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Purpose: Effective postoperative analgesia is essential for maternal recovery following cesarean delivery. Hydromorphone and
nalbuphine are commonly used opioids with differing pharmacologic properties, but direct comparisons in postcesarean patient-
controlled analgesia (PCA) are limited. This study aimed to compare the analgesic efficacy and safety of hydromorphone versus
nalbuphine and to develop a predictive model for inadequate analgesia.

Patients and Methods: In this prospective, randomized, double-blind clinical trial conducted from December 2024 to March 2025,
212 women undergoing elective cesarean section under spinal anesthesia were randomized (1:1) to receive hydromorphone (0.1 mg/
mL) or nalbuphine (1 mg/mL) via standardized intravenous PCA. The primary outcome was the incidence of inadequate analgesia
within 24 hours, defined as a numerical rating scale (NRS) score > 4 at rest or during movement. Secondary outcomes included
adverse events, PCA consumption, and recovery indicators. Multivariable logistic regression was used to identify predictors of
inadequate analgesia, and a nomogram was constructed and internally validated.

Results: Nalbuphine was associated with a significantly lower incidence of inadequate analgesia than hydromorphone (14.2% vs
26.4%; P = 0.026), as well as reduced nausea and vomiting (18.9% vs 32.1%; P = 0.001) and pruritus (0% vs 5.7%; P = 0.029).
Independent predictors of inadequate analgesia included PCA regimen (OR, 0.30; P = 0.026), gestational diabetes mellitus (OR, 4.40;
P =10.007), blood type AB (OR, 3.80; P = 0.043), and preoperative anxiety (OR, 0.20; P = 0.044). The predictive model showed good
discrimination (AUC = 0.754).

Conclusion: Nalbuphine demonstrated superior analgesia and fewer adverse effects compared with hydromorphone for postcesarean
PCA. The developed predictive model may support individualized pain management by identifying patients at risk for inadequate
analgesia.
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Introduction
Cesarean section (CS) is one of the most commonly performed surgical procedures worldwide, with its prevalence
particularly prominent in China. A global survey conducted by the World Health Organization (WHO) during 2007-2008
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reported a peak CS rate of 46.2%, placing China among the highest globally.! While CS plays a vital role in managing
dystocia, reducing perinatal mortality, and ensuring maternal safety.” It is also associated with surgical trauma and intense
postoperative pain, which can significantly hinder maternal recovery and adversely affect psychological well-being.* Our
own previous study found that the overall rate of inadequate analgesia after cesarean delivery was 24.25%.* These
findings underscore the urgent need to optimize postoperative analgesic strategies and identify patients at high risk for
insufficient pain control.

To optimize postcesarean recovery and reduce opioid-related side effects, clinical guidelines recommend
a multimodal analgesia strategy comprising neuraxial opioids, scheduled non-opioid agents such as NSAIDs and
acetaminophen, and peripheral nerve blocks when indicated. Among these components, intravenous patient-controlled
analgesia (PCA) remains a key modality,” it offers stable plasma drug levels, flexible dose titration, and greater maternal
autonomy, thereby facilitating individualized pain control and enhancing early postoperative recovery.®

While traditional opioids such as morphine and sufentanil are effective, their use in PCA is often limited by dose
accumulation and an increased risk of adverse events such as respiratory depression, nausea, and vomiting.’
Consequently, there has been growing interest in alternative opioids such as nalbuphine and hydromorphone, due to
their distinct pharmacological properties and potential safety advantages in postcesarean analgesia.

Nalbuphine, a k-opioid receptor agonist and p-opioid receptor antagonist, has demonstrated promising efficacy across
both intravenous and neuraxial modalities. Compared with sufentanil, multiple randomized and retrospective studies have
reported that nalbuphine provides comparable or superior analgesia, particularly in relieving resting pain, uterine
contraction pain, and movement-related pain, while significantly reducing the incidence of nausea, vomiting, and
pruritus, and enhancing maternal satisfaction.*'" One randomized controlled trial showed that intravenous PCA with
nalbuphine yielded superior pain relief over sufentanil without increasing total opioid consumption or adverse events.®
A large cohort study of multiparas similarly found better visceral pain control and fewer side effects with nalbuphine.” In
addition, several studies support its use in combination regimens—such as with sufentanil or dexmedetomidine—to
enhance multimodal analgesia and accelerate recovery.'®!'!

Hydromorphone, a semisynthetic p-opioid receptor agonist, is also increasingly used in the cesarean setting. When
administered intrathecally, hydromorphone has been shown to be non-inferior to morphine for cesarean analgesia, with
comparable pain scores, opioid requirements, and recovery quali‘[y.12 Beyond neuraxial use, both intravenous and
epidural hydromorphone have proven effective in multimodal strategies, serving as either a primary or adjunct analgesic,
alone or in combination with agents like butorphanol.'*'* A head-to-head randomized trial further demonstrated that
hydromorphone was more effective than tramadol in controlling visceral pain after repeat cesarean delivery.'

Although both hydromorphone and nalbuphine have been widely used for postcesarean analgesia, direct comparisons
in the context of intravenous patient-controlled analgesia remain limited, particularly due to the lack of large-scale,
prospective randomized controlled trials. As a result, their relative efficacy, adverse effect profiles, and recovery
outcomes have not been comprehensively evaluated. This randomized controlled trial was designed to systematically
compare the clinical efficacy and safety profiles of hydromorphone and nalbuphine in postcesarean PCA, identify
independent predictors of inadequate analgesia, and develop a concise, individualized risk prediction model to guide
postoperative pain management. Compared with our previous predictive model,* which lacked intervention-level
comparisons, the current study enhances clinical applicability by implementing standardized interventions and directly

evaluating commonly used opioid regimens.

Materials and Methods

Ethics Statement

This prospective, randomized, double-blind study was conducted in accordance with the Declaration of Helsinki and
applicable national regulations. Ethical approval was granted by the Institutional Review Board of Tongji Hospital,
Huazhong University of Science and Technology (Approval No.TJ-IRB202409103). The trial was registered at
ClinicalTrials.gov (NCT06716359). Written informed consent was obtained from all participants prior to enrollment.
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Study Design and Randomization

The study flowchart (Figure 1) illustrates the screening, randomization, and analysis procedures. The trial was conducted
in the Department of Anesthesiology, Tongji Hospital, from December 2024 and March 2025. Eligible parturients were
randomized to either the nalbuphine group (Group N, PCA concentration: 1 mg/mL; nalbuphine hydrochloride injection,
Yichang Renfu Pharmaceutical Co., Ltd., Yichang, Hubei, China) or the hydromorphone group (Group H, PCA
concentration: 0.1 mg/mL; hydromorphone hydrochloride injection,Yichang Renfu Pharmaceutical Co., Ltd., Yichang,
Hubei, China). The equianalgesic dose ratio of hydromorphone to nalbuphine was set at approximately 1:10, based on
a recent network meta-analysis of opioids used in patient-controlled analgesia, which provided comparative analgesic
potencies for various intravenous opioids.'® This ratio aligns with clinical practice and literature-reported relative
potencies. Randomization was performed using a computer-generated list (Microsoft Excel), and allocation was
concealed in sealed opaque envelopes. PCA solutions were prepared by a pharmacist not involved in patient care. The
PCA pumps were identical in appearance, volume, and labeling across groups, and patients were blinded to their group
assignment. Both anesthesiologists and outcome assessors were blinded to group assignment.

Assessed for eligibility

(n=240)

Excluded patients (n=28)
Uncooperative (n=3)

> Not meeting inclusion criteria (n=17)
other reasons (n=8)

Eligible patients

(n=212)

v

Hydromorphone PCA Nalbuphine PCA pump

pump _
(n=106) (“‘ioe)

Postoperative pain outcomes assessed

Randomized to training

group
o group
("'iss) (n=54)

Randomized to testing

Univariate logistic regression

Model development for predicting
inadequate analgesia

Multivariable logistic regression

Receiver Operating Characteristic(ROC)
Nomogram

Calibration plot

Hosmer-Lemeshow test Rt

Decision Curve Analysis (DCA)

Conclusion: Nomogram shows clinical
utility for risk prediction

Figure | Study Design and Predictive Model Construction Flowchart. This flowchart illustrates the study design and analytical procedures. A total of 240 patients were
initially enrolled. After applying inclusion and exclusion criteria and removing cases with incomplete data, 212 patients were included in the final analysis and randomized into
two groups: hydromorphone PCA (n = 106) and nalbuphine PCA (n = 106). The dataset was further randomly divided into a training cohort (n = 158) and a validation
cohort (n = 54) at a 3:| ratio for model development and validation. Key analytical steps included univariate and multivariable logistic regression analyses, nomogram
construction, and model performance evaluation via ROC curve, calibration plot, and DCA.

Abbreviations: DCA, decision curve analysis; PCA, patient-controlled analgesia; ROC, receiver operating characteristic.
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Sample Size Calculation

Sample size was calculated using PASS software (version 11.0.7, NCSS, LLC, Kaysville, UT, USA) based on a two-
sided chi-square test comparing two proportions. With 90% power to detect a significant intergroup difference at a = 0.05
and accounting for a 10% potential attrition rate, the required total sample size was estimated to be 212 patients. A total
of 240 patients were assessed for eligibility.

Inclusion and Exclusion Criteria

Inclusion Criteria

(1) Age 18-50 years; (2) American Society of Anesthesiologists (ASA) physical status II-1II; (3) Full-term singleton
pregnancy scheduled for elective cesarean section via low transverse incision; (4) Voluntary participation with signed
informed consent.

Exclusion Criteria

(1) History of central nervous system or psychiatric disorders; (2) History of substance or alcohol abuse; (3) Poor
compliance or inability to complete follow-up; (4) Participation in another clinical trial within the past 3 months; (5)
Severe obstetric complications during delivery; (6) Any other reason deemed inappropriate by the investigators.

Anesthesia and Analgesia Protocol

Baseline demographics and psychological status (Pain Catastrophizing Scale [PCS], Generalized Anxiety Disorder
7-item scale [GAD-7], and Edinburgh Postnatal Depression Scale 10-item version [EPDS-10]) were assessed after
obtaining informed consent. Spinal anesthesia was performed at the L3-L4 interspace using 2.5-3 mL of 0.75%
hyperbaric ropivacaine to achieve a T4-T5 sensory block. After fetal delivery, flurbiprofen axetil 50 mg and dexametha-
sone 5 mg were administered intravenously. PCA infusion was initiated postoperatively upon confirmation of adequate
motor and sensory block regression. The PCA settings were: continuous infusion rate 2 mL/h, bolus 2 mL, lockout
interval 15 minutes, maximum dose 10 mL/h, and total volume 100 mL. Diclofenac sodium suppository (50 mg) was
administered as rescue analgesia if necessary.

Data Collection and Outcomes

Pain intensity was assessed using the Numeric Rating Scale (NRS), and all scores were self-reported by patients and
recorded by blinded assessors. NRS scores were evaluated at four fixed timepoints within the first 24 hours after surgery:
4, 8, 12, and 24 hours postoperatively. At each timepoint, both static and dynamic (specifically turning) NRS scores were
recorded. Inadequate analgesia was defined as NRS >4 at any single timepoint during the first 24 hours postoperatively,
either at rest or during movement. Additional data collected within the first 24 hours postoperatively included PCA
usage, adverse events, psychological assessments, and recovery indicators. Adverse effects (respiratory depression, rash,
constipation, pruritus, nausea/vomiting) were documented and treated as needed. Additional postoperative outcomes
included total PCA dosage, number of bolus attempts, use of rescue analgesics, Ramsay sedation score, analgesia
satisfaction score (1-10), GAD-7 and EPDS-10 scores, time to first ambulation and breastfeeding, and length of hospital
stay. All secondary outcomes except for length of hospital stay were assessed at the 24-hour postoperative timepoint.

Primary and Secondary Outcomes
Primary outcome: Incidence of inadequate analgesia within 24 hours, defined as:

Static inadequate analgesia: NRS > 4 at rest at any single timepoint

Dynamic inadequate analgesia: NRS > 4 during movement (turning) at any single timepoint

Overall inadequate analgesia: NRS > 4 at any single timepoint, either at rest or during movement

Secondary outcomes included weight-adjusted PCA dosage, number of PCA boluses, rescue medication use, Ramsay
sedation score, patient satisfaction, GAD-7 and EPDS-10 scores, time to first ambulation and breastfeeding, hospital stay
duration, and incidence of adverse events.
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Nomogram Construction and Model Validation

The dataset was randomly divided into a training set and a validation set in a 3:1 ratio using R software (version 4.2.3).
Univariate logistic regression was performed to evaluate preoperative and intraoperative factors, and variables with a P
value < 0.1 were entered into a multivariable logistic regression model. The optimal model was selected using forward
stepwise selection based on the minimum Akaike Information Criterion (AIC).'” A nomogram was subsequently
constructed. Model performance was evaluated using receiver operating characteristic (ROC) curves, calibration plots,

and decision curve analysis (DCA).

Statistical Analysis

Statistical analyses were performed using SPSS software (version 21.0, IBM Corp., Armonk, NY, USA). Continuous
variables were tested for normality using the Shapiro—Wilk test. Normally distributed data were expressed as mean +
standard deviation (SD) and compared using the independent samples #-test. Non-normally distributed data were
presented as median (interquartile range, IQR) and compared using the Mann—Whitney U-test. Categorical variables
were summarized as counts (percentages) and compared using the chi-square test or Fisher’s exact test when appropriate
(ie, when expected cell counts were <5). Multiple hypothesis testing correction was performed using the Benjamini-
Hochberg procedure to control the false discovery rate (FDR). A P value < 0.05 was considered statistically significant.

Results

Patient Enrollment and Baseline Characteristics
A total of 240 parturients scheduled for elective cesarean delivery were assessed for eligibility. Among them, 28 patients
were excluded, including 3 due to non-cooperation, 17 for not meeting the inclusion criteria, and 8 who underwent
conversion to general anesthesia. Ultimately, 212 patients were enrolled and randomly assigned in a 1:1 ratio to either the
hydromorphone PCA group (H group, n = 106) or the nalbuphine PCA group (N group, n = 106). All participants
completed the prospective assessment of postoperative analgesic outcomes (Figure 1).

To ensure comparability between groups prior to outcome assessment, we analyzed the baseline demographic data,
preoperative psychological status, and intraoperative variables. No significant differences were observed between the two

groups, indicating well-balanced baseline characteristics (Table 1).

Table | Baseline Characteristics, Preoperative, and Intraoperative Data

Characteristic Hydromorphone Group (n = 106) | Nalbuphine Group (n = 106) | P
Height (cm) 161.1 £ 44 161.1 £ 4.6 0.976
Weight (kg) 69.0 £ 8.8 69.5 + 84 0.714
BMI (kg/m?, M [P25, P75]) 26.2 [24.6, 28.2] 26.4 [24.7, 28.6] 0.701
Age (years) 314 +£37 31232 0.665
Advanced maternal age, n (%) 19 (17.9%) 14 (13.2%) 0.344
Gestational age (w, M [P25, P75]) 38.7 [38.1, 39.0] 38.7 [38.3, 39.1] 0.378
Multiparous, n (%) 77 (72.6%) 80 (75.5%) 0.638
History of pain, n (%) 65 (61.3%) 61 (57.5%) 0.576
Supine hypotensive syndrome, n (%) 10 (9.4%) 9 (8.5%) 0.810
(Continued)
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Table | (Continued).

Characteristic Hydromorphone Group (n = 106) | Nalbuphine Group (n = 106) | P
Blood type, n (%) 0.485
- AB 10 (9.4%) 8 (7.5%)

-A 31 (29.2%) 23 (21.7%)

-B 30 (28.3%) 31 (29.2%)

-0 35 (33.0%) 44 (41.5%)

Surgical history, n (%) 28 (26.4%) 30 (28.3%) 0.758
Nausea/vomiting during pregnancy, n (%) 65 (61.3%) 66 (62.3%) 0.888
Hypothyroidism, n (%) 8 (7.5%) 13 (12.3%) 0.250
Hyperthyroidism, n (%) I (0.9%) 4 (3.8%) 0.369
Gestational hypertension, n (%) 7 (6.6%) 5 (4.7%) 0.552
GDM, n (%) 17 (16.0%) 18 (17.0%) 0.853
History of cesarean section, n (%) 6 (5.7%) 7 (6.6%) 0.775
Education level, n (%) 0.386
- Below college 14 (13.2%) 10 (9.4%)

- College and above 92 (86.8%) 96 (90.6%)

Preoperative GAD-7 score (M [P25, P75]) 2 [0, 5] 2 [0, 4] 0.783
Preoperative EPDS-10 score (M [P25, P75]) | 7 [4, 10] 64, 9] 0.475
PCS score (M [P25, P75]) 92, 15] 712, 12] 0.245
Surgery duration (min, M [P25, P75]) 55 [46, 67] 55 [43, 65] 0.315
Neonatal weight (g) 3242 + 414 3258 + 387 0.775

Notes: Data are presented as mean + SD, median [P25, P75], or number (%), as appropriate. Group comparisons were performed using Student’s t-test,
Mann—-Whitney U-test for continuous variables, and the chi-square test or Fisher’s exact test for categorical variables, as appropriate.

Abbreviations: EPDS-10, Edinburgh Postnatal Depression Scale; GAD-7, Generalized Anxiety Disorder 7-item scale; GDM, gestational diabetes mellitus;
PCS, Pain Catastrophizing Scale.

Postoperative Analgesic Outcomes
Postoperative analgesia was assessed by the incidence of inadequate analgesia (defined as NRS > 4 within 24 hours),
PCA usage, and the need for rescue analgesia.

Inadequate analgesia occurred predominantly during movement. A total of 28 out of 106 patients (26.4%) in the
hydromorphone group (H group) experienced inadequate analgesia during movement, compared to 15 out of 106 patients
(14.2%) in the nalbuphine group (N group), indicating a significantly higher incidence in the H group (RR = 1.87, 95%
CIL: 1.06-3.29; RD = 12.3%, 95% CI: 1.6%-23.0%; P = 0.026; Figure 2A). In contrast, the incidence of inadequate
analgesia at rest was low and comparable between the two groups (1/106 in each group, 0.94%). The overall incidence of
inadequate analgesia—defined as NRS > 4 either at rest or during movement—was identical to the movement-related
data, further highlighting the inferior efficacy of hydromorphone in controlling activity-related pain.

There were no statistically significant differences between the two groups in terms of PCA consumption (Figure 2B)
and the number of PCA presses (Figure 2C). However, the use of diclofenac suppositories as rescue analgesia was
significantly higher in the H group (P = 0.043; Figure 2D). Additionally, no significant differences were observed in
patient satisfaction scores (Figure 2E).
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Figure 2 Postoperative pain and related outcomes. (A) Incidence of inadequate analgesia (NRS 2 4); (B) Total PCA dosage adjusted for body weight (mL/kg); (C) Number
of PCA pressings; (D) Dosage of rescue diclofenac sodium suppository (mg); (fE) Patient satisfaction score (0—10). *P < 0.05 indicates a statistically significant difference.
Abbreviations: H, Hydromorphone group; N, Nalbuphine group; M, Movement state; O, Overall (either resting or movement); R, Resting state.

Postoperative Recovery, Adverse Reactions, and Psychological Outcomes (Table 2)
Sedation and Recovery Indicators
The majority of patients in both groups had a Ramsay sedation score < 4 within 24 hours postoperatively, with no

significant difference between groups (H group: 95.3% vs N group: 98.1%; P = 0.445; adjusted P = 0.761). Early
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Table 2 Postoperative Recovery, Adverse Reactions, and Psychological Outcomes

Characteristic Hydromorphone Group Nalbuphine Group P Adjusted P
(n =106) (n =106)

Sedation score, n (%) 0.445 0.761

<4 101 (95.3%) 104 (98.1%)

>4 5 (4.7%) 2 (1.9%)

Time to first ambulation, n (%) 0.485 0.761

Late (>24 h) 46 (43.4%) 41 (38.7%)

Early (€24 h) 60 (56.6%) 65 (61.3%)

Time to breastfeeding, n (%) 0.846 0.931

Late (>24 h) 91 (85.8%) 90 (84.9%)

Early (24 h) 15 (14.2%) 16 (15.1%)

Adverse reactions, n (%)

Rash 4 (3.8%) 0 (0%) 0.121 0.333
Constipation 4 (3.8%) 0 (0%) 0.121 0.333
Pruritus 6 (5.7%) 0 (0%) 0.029 0.16

Dizziness 61 (57.5%) 55 (51.9%) 0.408 0.761
Nausea/vomiting 34 (32.1%) 20 (18.9%) 0.001 0.011
Postoperative EPD-10 score (M [P25, P75]) 4 [1,7] 4 [1,6] 0.765 0.931
Postoperative GAD-7 score (M [P25, P75]) 0 [0,3] 0[0,2] 0.935 0.935
Length of stay, n (%) 0.590 0.811
2 days 10 (9.4%) 9 (8.5%)

3 days 44 (41.5%) 57 (53.8%)

4 days 43 (40.6%) 34 (32.1%)

5 days 7 (6.6%) 5 (4.7%)

6 days I (0.9%) 1 (0.9%)

7 days I (0.9%) 0 (0%)

Notes: Data are presented as median [P25, P75], or number (%). “Early” ambulation and breastfeeding are defined as occurring within 24 hours after surgery. Sedation
score 24 indicates excessive sedation. Adverse reactions were recorded within the first 24 hours postoperatively. EPDS-10 and GAD-7 are psychological assessments
conducted at 24 hours after surgery. Group comparisons were performed using Student’s t-test, Mann—Whitney U-test for continuous variables, and the chi-square test or
Fisher’s exact test for categorical variables, as appropriate. P-values adjusted for multiple comparisons using Benjamini-Hochberg FDR method.

Abbreviations: EPDS-10, Edinburgh Postnatal Depression Scale; GAD-7, Generalized Anxiety Disorder 7-item scale.

ambulation (< 24 h) occurred in 56.6% of patients in the H group and 61.3% in the N group (P = 0.485; adjusted
P =0.761), while early breastfeeding initiation (< 24 h) was reported in 14.2% and 15.1% of patients, respectively
(P = 0.846; adjusted P = 0.931). The distribution of hospital length of stay was similar between the two groups,
with the majority discharged within 3 to 4 days (P = 0.590; adjusted P = 0.811).

Adverse Reactions
The incidence of nausea and vomiting was significantly higher in the H group compared to the N group (32.1% vs
18.9%; P = 0.001), and this difference remained statistically significant after FDR correction (adjusted P = 0.011).

9766 https: Drug Design, Development and Therapy 2025:19



Zhang et al

Although pruritus was more frequent in the H group (5.7% vs 0%; P = 0.029), this difference did not remain
significant after FDR adjustment (adjusted P = 0.16). Other adverse events, including rash (3.8% vs 0%) and
constipation (3.8% vs 0%), showed non-significant differences between groups (P = 0.121; adjusted P = 0.333 for
both). No significant difference was found in dizziness (57.5% vs 51.9%; P = 0.408; adjusted P =0.761), and no cases
of respiratory depression were reported in either group.

Psychological Outcomes

Postoperative psychological assessments showed no significant between-group differences. The median [IQR] EPDS-10
scores were 4 [1-7] in the H group and 4 [1-6] in the N group (P = 0.765; adjusted P = 0.931), while GAD-7 scores were
0 [0-3] and 0 [0-2], respectively (P = 0.935; adjusted P = 0.935).

Baseline Characteristics of Training and Validation Cohorts
Baseline characteristics were compared between the training and validation cohorts. A total of 158 patients were assigned
to the training cohort, and 54 patients to the validation cohort. Details are presented in (Table 3).

Table 3 Baseline Characteristics of Training and Validation Cohorts

Characteristic All (n=212) | Training Set (n=158) | Validation Set (n=54) | P

Inadequate analgesia, n (%) 43 (20.3%) 29 (18.4%) 14 (25.9%) 0318

PCA regimen, n (%) 0.875

Hydromorphone 106 (50.0%) | 80 (50.6%) 26 (48.1%)

Nalbuphine 106 (50.0%) | 78 (49.4%) 28 (51.9%)

History of pain, n (%) 126 (59.4%) | 93 (58.9%) 33 (61.1%) 0.896

GDM, n (%) 35 (16.5%) 24 (15.2%) Il (20.4%) 0.501

Surgical history, n (%) 58 (27.4%) 49 (31.0%) 9 (16.7%) 0.062

ABO blood type, n (%) 0.937

Type O 79 (37.3%) 60 (38.0%) 19 (35.2%)

Type A 54 (25.5%) 41 (25.9%) 13 (24.1%)

Type AB 18 (8.49%) 13 (8.23%) 5 (9.26%)

Type B 61 (28.8%) 44 (27.8%) 17 (31.5%)

Complications, n (%) 37 (17.5%) 30 (19.0%) 7 (13.0%) 0.424

Advanced maternal age, n (%) 33 (15.6%) 23 (14.6%) 10 (18.5%) 0.634

Previous cesarean, n (%) 13 (6.13%) 12 (7.59%) I (1.85%) 0.191

Primiparity, n (%) 157 (74.1%) 115 (72.8%) 42 (77.8%) 0.587

Hypertensive disorders, n (%) 12 (5.66%) 9 (5.70%) 3 (5.56%) 0.999

Hyperthyroidism, n (%) 5 (2.36%) 3 (1.90%) 2 (3.70%) 0.603

Hypothyroidism, n (%) 21 (9.91%) 15 (9.49%) 6 (11.1%) 0.937

Pregnancy nausea/vomiting, n (%) 131 (61.8%) | 96 (60.8%) 35 (64.8%) 0.713
(Continued)
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Table 3 (Continued).

Characteristic All (n=212) | Training Set (n=158) | Validation Set (n=54) | P
Supine hypotensive syndrome, n (%) | 19 (8.96%) 12 (7.59%) 7 (13.0%) 0.270
Education level, n (%) 0.760
College and above 188 (88.7%) 139 (88.0%) 49 (90.7%)

Bellow college 24 (11.3%) 19 (12.0%) 5 (9.3%)

Height (cm) 161 £ 451 161 +4.53 161 +4.43 0.307
Weight (kg) 69.2 + 8.60 69.2 + 857 69.3 £ 879 0.977
BMI (kg/m?) 26.7 £3.10 | 26.6 = 3.01 26.9 £ 3.37 0.598
Age (years) 31.3 £ 347 31.3 £343 314 + 3.64 0.837
Gestational weeks 38.6 £ 0.85 38.6 £ 0.87 387 £ 0.78 0.522
Neonatal weight (g) 3250 £ 400 | 3261 + 422 3217 + 329 0.429
EPDS-10 score 7.10 £ 4.08 7.08 +4.18 7.19 £ 3.80 0.859
GAD-7 score 2.65 + 2.88 2.69 +2.98 2.54 + 2.60 0.720
PCS 8.64 +7.59 8.63 +7.63 8.67 + 7.54 0.977
Surgery duration (min) 57.1 £ 17.1 57.1 £ 169 572179 0.980
Length of stay (days) 343 £ 08l 344 £ 0.79 341 £0.86 0.789

Notes: Data are presented as mean + SD, or number (%). Group comparisons were performed using Student’s t-test for continuous

variables, and the chi-square test or Fisher’s exact test for categorical variables, as appropriate.

Abbreviations: EPDS- 10, Edinburgh Postnatal Depression Scale; GAD-7, Generalized Anxiety Disorder 7-item scale; GDM, gestational
diabetes mellitus; PCA, patient-controlled analgesia; PCS, Pain Catastrophizing Scale.

Predictive Factors for Postoperative Inadequate Analgesia
To identify independent predictors of inadequate postoperative analgesia—defined as a NRS score >4 at any time within

24 hours postoperatively, either at rest or during movement—a univariable logistic regression analysis was conducted

including demographic, clinical, and perioperative variables (Table 4).

Table 4 Univariate Logistic Regression Analysis for Predicting Inadequate Postoperative Analgesia

Factor B SE Wald | OR Lower Upper P
Cl Cl

Height (cm) 0.021 0.046 | 0208 | 1.021 | 0.933 1.117 0.649
Weight (kg) 0.016 | 0.024 | 0432 | 1.016 | 0.970 1.064 0.511
BMI (kg/m?) 0.034 | 0.067 | 0.249 | 1.034 | 0.906 1.180 0.618
Age (years) —0.029 | 0.061 | 0.225 | 0.971 | 0.862 1.095 0.635
Advanced maternal age —0.075 | 0.445 | 0.028 | 0.928 | 0.388 2222 0.867
Gestational weeks —0.146 | 0.223 | 0.430 | 0.864 | 0.559 1.337 0.512
Primiparity —0.616 | 0434 | 2.021 | 0.540 | 0.231 1.263 0.155

(Continued)
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Table 4 (Continued).

Factor B SE Wald | OR Lower Upper P
Cl Cl

History of pain —0.012 | 0.417 | 0.001 | 0.988 | 0.436 2.239 0.977
Supine hypotension syndrome —0.126 | 0.803 | 0.025 | 0.881 | 0.183 4.257 0.875
Blood type (reference categories: AB blood types) —1.514 | 0.601 | 6.349 | 0.220 | 0.068 0.714 0.012
Surgical history 0.741 0422 | 3.089 | 2.099 | 0918 4.798 0.079
Pregnancy nausea/vomiting 0.249 0.430 | 0.336 1.283 | 0.552 2.980 0.562
Hypothyroidism 0.540 0.624 | 0.749 | 1.716 | 0.505 5.831 0.387
Hyperthyroidism 0.819 1242 | 0.434 | 2.268 | 0.199 25.892 0.510
Hypertension in pregnancy —0.616 | 1.081 | 0.324 | 0.540 | 0.065 4.496 0.569
GDM 1.230 0486 | 6.392 | 3.420 | 1.318 8.872 0.011
Previous cesarean 0.884 0.651 | 1.845 | 2.420 | 0.676 8.662 0.174
Education (reference categories: bellow college) —0.537 | 0.567 | 0.897 | 0.584 | 0.192 1.776 0.344
Preoperative anxiety —1.535 | 0.760 | 4.077 | 0.215 | 0.049 0.956 0.043
Preoperative depression —0.884 | 0.573 | 2.376 | 0413 | 0.134 1.271 0.123
PCS —0.433 | 0.498 | 0.755 | 0.649 | 0.244 1.722 0.385
Surgery duration (min) 0.002 0.012 | 0.020 | 1.002 | 0.978 1.026 0.887
Neonatal weight (g) 0.000 0.001 | 0.763 | 1.001 | 0.999 1.001 0.382
PCA regimen (nalbuphine vs hydromorphone;reference categories: —0.750 | 0.429 | 3.066 | 0.472 | 0.204 1.094 0.080
hydromorphone)

Abbreviations: Cl, confidence interval; GDM, gestational diabetes mellitus; OR, odds ratio; PCA, patient-controlled analgesia; PCS, Pain Catastrophizing Scale; SE, standard
error.

In the univariable analysis, gestational diabetes mellitus (GDM) (OR = 3.42, 95% CI: 1.32-8.87, P = 0.011), preoperative
anxiety (OR = 0.22, 95% CI: 0.05-0.96, P = 0.043), and blood type AB (OR = 0.22, 95% CI: 0.07-0.71, P = 0.012) were
significantly associated with inadequate analgesia. Variables with P < 0.1 were included in a multivariable logistic regression
model (Figure 3). The final analysis identified the following independent predictors: PCA regimen (nalbuphine vs hydro-
morphone: OR = 0.30, 95% CI: 0.10-0.88, P = 0.026), preoperative anxiety (OR = 0.20, 95% CI: 0.04-0.90, P = 0.044),
GDM (OR =4.40, 95% CI: 1.55-12.7, P = 0.007), and blood type AB (OR = 3.80, 95% CI: 1.04-14.0, P = 0.043). Although
surgical history did not reach statistical significance (OR =2.10, 95% CI: 0.82-5.32, P = 0.121), the relatively high odds ratio
suggests a potential association that may warrant further investigation. These findings highlight the importance of considering
psychological, pharmacological, genetic, and metabolic factors when predicting analgesic outcomes following cesarean
delivery. The significant variables were incorporated into the nomogram model to facilitate individualized risk assessment.

Construction of the Nomogram

To further evaluate the primary predictors of inadequate postoperative analgesia and provide intuitive clinical decision
support, a multivariable logistic regression model was developed using stepwise selection based on the lowest Akaike
information criterion (AIC = 139). The final model included GDM, Preoperative GAD-7 score, PCA regimen, and blood
type AB. An interactive nomogram was subsequently constructed (Figure 4), which may offer practical reference for
postoperative pain management and aid in identifying high-risk patients.
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Figure 3 Multivariable Logistic Regression for Predicting Inadequate Analgesia. The forest plot displays the independent predictors of inadequate analgesia (NRS 2 4 at rest
or during movement within 24 hours postoperatively). Significant predictors included preoperative anxiety (OR = 0.2, 95% CI: 0.04-0.96, P = 0.044), PCA regimen (OR =
0.3, 95% Cl: 0.14-0.88, P = 0.026), blood type AB (OR = 3.8, 95% Cl: 1.04-14.03, P = 0.043), and gestational diabetes mellitus (OR = 4.4, 95% Cl: 1.5-12.7, P = 0.007). A red
dashed line represents the reference value (OR = 1).

Abbreviations: Cl, confidence intervals; GDM, gestational diabetes mellitus. OR, odds ratio.
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Figure 4 Interactive Nomogram for Predicting the Risk of Inadequate Postoperative Analgesia. This interactive nomogram visually represents a logistic regression model
used to predict the risk of inadequate analgesia after cesarean section. The included predictors are PCA regimen (nalbuphine vs hydromorphone), preoperative anxiety score
(GAD-7), GDM, and blood type AB. Each variable contributes a point value, and the total cumulative score corresponds to the predicted probability of inadequate analgesia,
defined as NRS 2 4 at any time point within 24 hours postoperatively during rest or movement. The red dots indicate the specific values and point contributions for an
example patient (ID 40). This tool supports individualized risk assessment and informs postoperative analgesia optimization. GAD-7, Generalized Anxiety Disorder 7-item
scale.* P < 0.05; ** P < 0.01. P-values were derived from the multivariable logistic regression model.

As shown in the figure, the B coefficient for the hydromorphone PCA regimen was positive, indicating a potential
association with increased risk of inadequate analgesia, whereas the coefficient for nalbuphine was negative, suggesting
a potential protective association. Both AB blood type and GDM exhibited positive B values, indicating their association
with elevated risk. Preoperative anxiety also emerged as an important factor associated with inadequate analgesia,
reflecting the complex impact of psychological status on pain perception and analgesic needs.

Based on the cumulative score from the nomogram, a higher total score corresponds to a greater predicted probability
of inadequate analgesia. This model offers a quantitative tool for individualized risk prediction and underscores the

importance of targeted clinical intervention among high-risk populations to optimize postoperative analgesic strategies.
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Model Validation

To evaluate the performance of the predictive model across datasets, ROC curves, calibration plots, and DCA were
generated for both the training and validation cohorts.

In the training cohort, the ROC curve (Figure 5A) demonstrated good discrimination, with an area under the curve
(AUC) of 0.754 (95% CI: 0.651-0.857), a specificity of 0.589, and a sensitivity of 0.793. In the validation cohort
(Figure 5B), the AUC was 0.659 (95% CI: 0.493-0.825), with a specificity of 0.675 and a sensitivity of 0.643. Although
performance declined slightly, the model retained moderate discriminative ability. The drop in AUC may be attributed to
the smaller sample size, distributional differences, or variations in predictor variables.

Calibration was assessed via the Hosmer—Lemeshow test. In the training cohort, the Chi-square statistic was 1.21 with
a P value of 0.998, and the calibration plot closely aligned with the ideal reference line (Figure 5C), indicating good
model fit. In the validation cohort (Figure 5D), the calibration curve deviated in the moderate-to-high risk range.
However, the Chi-square value of 11.25 (P = 0.260) suggested no significant miscalibration or overfitting, supporting
reasonable model generalizability.

Decision curve analysis further supported the model’s clinical utility. In the training set (Figure 5E), the model
provided greater net benefit than the “treat-all” and “treat-none” strategies across a risk threshold of 0.1 to 0.6. In the
validation set (Figure 5F), the model demonstrated net clinical benefit between thresholds of 0.1 and 0.4, supporting its
value in guiding individualized postoperative analgesia decisions in high-risk populations.

Discussion

This prospective study is the first to directly compare the postoperative analgesic efficacy and adverse reactions of
hydromorphone and nalbuphine in women undergoing cesarean delivery. While most previous studies have focused on
comparisons between nalbuphine and other opioids such as sufentanil, evidence regarding hydromorphone versus
nalbuphine remains limited. Our findings fill this knowledge gap by providing head-to-head data in a clinical context
where both agents are commonly used. In addition to efficacy and safety comparisons, we identified independent
predictors of inadequate postoperative analgesia—defined as a NRS score >4 at rest or with movement within
24 hours postoperatively—including PCA regimen, GDM, blood type AB, and preoperative anxiety. Based on these
variables, we developed a multivariable predictive model that demonstrated good discrimination and calibration. This
model offers a quantitative tool for preoperative risk stratification and supports personalized perioperative pain manage-

ment in cesarean delivery.

Analgesic Efficacy and Related Outcomes

With respect to analgesic outcomes, patients in the hydromorphone group experienced a significantly higher rate of
inadequate analgesia compared to those in the nalbuphine group, suggesting superior analgesic performance of nalbu-
phine in the context of postcesarean pain management. To further illustrate the clinical benefit of nalbuphine, we
quantified the absolute effect size and calculated the number needed to treat (NNT). Inadequate analgesia during
movement occurred in 26.4% of patients in the hydromorphone group and 14.2% in the nalbuphine group, resulting in
an absolute risk reduction (ARR) of 12.2%. This translates to a NNT of 9, indicating that for every nine patients treated
with nalbuphine instead of hydromorphone, one additional case of inadequate postoperative analgesia could be
prevented.

Although both hydromorphone and nalbuphine are opioid analgesics, they differ substantially in their mechanisms of
action. Hydromorphone is a potent MOR agonist that exerts its analgesic effects by inhibiting nociceptive transmission in
the central nervous system. However, MOR activation is also associated with common opioid-related adverse effects,
including nausea, vomiting, pruritus, and respiratory depression. Furthermore, the clinical efficacy of hydromorphone is
influenced by interindividual variability in MOR expression and the metabolic activity of enzymes such as CYP3A4 and
UGT2B7, which are affected by both genetic factors and pregnancy-related physiological changes. These pharmacoki-

netic and pharmacodynamic variabilities may contribute to suboptimal analgesia in some patients."'®
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A

Figure 5 Performance of the predictive model for inadequate postoperative analgesia in the training and validation cohorts. (A and B) ROC curves for the training (A) and
validation (B) cohorts, demonstrating model discrimination (diagonal dashed line represents reference). (C and D) Calibration curves for the training (C) and validation (D)
cohorts, assessing the agreement between predicted and observed probabilities. (E and F) DCA for the training (E) and validation (F) cohorts. The net benefit curves
demonstrate clinical utility across a range of threshold probabilities (gray dashed line indicates the treat-all strategy; horizontal line represents the treat-none strategy).
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Nalbuphine, in contrast, is a KOR agonist and partial MOR antagonist. Its analgesic action primarily occurs at the
spinal level, where KORs are densely expressed in the dorsal horn. KOR-mediated signaling is particularly effective in
relieving visceral pain, such as that associated with postoperative uterine contractions. Postcesarean pain is multifaceted,
involving both somatic incisional pain and visceral pain from uterine involution. Prior studies have shown that KOR
agonists are particularly effective in addressing visceral pain, making nalbuphine especially suitable for postpartum
patients. Moreover, its p-antagonistic effect reduces the incidence of common opioid-related adverse effects, thereby
enhancing safety while maintaining analgesic efficacy. Nalbuphine is also associated with a slower development of
tolerance, providing more stable analgesic effects during continuous infusion.

The results of the multivariable logistic regression further support these mechanistic insights, as PCA regimen
emerged as an independent predictor of inadequate analgesia (OR = 0.30, P = 0.026). This finding underscores the
importance of tailoring postoperative analgesic strategies to pain characteristics, physiological status, and pharmacolo-
gical profiles. Selecting agents with mechanisms more closely aligned to the predominant pain type and with lower
interindividual variability may improve the quality of postoperative pain control.

Gestational Diabetes Mellitus and Postoperative Analgesia

This study identified GDM as an independent predictor of inadequate postoperative analgesia (defined as NRS >4), with
a significantly higher incidence observed in patients with GDM. Although GDM is typically characterized as a transient
hyperglycemic state, the associated metabolic disturbances, neuroinflammatory responses, and endocrine alterations may
have lasting impacts on pain perception and responsiveness to analgesics.'® Prior studies have reported that patients with
diabetes often experience more severe postoperative pain and require higher doses of opioids, likely due to hypergly-
cemia-induced peripheral nerve dysfunction and nociceptive sensitization.?’

Mechanistically, hyperglycemia can activate the NF-kB pathway and elevate proinflammatory cytokines such as
TNF-a and IL-6, contributing to neuroinflammation and decreased pain thresholds.>* %’ In addition, oxidative stress and
endothelial dysfunction may increase the sensitivity of nociceptive receptors such as transient receptor potential vanilloid
1 (TRPV1), amplifying pain signaling.”® Diabetes has also been shown to impair opioid receptor expression and
G-protein coupling, thereby reducing the efficacy of opioid analgesics.”’ ' Several clinical studies have reported positive
correlations between perioperative glycated hemoglobin (HbAlc) levels and postoperative analgesic requirements,
suggesting that higher glycemic burden is associated with intensified pain perception and analgesic needs.**

In the context of cesarean delivery, patients with GDM are more likely to undergo surgical intervention, yet their
altered pain modulation and potential opioid resistance are often overlooked in perioperative management. The nomo-
gram constructed in this study quantified the contribution of GDM to analgesic inadequacy, underscoring the importance
of identifying GDM as a high-risk factor. Preoperative assessment of glycemic control and tailored intraoperative and

postoperative analgesia protocols are warranted to optimize pain outcomes in this population.

Association Between Blood Type and Postoperative Analgesia Outcomes
ABO blood type, a common genetic trait, has been associated with various medical conditions, including hematological

3738 and multiple types of cancer.>**° In recent years, increasing attention has been

diseases,>* 3¢ diabetes mellitus,
directed toward its potential influence on postoperative analgesia outcomes. Our study demonstrated that patients with
blood type AB had a significantly higher incidence of inadequate postoperative analgesia, suggesting a possible
modulatory role of blood type in pain perception and response.

Although no consensus has been reached, and most findings remain exploratory, emerging evidence indicates that
blood type may influence pain pathways through genetic and neurophysiological mechanisms. For instance, the synthesis
of A and B antigens is catalyzed by specific glycosyltransferases—a-1,3-N-acetylgalactosaminyltransferase (GTA) and
a-1,3-galactosyltransferase (GTB), respectively. Interestingly, these enzymes are not limited to hematologic expression;
they also play roles in neural development and myelin maintenance by regulating glycosylation of neural glycoproteins,
which are crucial for signal conduction and nerve repair. It has been postulated that the expression of GTA or GTB may
influence other glycosylation pathways involved in sensory nerve integrity, thereby contributing to differential nocicep-
tive processing across blood types.*' Moreover, blood type may modulate systemic inflammation and neural plasticity,
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both of which are critically involved in pain modulation following tissue injury or surgery. Individuals with certain blood
types may exhibit heightened susceptibility to inflammatory responses, altered stress hormone profiles, or impaired
resolution of neuroinflammation, thereby impacting their postoperative pain trajectories. These findings, though pre-
liminary, highlight the need for further investigation into the molecular interplay between blood group antigens,
neuroimmune signaling, and pain perception.**

Clinical studies have begun to support these hypotheses. One study reported that blood type was an independent
predictor of pain intensity within 48 hours after cesarean delivery.*> A prospective pediatric cohort further found that
children with blood types AB and B experienced higher pain scores and greater opioid requirements following
adenotonsillectomy.**

Nevertheless, the association between blood type and analgesic outcomes may be confounded by psychological
status, comorbidities, and anesthesia techniques.*>**® Despite these limitations, our findings underscore the potential
relevance of blood type as a genetic modulator of analgesic response, warranting further investigation in larger cohorts
and mechanistic studies.

Anxiety and Individualized Pain Management

Our findings indicate that preoperative anxiety, as assessed by the GAD-7 score, was an independent predictor of
inadequate postoperative analgesia after cesarean delivery. Interestingly, both univariate and multivariable logistic
regression analyses revealed that patients with higher preoperative anxiety scores experienced a lower incidence of
inadequate analgesia and required less opioid consumption postoperatively. In the nomogram, preoperative anxiety
emerged as one of the most influential predictors, underscoring the potential role of psychological factors in modulating
postoperative pain perception and analgesic response.

At first glance, this result may appear paradoxical, as prior literature generally suggests that higher levels of anxiety
are associated with increased pain sensitivity and poorer postoperative pain outcomes. However, several plausible
explanations exist. One possibility is that patients with higher anxiety levels tend to report their pain more proactively
or seek help earlier, leading to more timely and effective analgesia administration. Additionally, heightened anxiety may
prompt more intensive monitoring or individualized care by medical staff, inadvertently resulting in better pain control.
Another interpretation is that the structured perioperative environment and supportive care may mitigate anxiety-related
hyperalgesia, especially in patients anticipating severe pain. These hypotheses warrant further investigation in larger
cohorts.

These findings highlight the importance of tailoring pain management strategies based not only on physiological but
also psychological profiles. For individuals with low anxiety levels—who may underreport pain or exhibit higher pain
tolerance—greater attention to pain assessment and proactive intervention may be needed to avoid under-treatment. In
contrast, patients with elevated anxiety may benefit from preoperative psychological counseling and enhanced commu-
nication, which could improve their coping capacity and optimize analgesic outcomes.

Interactive Nomogram and lIts Clinical Implications

Based on the identified predictors, a risk prediction model for postoperative inadequate analgesia was developed and
visualized using an interactive nomogram. This graphical tool enables clinicians to rapidly estimate an individual
patient’s risk based on specific characteristics—such as PCA regimen, GDM, blood type AB, and preoperative anxiety
score—and supports the implementation of personalized pain management strategies.

The nomogram enhances interpretability by illustrating how different variables interact and contribute to analgesic
outcomes, thereby facilitating more informed and targeted clinical decision-making. Although the model’s performance
in the validation cohort was slightly lower than in the training set, it demonstrated stable predictive value across ROC
curves, calibration plots, and decision curve analysis, suggesting its potential utility and generalizability in real-world
clinical practice.

Although the primary aim of this study was to compare the analgesic efficacy of hydromorphone and nalbuphine in
a randomized controlled design, we also conducted an exploratory analysis to develop a risk prediction nomogram model
for inadequate postoperative analgesia. Compared with our previous machine learning model based on 763 cesarean
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delivery patients and 42 perioperative variables,* the current model included fewer predictors. This limitation partly
stems from the relatively small sample size of this RCT and the low event rate of inadequate analgesia. To reduce the risk
of overfitting and ensure model robustness, we adopted a simplified and clinically interpretable nomogram-based
modeling strategy.

This model emphasized the inclusion of readily available and easily measurable perioperative variables to enhance its
usability and bedside applicability. However, several limitations should be acknowledged. First, the study was conducted
at a single center with a limited sample size, potentially restricting the generalizability of the model. Second, some
associations—such as the role of blood type or preoperative anxiety—Ilack robust mechanistic evidence and should be
interpreted with caution. Third, inadequate analgesia was defined solely based on an NRS score > 4 within the first
24 hours postoperatively, without incorporating longer-term pain trajectories or multidimensional outcomes such as
patient satisfaction. Fourth, the analgesic protocol used in this study did not incorporate regional techniques (eg,
transversus abdominis plane [TAP] block or quadratus lumborum blocks) or standardized multimodal analgesia strategies
that are increasingly adopted in enhanced recovery after cesarean delivery. This reflects the standard systemic PCA-based
practice at our institution during the study period. Although this pragmatic design allowed us to isolate the effects of
different systemic opioid regimens, it may limit the applicability of the findings to centers where regional techniques are
routinely implemented. We have clearly acknowledged this limitation and recommend interpreting the results in the
context of the analgesic approach employed. Furthermore, the model did not account for potential biological modulators,
such as opioid receptor polymorphisms or interindividual metabolic variability, and has not been benchmarked against
other prediction tools or analgesia strategies.

Future studies should aim to externally validate this model across larger and multicenter cohorts, integrate multi-
omics data to explore mechanistic underpinnings, and assess the feasibility of incorporating the nomogram into clinical
decision-making pathways to enhance its translational value.

Conclusion

This study demonstrated that nalbuphine provides more effective analgesia and fewer adverse effects than hydromor-
phone for postcesarean pain control. A predictive model incorporating PCA regimen, gestational diabetes, blood type
AB, and preoperative anxiety was developed and validated, offering a practical tool for identifying patients at high risk of
inadequate analgesia. These findings support the integration of both drug selection and patient-specific characteristics
into postoperative pain management strategies to improve clinical outcomes and patient satisfaction.
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