P = 0.002).

In the modified intention-to-treat (ITT) analysis (n=132), the incidence of PONV remained significantly lower in the
FRBI group (41.7% vs 62.7%, P = 0.022).

Multivariable binary logistic regression analysis (Table 4) showed that after adjusting for Apfel score and intrao-
perative opioid use, group allocation (FRBI vs CRBI) was an independent predictor of PONV (adjusted odds ratio: 0.45
[95% CI: 0.22-0.92], P = 0.009).

Table 5 summarizes the FRBI algorithm performance. The mean rate adjustments per patient were 4.2 + 1.8, with
balanced up- and down-titrations. Altogether 28 patients (46.7%) had up-titrations. The maximum protocol rate was

Table 2 Postoperative Pain-Related Profile Up to 48 h After Surgery

Group A | Group B | p-value
(n=59) (n=60)

NRS at 2h 3(2-3) 3 (24 0.321
NRS at 6h 3 (24) 3(2-3) 0.456
NRS at 12h 2 (1-3) 2(2-2) 0.599
NRS at 24h 2 (1-2) 2 (1-2) 0.405
NRS at 48h I (1-2) I (1-2) 0.526
Number of effective PCA demands 4 (3-6) 3 (2-8) 0.933
Number of rescue analgesics 4 (6.8%) 2 (3.3%) 0.439

Note: Values are either the median (IQR) or the number of patients (proportion).
Abbreviation: NRS, Numerical Rating Scale.
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Table 3 Efficacy Outcomes

Outcome Group A Group B Risk Difference Risk Ratio p-value
(n=59) (n=60) (95% CI) (95% CI)

Primary outcome

PONV (nausea and/or vomiting) 37 (62.7%) 25 (41.7%) —21.0% (—38.1% to —3.9%) 0.66 (0.46 to 0.96) 0.022*

Secondary outcomes

Nausea 37 (62.7%) 25 (41.7%) —21.0% (—38.1% to —3.9%) 0.66 (0.46 to 0.96) 0.022*

Nausea and vomiting 31 (52.5%) 20 (33.3%) —19.2% (—35.8% to —2.6%) 0.63 (0.41 to 0.97) 0.034*

Dizziness and headache 12 (20.3%) 3(5%) —15.3% (—26.6% to —4.0%) 0.25 (0.07 to 0.84) 0.012*

Respiratory depression 0 (0%) 0 (0%) 0% (NE) NE >0.999

Total sufentanil dose (ug) 122.56 £18.91 88.53+20.05 - - <0.001*

Number of rescue anti-emesis 16 (27.1%) 10 (16.7%) —10.4% (—24.7% to 3.9%) 0.61 (0.30 to 1.24) 0.167

Patient satisfaction (median, IQR) 4 (34) 4 (4-5) - - 0.002*

Note: Values are number (%), mean + SD, or median (IQR). *P < 0.05.
Abbreviations: Cl, confidence interval; NE, not estimable.

Table 4 Binary Logistic Regression Analysis for Factors Associated with PONV

Variable p Coefficient | SE Adjusted OR | 95% CI P value
Group (FRBI vs CRBI) -0.799 0.312 | 0.45 0.22-0.92 | 0.009
Apfel score 0.452 0.291 | 1.57 0.89-2.77 | 0.121
Intraoperative sufentanil (ug) | 0.031 0.048 | 1.03 0.94-1.13 | 0.512

Notes: Variables were selected based on clinical relevance and univariate analysis (P < 0.10). The model was adjusted for
Apfel score and intraoperative sufentanil consumption. Hosmer-Lemeshow goodness-of-fit test: > = 6.23, P = 0.62.

Abbreviations: OR, odds ratio; SE, standard error; Cl, confidence interval; FRBI, feedback-regulated background
infusion; CRBI, constant-rate background infusion; PONV, postoperative nausea and vomiting.

Table 5 FRBI Algorithm Behavioral Characteristics

Proportion of time at minimum rate (I mL/h)
Proportion of time at maximum rate (3.5 mL/h)
Proportion of time at intermediate rates (2-3 mL/h)
Minimum rate occurrence (I mL/h)

-0-12h

- 1224 h

-24-36 h

-36-48h

Mean cumulative opioid dose reduction vs CRBI
Safety events (algorithm-related)

Patients with respiratory rate <|10/min

Patients with SpO, <92% on room air
Algorithm-related pump alarms

Manual overrides of algorithm

Parameter Value
Total number of patients analyzed 60

Mean number of rate adjustments per patient 42+ 18
- Up-titrations per patient 2.1 = 1.1

- Down-titrations per patient 2110
Patients with at least one up-titration 28 (46.7%)
Maximum background infusion rate in protocol 4 mL/h
Maximum background infusion rate observed 3.5 mL/h

28% (15-42%)
12% (5-23%)
60% (42-75%)

4 (6.7%)
26 (43.3%)
25 (41.7%)
5 (8.3%)
28%

0

o O o o

Note: Values are mean + SD, median (IQR), or number (%).

Abbreviations: FRBI, feedback-regulated background infusion; CRBI, constant-rate

background infusion.
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4 mL/h, and the highest observed rate was 3.5 mL/h. Most time (60%) was spent at intermediate rates. The FRBI group
achieved a 28% mean opioid reduction. No safety events, alarms, manual overrides, or respiratory depression occurred,
confirming the safety of the system.

Discussion

This randomized controlled trial demonstrates that a smart PCA system utilizing a patient-demand-responsive, feedback-
regulated background infusion (FRBI) algorithm significantly reduces the incidence of postoperative nausea and vomit-
ing (PONV) and total opioid consumption in patients undergoing laparoscopic myomectomy, while maintaining analgesia
comparable to a conventional constant-rate infusion (CRBI).

The clinical significance of the observed 32% relative reduction in PONV incidence is underscored by the high
baseline risk in this population, which aggregates female gender, opioid use, and laparoscopic gynecological
surgery.®'>'® Our results align with the pharmacodynamic principle that total opioid exposure is a modifiable driver
of PONV. Current guidelines, including those from the American Pain Society, prudently advise against routine fixed-rate
background infusion due to its propensity to increase opioid-related side effects without consistent analgesic benefit.'*!”
Our study advances this discourse by demonstrating that a dynamic, feedback-informed infusion paradigm can circum-
vent the inherent limitations of static dosing. The FRBI system’s ability to automatically down-titrate the infusion rate
during periods of low analgesic demand (eg., after four consecutive demand-free hours) appears to be a pivotal
mechanism. This prevents the passive accumulation of opioid that typically occurs with CRBI, thereby directly
attenuating opioid-mediated activation of the chemoreceptor trigger zone and vestibular system.'®'

Crucially, this opioid-sparing effect, amounting to an approximate 28% reduction in sufentanil consumption over 48 hours,
was achieved without any compromise in analgesic efficacy. Pain scores remained equivalently low between groups at all time
points, and the need for rescue analgesia was similar. This indicates that the FRBI algorithm successfully implements a form of
“closed-loop” control, responding to increased nociceptive signals (via patient bolus demands) to up-titrate delivery, while
proactively reducing background infusion during periods of adequate analgesia. The significantly higher patient satisfaction in
the FRBI group underscores the tangible clinical benefit of this approach.

From the perspective of drug delivery systems, our study highlights that therapeutic outcomes can be improved by
innovating how existing potent drugs are delivered. The FRBI mode represents a step toward intelligent, adaptive drug
delivery systems for perioperative medicine. It exemplifies a “device-enabled pharmacology” strategy, where embedded
algorithms modulate drug administration based on physiologic feedback.

Our findings must be interpreted considering certain limitations. First, this was a single-center study in a specific
surgical cohort (laparoscopic myomectomy). Our results may not be generalizable to other surgeries with different pain
trajectories (eg., major orthopedic or thoracic procedures) or to male patients. Second, we reported the incidence but not
the severity or time profile of PONV, and we did not have a standardized rescue antiemetic protocol beyond patient-
reported “intolerable nausea/vomiting”; future studies would benefit from using multi-dimensional assessment tools and
standardized rescue protocols. Third, the algorithm parameters (eg., two demands in 30 minutes to trigger an increase,
four demand-free hours to trigger a decrease) were empirically chosen and warrant further investigation to determine
their optimality across different contexts and patient phenotypes. Fourth, ERAS principles were applied but not
standardized, which may have introduced variability. Fifth, no formal cost-effectiveness analysis was performed,
which would be valuable to assess the economic feasibility of adopting this smart pump system.

In conclusion, under the conditions of this study, the implementation of a feedback-regulated background infusion
mode in IV-PCA reduced opioid consumption and PONV while maintaining analgesia after laparoscopic myomectomy.
This strategy suggests a favorable safety profile in this specific surgical population.

Data Sharing Statement
The datasets and materials used during the current study, including the study protocol and statistical analysis plan, are
available from the corresponding author upon reasonable request, starting from publication and for 5 years.
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Ethics Approval and Consent to Participate

The clinical trial was reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Zhejiang
Chinese Medical University (No: 2024-KLS-661-02) and registered at the International Clinical Trials Registry Platform
(Registration number: ChiCTR2500100820). Participants were recruited following the acquisition of written informed

consent. We confirm our study complies with the Declaration of Helsinki.

Funding

Supported by departmental and institutional funds only.

Disclosure
The authors declare that the research was conducted in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
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